&

W UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

THE NATURE AND ORIGIN OF THE ROCKS OF THE LOWER
GRIQUATOVIN STAGE AND THE ..SSOCIATED DEPOSITS OF
AMPHIBOLE ASBESTOS IN THE NORTHERN CAPE, WITH
SPECIAL REFERINCE TO THE KOEGAS-PRIESKA AREA.

JOHANNES JACOBUS LE ROUX CILLIERS.

Submitted in partial fulfilment of the
requirements for the degree of
Doctor of Seience
in the
Department of Geology
Faculty of Seience
Univorsity of Pretoria,
Pretoria,.

April, 1961,

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



N UNIVERSITEIT VAN PRETORIA
A~ 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

CONTENTS ii,

jﬁsm.rl T L] . L L] [ ] L L ] (] . [ ] [ ] L . vj.
I. INTRODUCTION

A, GENERAL: ¢« o ¢ o« o o o o o o o o« 1
B, LOCATION OF THE AREA . . . . . . . . . 3
C. DISTRIBUTION OF CROCIDOLITE IN THE CAPE PROVINCE . . 4
D, THE KOEGAS-PRIESKA AREA. o & &« o o o o & 7
1. Summary of previous work .« + ¢« ¢« . 7
2, Topography « o« o ¢ o & o a2 e . » 8
3., Rainfall and drainage e s+ e e e e e 9
II. GEOLOGY.

A.  GENERAL STATEMENT , . . v« e e . e 10
B. THE TRANSVAAL SYSTEM . ’ . . | . . o e . 11
1, The Dolomite Series . .« « « « o+ o+ o 12

2, The Pretoria Series . + « « + o+ o+ o 12

The Lower Griquatown Stage. . . . . . o 13

a. General statement., ., . . . . . . 13

b. Detailed geology of the Kocgas-Prieska area , 31

i, The Transition-zone . , ., . . . 32

i3, The Banded Ironstone Zone , , . . 34

The Banded Ironstone Beds e e e 35

The Westerberg Beds , . . . . . &b

iii. The Mudstone Zone e . e e e 49

iv. The Tillite Zone e e e e e 55

C. THE SUPERFICIAL DEPOSITS ., ., . . . . . . 57
D, THE IGNEOUS INTRUSIONS . . & . . . . . . 59
1., Diabasic rocks related to the Ongeluk volcanics . 59

2, Dykesa « +« « « 4+ + 4+ e« e s e« e 60
E. GEOLOGICAL STRUCTURE . . o . o e s s e 61
1, Gemeral . . ,+ « + .+ . . . . . 6

2., The Koegas-Westerberg Area S~

a. The Westerberg Syncline . . .« . » o 64

b. The Westerberg Anticline . . . . . ,» 64

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



iii.
II. GEOLOGY - continued,
E.  GEOLOGICAL STRUCTIURE - continued.
2, The Koegag~Westerberg Area - continued,

ce The Koegas Anticline « +« =« =+ + =« =« 65
de The Koegas Syncline ¢« ¢« =+ ¢ « o o+ 65
e. The Weilbach Anticline e e ¢ s s+ . 68
f. The Weilbach Syncline e« ¢ &« s+« o 68
g, The Hounslow Syncline and Antieline . . .« 69

I11. E ORIGIN OF RO LONGIN THE IOk
GRIQUATOWN STAGE.

A.  GENERAL . . . ¢ e e . ’ . e e« « T
E. THE SOURCE OF THE MATERIAL . ., . . . . . . 170
l. Material derived from mogmatic sources . . .+ o« 70
2, Material derived from the weathering of continents . 74

C. MODE OF DEPOSITION OF THE ROCKS OF THE LOWER
G{IQUA-TOWN STA@ . . O . . . . Y . . W

D. THE ORIGIN OF THE BANDING . . . . . . . . 97
E. DIAGENESIS AND LITHIFICATION . . . . . . . 101
F, MET.IMORPHISM ¢ e « e e e . e &« o o 108
1. Regional Metamorphism . . .+ « +« » o o 108

2. Contact-Mstamorphism . .. .. . . .+ . o 114

a, Metomorphismbysills . . . .. . . . 114

be Motamorphism by dykes « . .+ + o+ o« o 116

IV, AMPHIBOLE ASBESTOS.
A, THE ORIGIN OF THE AMPHIBOLE .SBESTOS e s« e« e e 118

1 ° General . . . . . . . . . . « 11 8
2+ The development of the fibrous varieties of amphibole 119

3. The formation of economic deposits of amphibole
asbesto8 « + ¢+ 4 4 s« e e e e 132

4e The persistence of ecconomic deposits of amphibole

asbestos with increasing depth « . . o+ « « 138

B. PROPERTIES AND USES OF AMPHIBOLE ASBESTOS . . . . 14
1, Crocidolite e e e e s s e e & e

a. Physical properties . .« « .« .+ o o 11

b, Chemical properties . .« .« » o« o o 144

2. PrieSkaite . . . . . . . . . . . 157

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



V.

VI.

&
N UNIVERSITEIT VAN PRETORIA
A~ 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

iv.

SUW‘RY AI\ID CON s&USI ON S . . . L * L] ] L] L] * L] 162

LCKNOWLEDGMENTS,

REFFRENCES.

ILLUSTRATIONS.
Plate I: (2)
(v)
Plate II : (a)
Plate III : (a)
(v)
(e)
(a)
Plate IV : (a)
(o)
(c)
Plate V : (a)
(e)
Plate VI : (a)
(e)
Plate VII : (a)
(b)
Plate VIII : (a)

Plate

. . . . . . . . . . ] 164

L L] L] L4 L [ 4 [ 4 L] » L] [ ] 165

at end of text.

Banding in the rocks of the Lower Griquatown
Stage,

Folded strata in the Weilbach Valley.

and (b) Folding in the trough of the

Weilbach Syncline,
"Slip-fibre" from a shear-zone,
Crocidolite in folds,

"Cone" or "corrugated" structures in seams
of crocidolite.

Folded seams of crocidolite in massive
riebeckits,

General viow of the Westerberg Velley.
Dykes cutting through banded ironstone,

"Blob" of riebeckite in banded ironstone.

ond (b) Rhombs of carbonate in ground-

mass of minnesotaite and quartz.

Minnesotaite and carbonate in a matrix of
quartz.

and (b) Rhombs of carbonate in band of

Chertt

Preferred orientation of riebeckite and
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e ]

Unweathered specimens of rocks of the Lower
Griquatown Stage, as well as of the associated amphibole asbestos,
have only become available for investigation during the course of
the past ten years. Detailed microscopic, chemical and X-ray
examination of unaltered specimens obtained from the deepest mines
and bore~holes showed that the rock exposed above the water-table
has been altered to such a degree that conclusions regarding its
origin cannot be based on examination of specimens of this rock.
Not one of the existing theories explains satisfactorily the
origin of the rock or of the associated amphibole asbestos, and
the persistence of economic deposits of asbestos in depth has been

open to doubt.

From investigations carried out in the field and in
the laboratory, the writer has come to the conclusion that the
banded ironstone was formed from material precipitated chemically.
The nature of the material precipitated was controlled by the
chemical environment in the basin of deposition, The effects
of regional metamorphism are negligible and the amphibole asbestos
was not formed as a result of stress set up during periods of
regional folding, but erystallized directly from a colloidal
precipitate of parent-material of amphibole, The fibrous
habit of the amphibole asbestos is the result of crystallization
of minute needles of amphibole perpendicular to an initiating
surface of pre-existing magnetite. The erystallization of
the amphibole asbestos took place between thp period of mild Pre-
Loskop and intense Post-Waterberg deflormation, and the quantity
of asbestos developed is often related to the gentle Pre-Loskop

folding,

The writer feels that these views on the origin of

the amphibole asbestos and the rocks of the Lower Griquatown Stage
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offer a satisfactory explanation for the distribution of the
asbestos and its fibrous habit, There is no lcnger any doubt
as to the persistence of amphibole ashestos with increasing depth,
both as regards quality and quentity, and new, completely hidden
deposits have been discovered by application of the principles
outlined in this thesis. This knowledge, combined with the
development of suiltable modern techniques of exploration, assures
the asbestos industry of an adequate supply of raw material for

the foresceable future,
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1. INTRODUC TION 1,
A, GENERAL:

Crocidolite has been mined in the Cape Province since 1893,
when the Cape Asbestos Company acquired surface- ond nineral rights in
the Koegas area. Production of amosite in the Transvaal was
commenced in 1914, and in 1925 the largest mines producing this mineral,

the Egnep and Amosa Mines at Penge, were also acquired by this Company.

In the early days the recovery of crocidolite in the Cape
was done nainly by Coloured workers on the contract system. These
independent workers removed fibre-bearing rock from hundreds of small,
isolated surface-exposures. The rock adhering to the asbestos was
hammered off, generally by members of the contractor's family, and the
fibre "cobs" sold to the Company. These contractors were responsible
for finding their own exposures of fibre, and the hundreds, possibly
thousands, of small scratchings along the sides of the hills from
Prieska in the south to the border of the Bechuanaland Protectorate in
the north, bear tegtimony of their activities. With the constantly
increasing demand for crocidolite, this system was gradually replaced by
gystematic mining methods and today the large ashustos mines in South
Africa are well laid out, efficiently run organizations with all modern
amenities, As production increased it became necessary to locate
new deposits of crocidolite, and a geological department was formed in
the Cape Asbestos Company in June 1954. Since that date the writer
has been engaged in exploration for crocidolite in the Cape Province

and has also spent some months in the amosite fields of the Transvaal,

For the successful prediction of the behaviour of any
mineral deposits it is necessary to have a clear understanding of its
mode of origin,. It was thus necessary to study in detail not only
the mode of occurrence, but also the genesis of amphibole asbestos in

the Cape Province, This work forms the basis of the present thesis,

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
N UNIVERSITEIT VAN PRETORIA
A~ 4

2.

The problem of the origin of orocidolite has interested
petrologists and mineralogists for many years, The most important
papers on the subject are those by Hall (1918 and 1930), Peacock (1928)
and Du Toit (1945). Over the past six years the writer has had the
opportunity of studying in detail the deposits of crocidolite in the
Cape Province. Much new material has become available since the days
of Du Toit, and during the course of this investigation the writer has
reached the conclusion that none of the existing theories on the
genesis of crocidolite explains entirely the features observed in this

area.,

The petrology of the banded ironstone of the Lower
Griquatown Stage has also not been cleared up entirely, mainly on
account of the fact that specimens of fresh rock have only become
available during the past ten years, The writer has examined
hundreds of thin sections cut from fresh specimens obtained from various
mines on the asbestos fields of the Cape Province. Owing to the
extreme fineness of grain of the greater portion of the rocks of the
Lower Griquatown Stage, microscopic examination had to be amplified by
X-ray analysis, which was carried out at the Government Metallurgical
Laboratory in Johannesburg, and at the Ceramics Unit of the Council forx

Scientific and Industrial Research, Pretoria.

It is the purpose of this thesis to present the charac-
teristies of same of the occurrences of crocidolite in the Cape Province,
as well as those of the rocks with which the asbestos is associated,

The material presented herein represents a by no necans complete study of
all the aspects of the mode of occurrence and the origin of the

banded ironstone and the amphibole asbestos in the Cape Province,

The optical and chemical variations within mineral species and the
changes associated with the metamorphism and weathering of the rocks

and the asbestos have yet to be investigated in detail,

Nevertheless, it is hoped that the present study will throw new light
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on the origin of the banded ironstone and the associated deposits of
amphibole asbestos, and that it may serve as a framework for more

detailed investigations in future,

B. LOGATION OF THE AREA:
In the Cape Province crocidolite is developed only as seams

interbedded with the banded ironstone of the Lower Griquatown Stage,
which is a member of the Pretoria Series of the Irangvaal System, and
exploration for crocidolite is therefore confined to this type of rocke.
Its distribution is shown on Plate XI, from which it can be seen that
the Lower Griquatown Stage is confined to the region bounded on the west
and east by meridians 22°915' east and 24°30! east respectively and on the
north and south by the parallels of latitude 25°30' south and 30°00!

south respectively.

During the course of his work the writer has had the
opportunity of examining most of the asbestos occurrences and mines in
this vast area, but as it would not have been possible to make a
detailed mineralogical investigation of each, the Koegas-Prieska area
was selected as being the most suitable for this purpose, not only
because of the presence of the Koegas-Westerberg Mine, which is the
oldest and largest crocidolite mine in the world, but also because of
the excellent exposures of the rock on surface, Mich additional and
extremely valuable information wag obtained from an extensive programme
of diamond-drilling in and around this mine: a programme of magnitude

unique in the fields of amphibole asbestos in South Africae

The Koegas-Westerberg mining-area is situated on both
sides of the Orange River in the Divisions of Hay and Prieska.
Latitude 29°20'S and longitude 22921'E intersect roughly in the middle
of the area. The accompanying map (Plate XII) was compiled from a

series of detailed maps made of the mining-area on a scale of 1:2,500,
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and from a more general map of the remaining area on a scale of 1:20,000,

with reference to the various underground plans on a scale of 1:500.

C. DISTRIBUTION OF CROCIDOLITE IN THE CAPE PROVINCE:

In the Cape Province crocidolite is found as interbedded
seams in the banded ironstone of the Lower Griquatown Stage, which is the
lowest of the three divisions of the Pretoria Series in that Province.
The lowermost asbestos seams are located not far above the contact of the
banded ironstone and the underlying dolomitic limestone of the Dolomite
Series. The distribution of the Lower Griquatown Stage is indicated
on Plate XI. The banded ironstone is more resistant to weathering
than either the underlying dolomitic limestone or the overlying
andesitic lava and generally forms hills rising to over 1,000 feet above

the surrounding country.

The Lower Griquatown Stage is exposed in a continuous belt,
some 230 miles long, from about 25 miles south of Prieska to about 55
miles north of Kuruman. The stretch, known as the Asbestos Hills in
the south and the Kuruman Hills in the north, represents the eastern
flank of a series of shallow, doubly plunging synclines elongated in a
north-south direction, and which are separated by a series of equally
gentle arches, which cause repetition of outcrop of the banded ironstone
up to 55 miles west of the Asbestos and the Kuruman Hills. Andesitic
lava of the Middle Griquatown Stage is preserved in the troughs of the
large synclines, whereas rocks of the Dolomite Series are exposed in a few
places in the eroded crests of the arches, South of the Orange River the
banded ironstone gives rise to the Doornberg Range. West and north
of Kuruman the rocks are mostly obscured by Kalahari sand, and in a more
southerly direction the Transvaal System is overlain unconformably by
beds of the Matsap and Gamagara Formations. In the Postmasburg
area the structure is complicated by westward-dipping, low-angle thrust-

faults., From 15 miles north of Koegas to 25 miles south of Prieska,
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the Transvaal System is terminated abruptly by the Doornberg fault.
East of a line between Griquatown and Prieska the Transvasl System is

unconformably overlain by rocks of the Karroo System.

Between the point where the Kuruman Hills vanish to the
north underneath a thick cover of Kalahari sand and the border of the
Bechuanaland Protectorate, a distance of some 90 miles, rocks of the
Lower Griquatown Stage are exposed as a series of isolated "islandas"
rising above the sand to heights seldom exceeding 100 feet, The
most northerly crocidolite mine at Pomfret, some 30 miles south of the

border of the Bechuanaland Protectorate, is situated on such an "island".

Crocidolite asbestos is developed sporadically in the banded
ironstone of the Lower Griquatown Stage throughout the area underlain hy
these rocks, but known economic deposits of this mineral are comparatively
few. The first small crocildolite workings south of the rich Pomfret
Mine mentioned above lie near Heuningvlei, some forty miles south of
Pomfret. Within a radius of twenty miles from Kuruman lle a number
of producing mines, inecluding Riries, Whitebank and Asbes, all of which
have sizeable ore~bodies. Other mines in the area, including some
now just commencing operations and others already worked out, are

Bestwell, Bretby, Depression, Langley, Manafield, Mount Vera and Newstead,

In the vicinity of Dani®lskuil and Postmasburg, some fifty
miles south of Kuruman, no large mines are producing at the present
moment, but several deposits, e.g. those on Schietfontein and Mimosa,
have been discovered recently during the course of intensive prospecting
programmes. They are now being developed and, combined with large
new ore-reserves being blocked out in older mines, e.g. at Warrendale,
this area will be capable of producing appreciable tonnages of
crocidolite in the near future. In addition to these mines, asbestos

has also been produced in the past from properties such as Hurley,
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Klipvlei, Crawley, Billinghurst, Grasmere, and Oudeplaats.

South of Warrendale the first producing mines are en-
countered in the vicinity of Prieska, about 100 miles south of
Warrendale, although crocidolite has been found along the intervening
strike of the banded ironstone and has been extracted in the past on
various properties including Naauwpoort and Elandsfontein in the

Niekerkshoop area.

Crocidolite is now being produced from various properties
in the vicinity of Prieska, including Glen Allan, Buisvlei, Geduld,
Erfrus, Kliphuis, Stofbakkies, and Carn Brae. Small tonnages of
crocidolite have also been produced in the past from Klein Naauwte,
Enkeldewilgeboom, Orange View, Naauwgekneld, Dikberg, Prieskas Poort,

Asbestos Reefs, Lovedale, and other farms,

As a result of large, gentle folds, the asbestos-bearing
banded ironstone is exposed on surface for some forty miles northwast
of Prieska, where the Koegas Asbestos Mine, the largest single
producer of crocidolite in the world, lies adjacent to the Orange River.
The greater portion of the asbestos of this mine is obtained from the
Westerberg Syncline, where asbestos has been mined uninterruptedly
gince 1893, This deposit of crocidolite is unique both because of
its size and the remarkable persistency of the fibre. Crocidolite
is also found on various other properties in the vicinity of Koegas,
ineluding Bultfontein, Nauga, Geelbeksdam, Pypwater, Leelykstaat, and
Stilverlaat, but only the last two properties are producing at the
present moment, The Blackridge Mine, now cloged, lies farty miles

north-northeast of Koegas,
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1. Sumpary of Previcus Woxk
The earliest accounts of the structurs of what is now
known as the Transvaal System in the Cape Province, were those of
Burchell, Lichtonstein and Moffat, referrod to by Rogers (1937 pp. 6~7
and 64-65), Stow (1874) was the first to establish the general

geological succession,

Lichtenstein first noted crocidolite during his travels in
South Africa in 1803 and 1806, when he collected a massive blue mineral
in the Orange River valloy near Prieska. Hall (1930, pp. 32 and
35) quotos an analysis of Lichtenstein's material made by Klaproth in

1815.

Rogers and Du Toit (1910) surveyed the Hay and Prieska
divisions in 1904 and 1905, Their goological map of the areca on a
scale of 1:238,000 was published in 1910.

Hall re-oxamined the area in 1917 and 1918, and much
information was included i& his mcmoir on the Sowth African asbestos
deposits, the first edition of which was published in 1918, A

second, revised edition was published in 1930.

Ho detailed geological work had been done in the Koegas
arca and, although short visits were paid later to this area by a
number of gcologists, their reports are mainly econcerned with the %hen
controversial problem of the extension and persistence of the known
deposits of fibre in depth. Structural information in these

reports is, in consequence, of a ¥ory gencral nature,
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2.  Topography

The Koegas area is somewhat rugged, sparsely overgrown
with low bush and little grass, and contrasts strongly with the flat
"inselberg" landscape found to the west and the gentle undulating
surface of the Karroo east of Prieska. The bed of the Orange River
is about 3,000 feet above sea~level at Koegas, and the surrounding

hills rise to more than 1,000 feet above the level of the valley.

The general trend of the hills varies from north-south to
northeast-southwest and they are roughly parallel to one another.
The topography of the area has been controlled by the composition of the
underlying rock, modified by the numerous igneous intrusions,. In
arcas where the underlying rocks have high dips the crests of the hills
are inclined to be sharp and of the e¢ockscomb type, whereas in areas
where the rocks have low dips the hills form small plateaus, A
conspicuous, thick sheet of igneous rock is often responsible for minor

escarpments which bound these plateaus,

The valley patterns are dependant on the disposition of
the hills, and longitudinal valleys arc the most conspicuous.
Transverse branch-valleys, with a general northwest—southeast trend,
cut across the hills at angles varying between 45° and 90°,

Their directions have been determined by numerous dykes, which are
roughly parallel to one another and arc less resistant to weathering

than the adjacent strata.
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9.
3. Rainfall and Drainage

The average annual rainfall in the Koegas area is of the
order of 9 inches per year, and is confined mainly to the months of
February and March, generally in the form of short, violent thunder-
storms. Drainage is rapid, via the transverse and longitudinal
vallays to the Orange River, The effects of the topography, climate

and rainfall on the woathering of the rocks are discussed on page 17.
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A,  GENFRAL STATEMENT.
The crocidolite flelds of the Cape Province extend from
immediately east and north of the Doornberg fault in the Koegas-Prieska
arca to the border of the Bechuanaland Protectorate in the north.

The stratified rocks encountered in this region may be divided as

follows:~
ESand
. Alluvium
Tertiary and Recent Deposits eeecsceecscses (Gravel and scree deposits
(Surface-limestone

Karroo System eeeeses Dwyka Sories .seese Tillite and shale
(Upper Matsap)

Waterberg (Matsap %Stage. ; »+ Quortzite and grit
+ 1 Lower Matsa;
Systen (Formation (Stage. p) .« Mainly andesitic lava.

(Quartzite, conglomerate

) (and shale.
Loskop System (Gamagara Formation)ses.... (Bagal conglomerate and

( quartzite.

( ( Upper (Banded ironstone and jasper,
( ( Griquatown (chert, limestone, shale,
( ( Stage (quartzite and lava.
( (
( Pretoria ( Middle (Andesitic lava with inter—
(  Series ( Griquatom (bedded tuff, chert and
é § Stage (jasper.
Transvaal ( ( Lower (Banded ironstone and jasg-
System ( Griquatown (per, mudstone, shale,
( Stage (quartzite, limestone and
( (tillite,
(
( (Dolomitic limestone,
(Dolomite Series sessses.ss (Chert and shales
(
(Black Reof Series ee.eeess (Quartzite, shale and

(conglomerate,

(Kimberlite pipes
(Dolerite dykes
(Diabase related to the
(Ongeluk volcanics.,

Igneous intrusions eceeessesessescacsocsce

The thesis is concerned primarily with the rocks of the
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Lower Griquatown Stage and the associated deposits of amphibole asbestos.

B, THE TRANSVAAL SYSTEM.

Attention should be drawn to an apparent inconsistency
concerning the contact between the Dolomite and the Pretoria Scries.
In the Transvaal an interbedded succession of asbestos-bearing
ironstone is present near the top of the Dolomite Serics. As this
succession of banded ironstone lies below the Bevet's conglomerate,
which is taken as the base of the Protoria Series, the ironstone is included
in the Dolomite Series, However, in the northwestern Cape Province
the Bevet'!s conglomerate is absent and the banded ironstone, which here
succeeds the Dolomite conformably, is included in the Lower Griquatown
Stage, In the Transwaal, therefore, the amphibole asbestos is
found in the upper portion of the Dolomite Scries, whereas in the Cape

it is found in the lower portion of the succeeding Pretoria Scries,

A similar inconsistency exists regarding the uppor
boundary of the Lower Griquatown Stege, In the Transvaal a band
of tillite is found just below the base of the Ongeluk Volcanics of the
Daspoort Stage. In the Northwestern Cape the equivalent of the
Daspoort Stage, the Middle Griquatown Stage, consists almost entirely
of andesitic lava with occasional thin interbedded bands of jasper.

A tillite, up to 100 feet thick in places, is prescnt below the lava,
and is separated from it by up to 50 feet of shale or mudstone.

It is therefore found in exactly the same position as in the Transvaal,
but in the Cape the base of the andesitic lava is considered to mark
the upper boundary of the Lower Griquatown Stage, so that the tillite
is included in this Stage, Both the lower and upper contacts of
the Lower Griquatown Stage do not therefore correspond strictly with
those of the Timeball Hill Stage in the Transvaal with which it is

correlatoed,
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Marked lithological differences exist between rocks of the
Lower Griguatown Stage in the Cape Province and the corresponding rocks
of the Pretoria Series in the Transvaal, with which they are correlated.
The banded ironstone and jasper, which are so prominent in the Cape, are
not developed in the type-area around Pretoria, where the hills are

built of resistant quartzite and the valleys underlain by soft shale,

1. he Dolomite Serieg.

The Dolomite Series, formerly referred to as the Campbell
Rand Series [; name still employed by Du Toit (l954£l is lithologically
nearly identical with its counterpart in the Transvaal. The upper
portion of this Series is exposed only in the northwestern and south-
western portions of the Koegas mining-area, where it is succeeded
conformably by a white shale, 50 feet thick, which is in turn followed
by the banded ironstone of the Lower Griquatown Stage. The portion
of the Dolomite Series exposcd consists of fine-grained, blue-grey
dolomitic limestone with intercalated bands of chert which become more

frequent towards the top of the Series.

2. The Pretoris Series.

Iu the northwestern Cape Provinece the Pretoria Series is

subdivided into three stages: the Lower Griquatown Stage, the Middle
Griguatour or (ngeluk Stage, and the Upper Griquatows Stage.

The latter stage is known only to the west of
Postmasburg, some 65 miles N.N.W. of the Koegas area, and was not
examinred, The Ongeluk lava is prescrved in the troughs of the
large synclines described carlier, but was not included in the present

investigation, which was confined to the Lower Griquatown Stage.
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a. neral Statement:

The distribution of the Lower Griquatown Stage in the
Cape Province is illustrated on Plate XI, from which it is seen that
the rocks of this Stage arc present in a series of interconnccted,
shallow, doubly-plunging synclines elongated in a north-south direction,
The most important of these are the Dimoten Syncline, the Ongeluk-
Witwater Syncline, and the Abramsdam Synclinc, Truter gt al (1938),
Visser (1944) and Boardmen and Visser (1958) have recently described
portions of the Dimoten and the Ongeluk-Witwater Syncline. The
stratigraphical successlon described in detail in this thesis is that
of the Abramsdam Synclinz, of which the Koegas~Prieska arca forms a
part, but the mineralogical relationships are similar in the same

rock~types found in the other synclines,

During the course of prospecting~operations carried out by
the Cape Asbestos Company during the past six years between Prieske in
the south and the Bechuanaland border in the north, it was necessary
to establish the stratigraphical succession in various localities along
this stretech of over 300 miles, It was found that the rocks in the
Prieska area could be correclated with great accuracy with thosc in the
Koegas-Westerberg arca, both of which lie within the boundary of the
Abramsdam syncline; likewise, the succession near Hurley, approximately
20 miles north of Dani€lskuil, is remarkably similar to that found
approximately 20 milcs northwest of Kuruman, Both these areas lie
within the boundary of the Dimoten syneline, Similar relationships
hold within the other large synclines, the largest of which is the
Ongeluk-Witwater syncline. However, when the rocks bolonging to
certain synclines are compared with those belonging to some of the
other synclines, detailed correlation becomes difficult,

Conspicuous markers in one syncline are absent in the next, and the
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total thickness of the Lower Griquatown Stage, romarkably constant in
one syncline, is vastly different in the next. Possibly the most
striking difference is the prescnce of a succession of at least 2,500
feet of shale and mudstone (the latter carrying abundant clastic grains
of quartz and other minerals) in the Abramsdam syncline, which is
completely absent in the Kuruman area surveyed by the writer, and their
absence is confirmed by the work of Visser (1944) and others.

Further reference to this will be made in Chapter III,

Where the Lower Griquatown Stage crosses the border of the
Union of South Africa in the north, to continue in a wide arc through
the Bechuanaland Protectorate until it again enters the Union near
Lobatsi, the total thickness of the Stage is less than 1000 feet, but
the outcrops are mainly obscured by a thick cover of Kalahari sand and
as yet no detailed subdivision has bssn made of the succession in this

arecte

In the Kuruman and Griquatown areas the Lower Griquatown
Stage has been su’divided into three zones: a Banded Ironstone Zone
at the bottom, a Banded Jasper Zoue in the middle, and a Tillite Zone at
the top. Truter ¢t al (1938, pp. 18-19) give the thickness of these
zoneg in the Kuruman and Postmasburg regions as 1000, 1500 and 50 feet
respectively, and state that the asbestos horizon lies about 100 feet
above the contact with the dolomitece In the erezs mentioned above
there is a complete transition between the Dolomite Series and the
Pretoria Series, Near the top of the Dolomite Series thin bands
of jasper and magnetite become increasingly frequent, whereas near
the bottom of the Pretoria Series bands of dolomitic limestone are

still present,

In the Koegas~Prieska area the Lower Griquatown Stage
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attains a thickness of about 5000 feet (i.c. twice its thickness

in the Kuruman, Griquatown and Postmasburg areas), and thers are

two major differences in the stratigraphical succession: firstly, a
Trangition-zone consisting of white shale is present between the
Dolomite Serics and the Banded Irongtone Zone, and secondly, the Jasper
Zone reccognised in the arcas farther to the north is replaced by the

Mudstone Zone.

The Banded Ironstone Zone in the Kocgas~Prieska area is
subdivided as follows: a basic intrusive sill, approximately 300 feet
thick, is present about 1400 feet above the Dolomite Series. The
rocks betwoen the Transition-zone and the sill are known as the Lower
Banded Ironstone Beds, whercas those immediately above the sill are
known as the Upper Banded Ironstone Beds, which are followed by the

Westerberg Beds,

The Mudstone Zone is subdivided into the Lower Shale Beds,
the Lower Mudstone Beds, the Chert Layer, the Upper Shale Beds, and

the Upper Mudstone Beds.
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The succession of beds encountered in the Pricska-Koegas

area is therefore as follows:-

g
) g
ngeluk volcanics o o o o o o o o o o o .g:é;g{
3.
0]
=
\ o
'} o
Ihickness | '
in feck
50 Ti1lite Beds Tillite
Zone
1300+ Upper Mudstone Beds
l‘:ﬁ =
300+ Upper Shale Beds Eﬂj =
1 a =
| 20 Chert Layer with Upper | Mudstone ©
! Asbestos Horizon Zone ° = b
_ & H i
400 Lower Mudstone Beds s %
3 [a
; 500 Lower Shale Beds g A X
4(; <
2 <
300 Westerberg Beds with g >
; Westerberg Asbestos @
1 Horizon g =
5 ! <
400 Upper Banded Ironstone 3 p
Beds with Prieskaite Banded B4
Horizon Irongtone
: Zone
| 300 Si11
1300+ Lower Banded Ironstonc
Beds with Intermediate
{ Asbestos Horizon and
Lower Asbestos Horizon
]
. Transition-
50 White Shale sone
, B
Dolomite Limestone % E
andcher‘b....---.......o .SJO’J

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



NIVERSITEIT VAN PRETORI

P
L
v S 0 0 A
UNIVERSITY OF PRETORIA
& Y S IEEASP RIA
17.

The asbestos~bearing banded ironstone of the Lower
Griquatown Stage is extremely susceptible to alteration under the
normal agencies of weathering and has undergone extensive leaching and
oxidation down to a depth of 250 feet below surfacc. Du Toit
(1945, pp. 165-168) established three zones of weathering, The
Frosh Zone is present below the permanent water-table, which generally
lies between 50 and 200 feet below surface. In this zone the rock
is finely laminated, hard, compact and dark blue to black with
occasional paele grey bands, Above the water-table the rock is
generally soft and yellow-brown as a result of the oxidation and
leaching of the constituent minerals: this represents the Leached
Zone, Near surface these rocks have become hardened owing to
socondary silicification and carbonation. This zone is known as
the Silicified Zone and generally forms only a thin crust near the
surface, It may even be complotely absent in arcas of high rainfall,
but may extend vertically to depths of over 100 feet in areas of low
rainfall, cege at Klein Naauwbte and some other farms in the Prieska
district. Fortunately, the asbestos is more resistant to
weathering than the enclosing rock and often persists right to surface
with little obvious deterioration in quality. In fact, until about
1950 all the amphibole asbegtos produced was obtained from the Leached
and Silicified Zones, known collectively as the Weathered Zone.
Under extreme weathering all types of amphibole asbestos are oxidized

and hydrated to a soft yellow powder which resembles ochrc.

When a specimen of a specific layer of banded ironstone
obtained from surface is compared with its unweathered equivalent as
exposed in the deeper underground workings, the intensity of
oxidation, hydration and silicification is most striking, A
detailed study of the processes of wecathering is beyond the scope of
this work, and only a brief description of the weathered rocks is
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given.

The descriptions of the banded ironstone given by
Peacock (1928) and in the publications of the Geological Survey of the
Union of South Africa, including the two most recent publications [fhe
explanations of Sheet 173, Oliphants Hoek (1938) and Sheet 175,
Griquatown (1958)] are those of the highly altered superficial or near-
surface variety. Du Toit (1945, pp. 163-168) describes specimens
taken at deeper levels, but completely unaltered strata had not been
exposed in any workings in the Capoe asbestos fields at the time when
these specimens were taken, so that, in fact, no deseription of the
unaltered rocks of the Lower Griquatown Stage has been published to

datc.

In the course of his examination of unaltered specimens of
banded ironstone the writer has found that they contain minerals which
have not been rccognized in the equivalent rocks oxposed on surface
owing to the extreme alteration thc rocks have undergone in the
Weathered Zone. Some of the minorals present in the unaltered

banded ironstone appear to be unique in South Africa.

Owing to the extrome fineness of grain of the bulk of the
rocks of the Lowerj%riquatown Stage, microscopic examinations had to
be amplified by X-ray analysis. Although some minerals could be
removed from the rock specimens to facilitate the analysis and identi-
fication of the remaining minerals, it was practically impossible to
saparate mixtures of certain mincrals into absolutely pure fractions.
A similar difficulty was encountered by Gruner (1944b, p. 365) in the
course of examination of rocks of the Huronian System (Lower
Proterozoic) . However, it was possible to remove the carbonates
from the rock powder by the method used by Gruner (idem), whereby
the specimen is finely powdered and heated in about 200 c.c. of nearly

boiling water, to which is
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added slightly more hydrochloric acid than is estimated to dissolve the

carbonate, As soon as effervescence stops, the solution is
diluted to twice its volume with cold water. The powder that
settles is washed by repeated decantation. Gruner found that this

troatment could be carried out without injury to the silicates.
Before the above treatment was carried out, magnetite was removed with

a hand-magnet,

To simplify the deseription of the mincral assemblages in
the various rock-types found in the Abramsdam Syncline, the mincrals

charactoristic of the unaltered banded ironstone arc detailed below:=

Chert: The term “chert®, as used throughout the Lake Superior
rogion, is applicd to the fine-grained, non-clastic quartz that
typically forms laycrs in the iron-bearing formation. A1l of it
is crystalline {?ames (1951) p. 255}. Microscopic examination of
the "chert" in the Lower Griquatown Stage showed that it is in all
respects identical with that described from the Lake Superior regions
In hand-gpecimen its appearance is typically that of ordinary chert.
Although the above definition of the tern "chert" differs from the
standard definitions as given by Dana (1932, p. 473) and Rice (1949,
ps 71), the term is rectained in this thesis on account of its long
usago both in South Africa and in the United States of America.
Under the microscope chort from the banded ironstone resembles a fine-
grained quartzite, but this term is reserved for rocks composed of

cemented or metamorphosed clastic grains of quartz.

Garbonate: Carbonate is frequently cneountered in the fresh rocks of
the Lower Griquatown Stage, cither interlocking with other minerals,
or as isolated cuhedral or subhedral crystals lying in a fine-grained
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matrix of chert or silicates, The ratio of CaGO3 to Mg003 to FeGOB
in the carbonate crystals varies considerably, as shown by the chemical
analyscs in Table I. The optical properties of the carbonate vary
with the chemical composition, Where the indices of refraction could
be measured, nE and nO were equal to or greater than 1.554 and 1,739
respectively. From Table I it is also seen that the composition of
the carbonate does not appear to be related to the stratigraphical

position from which the specimens were obtained.

Minnesotaite: BEver since the discovery of economic deposits of iron ore
in the Mesabi Range, State of Michigan, U.S.A., petrographers have
observed a mineral in the westorn part of the Biwabic Formatlion of the
Huronian System which they called an amphibole, or somctimes specifically
grunerite, Gruner (1944b, pp. 363-372) ostablished that this
mineral is not an amphibole, but a variety of tale, now known as minneso-
taite. It is :ow recognized as a major constituent of many iron-beari
rocks in the Lake Superior region. Grunerite is present in these rocks
only in the garnet and staurolite zones of metamorphism. Du Toit (1954,
pe 158) states that the slaty sediments of the Lower Griquatown Stage
"eontain much chlorite and amphiboles such as crocidolite,

cummingtonite and grunerite". The writer suspects that the last

two mineral species actually refer to minnesotaite, which he found in

abundance and widely distributed in the Lower Griquatown Stage.

Gruner states that minnesotaite has only been found in
microscopiec needles and plates, thc needles radiated or in sheaves.
Under a magnification of 300 diameters minnesotaite appeared as foelt-
like yellowish grecen masscse The minnesotaite found in the Lower

Griquatown Stage matches this description exactly (Plate 7).
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TABIE 1.

CHEMICAL ANALYSES OF CARBONATE.

(Analysts: Central Laboratory, The Cape Asbestos Company)

Tobal . (%}'.«‘eco3 Remaining Fe

‘Sample : o #CaCo MgCO from re~ iexpressed as: Ratio of Sample

Vambor | %00y %0a0) %g0| Fo oxprossed | (from %0a0) | (from #g0) | maining CaCO3 : Mg003 : FeCOg Fanbor

as %Fe0 C0,) FeO FoqQ

G l 1.46 n.do n.do n.do i - hd - - - C l
C 2 [11.,64: 1.69: 2,00 23,66 3.0R 4018 21,42 10.37 .14 072 = 1t 2448 Cc2
¢ 3 13,05} 0.63; 2,09 25.47 1.12. 4437 27.09 8.66 9.30 0.26 : 1 : 6,20 C3
C4 {17.20: 0,61 1.88 26,88 1.09 3.93 38,66 2.89 3.10 0,28 ¢ 1 : 9.8 C 4
S5 1 5.05i 1a55; 0.40 6484 277 0.84 8493 1.30 1.40 ¢ 3,30: 1 : 10.63 C5
¢ 6 118,00; 1,80} 1,57 23.79 3.21 3.28 39.21 ~54 -.58 © 0,98 : 1 :11.95 C 6
C 7 113,05 245! 1.39 18,22 437 2,91 25,32 2.51 2,70 .50 : 1 0.87 c7
C8 Teh2} TeThi 0433 3.33 13.81 0.69 2,61 1.7 1.8 i 20,02: 1 : 3,78 C 8
G 9 0057 n.d. n.d. nod. - - - - haad : - C 9
510 | 11.491 0.59; 1.89 19,89 1.05 3.95 23,64 5422 5,61 0,27: 1 : 5,98 C10
S 4e86 1 4,25 0.88 5.40 7.58 1.84 1.50 Lo47 4480 4.2 2 1 0.82 cn
012 7.02 1079 1059 13o43 3019 3033 10022 7-@ 7062 0096 : 1 H 3.07 C12
C13 21,58 1.13 1;86 31.51 - 2,02 3.89 49.17 1.00 1,07 0052 : 1 : 12064 €13

c1l ¢ Upper Madstone Beds, from outcrop, Koegas. C10 ¢ Lower Banded Ironstone Beds, Intermediate Asbestos

c2 ¢ Lower Mudstone Beds, Borc-hole W13, Westerberg. Horizon, Geduld Mina.

C3 : Near contact, Lower Mudstone and Lower Shale Beds, Cll ¢ Lower Banded Ironstone Beds, 300 ft. below Sill,

Bore-hole W13, Westerberge. Bore~hole W2, Westerberg.

C 4 :  Lower Sahle Beds, Bore-hole W13, Westerberg. C12 ¢ Lower Banded Ironstone Beds, 1000 ft. beclow Cll,

C5 ¢ Lower Shale Beds, Bore~hole W2, Westerberg. Bore=hole W2, Wésterber%.

C 6 to C 8: Westerberg Asbestos Horizon, Bore-hole W2, C13 ¢ Lower Banded Ironstone Beds, Lower Asbestos Horizon,

Westerberg. Buisvlei Mine,
G9 Upper Banded Ironstone Beds, Bore-hole W<,

Wegterberg.
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The mineral is pale yellow to pale green and some crystals exhibit faind
pleochroism, The optical properties are difficult to determine on
account of the extreme fineness of grain, It was found that the
occasional crystals large cnough to permit optical measurements are
biaxial, negative, with a small optic angle, The mineral has a
perfect basal cleavage, with the acute biseetrix normal thereto.

The crystals show positive elongation and parallel extinction.
Birefringence is fairly high, and the refractive indices are nX : 1,58
and nZ : l.62, A typical X-ray pattern for a rock containing an

approciable quantity of minnesotaite is given in Table II,
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TABIE I,
X-RAY DIFFRACTION-PATTERN OF MIUNESOTATTE-BEARING ROGK
(Co radiation. Only strongest linos given,
Magnetite and carbonate removed,)
MIHINESOTAT TE- ]

BEARING ROCK. LRI CROCIDOLITE MINNESOTATTE
Lower Shale e Selle Vermaas A.S.T.M,
Beds, gard (1952, p. 225) Card

Westerberg 5~043 6-0025

dA Int,. dA Int, dA Int, dA Int,
9.6 100 9.1 50 .53 100
8.4 45 8.4 100
489 10 4e89 30
4480 5 4,77 10
Le51 10 4e 50 70
4oR5 10 4eR6 35
3.60 10 3.50 10
342 10 3441 50
3.34 45 3.34 100
3.19 20 3.18 50
3.11 20 3.10 100
2.99 5 2.99 10
2.7 10 R.75 5B
2. 7R 25 2. 71 100
2,66 5 2,65 5
2,60 20 2,60 50
R.54 25 2.53 50 2,52 20
2.46 10 2.46 12 2,40 10
2.32 10 2428 12 2.31 60 231 5
2421 5 2,22 10
2,18 | 10 217 | 60

2,13 i 5 2,13 9 P 2,1 5

2.01 10
1,92 10

1,83 10 1.82 17
1.66 10 1,67 7 1.65 50 1.66 10
1,61 10 1.61 30
1.60 10 1.60 108
1.57 5 Ls7 | 10

(X—ray diffraction-pattern measurced in the Government Metallurgical Lab-
oratory, Johammegburg, and at the Cceramics Unit of the Council for

Scientific and Industrial Resecarch, Pretoria.)
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Stilpnomelanc: Gruner (1944a, ppe. 291-298) reviewed the compositional
and structural informetion on stilpnomelane, and suggested that its
structure is derived from that of talc or biotite. Hutton's calcu=-
lations (1938, pp. 172-206) also suggested a mineral related to tale or
mica, but apparently stilpnomelane contains more water than these miner-
als, Winchell (1951, pp. 390-391) states that the formula of
stilpnomelane is quite uncertain, but that it is chemically related to
chlorite, although optically very similar to biotite, from which it
differs in having a less perfcet basal cleavage (and a poor clecavage
normal thereto), a strong yellow tint (X), no mottled effect on extine-

tion, more brittle flakes, and a less definite X-ray pattern.

Under the microscope the marked pleochroism of stilpnome-
lane is characteristic, but it varies with the ratio of ferrous iron to
ferric iron in the moleculec. Stilpnomelane with a low content of
forric iron is pleochroic from pale yellow to decep green, whereas stilp-
nomclane with a high content of ferric iron is pleochroic from yellow to
dark reddish brown, and is often opaque in thin sections, The
mineral is uniaxial, negative (or biaxial, negative with a 2V of 0°),
The refractive indices incrcase with an increasing content of ferrie
iron (nZ varies from 1,58 to 1.74). The optical properties are

thus very much the same as thogse of hydrobiotite,

dn X-ray diffraction-pattern of a specimen of banded iron-
stone containing an appreciable quantity of stilpnomelane is given in
Table III, in which a typical pattern for biotite is included for
comparison, Apparently the reflcction normal to the good cleavage
is variable, as it is in the hydrobiotite and vermiculite minerals,
owing to additional water held rather loosely between the tale or mica

sheets,
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TABLE III,
Z~RAY DIFFRACTION-PATTERN OF STILPNOMELANE-BEARING ROCK
(Co radiation, Only strongest lines given. Mag=-
netite and carbonate removed.

STILPNCME- ‘
LANE-BEARING QUARTZ STILPNOME- BIOTITE
Lower Banded ! A.S.T.M. CR@Eiﬁ:LITE LANE A.S.T.M.

Ironstone Card (1952 33225) Gruner Card

Beds 5-0490 Pe (1937 p. 919) 2-0045

Westerberg

]

dA | Int,' dA | Int.i dA | Int. | dA  Int. dA | Int.

: 13,0 i 60 i
10,1 | 100 9,1 | 50 11.9 100 : 10,1 ‘ 100
84, | 15 8¢4 1 100
4L.531 10 4e50 70 4L.581 20
Le25 1 20 L4226 35
413 | 10 4404 i 50
3.341 75 0 3.34 0 100 | 3,411 50 3.34 1 10 3.36! 100
3,101 10 3,10 ; 100 3.03 ; 40 3.15 20
2,91 20
2,83 5 2,821 10
2,79 20 2,71 | 100 2,70 20
2,671 40 2,601 50 2,65 80
2.53 1 15 2,53 50 2,56 i 40 2,511 40
2,491 35 1 246 12 . 2.451 80
2,28 1 12 | 2,31 60 2.34 1 30 2,281 20
2,21 15 2.17 1 60 2,181 80
2,13 10 | 2,13 9 2,111 20
2,02 10 2,00f 80
1,91} 20
1,821 10 | l.82 i 17
1,731 10 175! 20
1,701 10 1.651 50 1.67; 80
1,571 15 1.58 | 30
1.561 30
1,500 20 | 1,54 15 | 1,51} 170 1.52 1 20 1.54; 80

(X~ray diffraction-pattern measured in the Government Metallurgical
Laboratory, Johannesburg, and at the Ceramics Unit of the Council for

Scientific and Industrial Research, Pretoria.)
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Gruner (1944b, p. 371) proposed the following formulae for

minnesotaite, stilpnomelane and greenalite:

Minnesotaite:
(OH)5‘5 (Fe’“Mg)S.5 (Si’Al’Fe'”)S 01805

Stilpnomelane:

(K,Na,ca)o_l (OH)4 (Fej' Mg,Al,Fe'!!), g Sig 02304+ 2~4 Hp0

Greenalite:

(OH)12 (Fe}? Mg)9 Felt! Sig Oy o2 Hy0

Greenalite was not found in any of the samples from the
Koegas-Prieska area examined under the microscope, nor was its presence
detected by X-rays. It is also absent in many areas of the Leke
Superior Region, (according to Jameg, 1954, p. 266) . There is an
increase in S5i0y and a decrease in total H,0 from greenalite to
minnesotaite. 411 three contain MgO in appreciable quantities, but
only stilpnomelane contains an appreciable quantity of A12q3. The
ratio of Fe'! to Fe!'!! varies considerably in all three, Greenalite
has a structure similar to that of serpentine, Stilpnomelane has a
unique structure which approximates that of mica or chlorite without,
however, being a mixture of the two,. The structure of minnesotaite

is similar to that of tale,

Ghlorite: Chlorite is present as a very fine-grained greenish mass,
with low birefringence, Occasional weakly pleochroic grains are
visible and some small grains with anomalous blue interference-colours
are present. The refractive index is difficult to determine on
account of the extreme fineness of grain, but the average refractive
index is generally of the order of 1.65. The chlorite is probably

an iron-rich variety (thuringite or aphrosiderite) or a mixture of
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more than one type of chlorite,

Riebegkite: In the unmetamorphosed rocks of the Lower Griquatown
Stage, riebeckite is present in two forms: slender needles up to

0,2 mm. long but seldom more than 0,005 mm, wide, which are orientated
at random or radiate from a core of magnetite; and, secondly,
riebeckite is found as lath-shaped crystals or sheaf-like aggregates,
Basal sections exhibiting the characteristic amphibole cleavages are
gseldom seen, except where bands containing riebeckite or crocidolite
have recrystallized under thermal metamorphism adjacent to igneous
intrusions, Although riebeckite is a strongly pleochroic mineral,
pleochroism is hardly noticed in the extremely slender needles, and in
massive riebeckite-rocks the lath-~shaped crystals are usually very small
and orientated at random in sheaf-like aggregates, so that the general

effect is that of a bright blue, non-pleochroic mass,

Crogidolite: The term "erocidolite" is used exclusively for typical
croga-fibre asbestos with a composition identical to that of
riebeckite. The individual fibres are so fine that, even under
magnifications of up to 32,000 by means of an electron-microscope,

the fibre still appears as bundles. The individual fibres are
elongated parallel to their c-axes in the direction of the fibre axes,
the individual crystals or bundles of crystals being orientated
parallel to one another, but otherwise there is no preferred orienta-
tion of the crystals or bundles of crystals, and consequently the
optical properties of individual crystals cannot be determined,

The average refractive index for vibrations parallel to the fibre
axes is about 1,70. The fibres are length-~fast as a rule, but

length-slow bundles have been noticed, and Frankel (1953, p. 78)
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reports length-slow fibre from some mines in the Kuruman district.
Pleochroism is strong:  the fibres are indigo~-blue when parallel to
the direction of vibration of the polariser, and a delicate lilac

colour when perpendicular thereto,

On the asbestos fields a single seam of asbestos is referred
to either as a "seam", or, more generally, a "band" of fibre. A
group of seams that can be mined together as aunit is referred to as a
"preef", This term has been taken over from the Witwatersrand gold-
fields and, although technically incorrect, it is retained both in the
gold~- and asbestos-mining industry on account of its long usage.
The normal distance from the top of the highest asbestos seam to the
bottom of the lowest asbestos seam in any reef is referred to as the

"ehannel-width", and the normal distance between the top and the bottom

of a stope is called the "stoping width", Channel-width and
gstoping width are measured in inchese The total fibre present in a
reef ig expressed as inches of fibre, or as a percentage. In mines

of the Cape Asbestos Group, crocidolite seams in which the length of
the fibre is less than 3" are disregarded for evaluation purposes, and
in the amosite mines this minimum length is increased to V. A
group of reefs found close to one another, but separated from one
another by layers, of varying thickness, of barren rock, is called a
"horizon". A horizon occupies a specific stratigraphical
position, generally has a normal thickness of between 100 and 200 feet,
and congists of up to ten separate reefs, each one of which may con-
tain up to twenty single bands of fibre longer than ", and up to one

hundred thinner bands,
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No crystals of actinolite large enough for microscopic

identification were found in the unmetamorphosed rocks, but a green

asbestos fibre with a composition similar to that of actinolite is

present in the banded ironstone. Associated with this fibre are

thin bands of cryptocrystalline, pale green material containing small,

disseminated crystals of magnetite. This pale green material is

therefore probably actinolite. It also seems probable that fine

laths or needles of actinolite are more generally present in the banded

ironstone, but they would be so intimately associated with the other

silicates, which they resemble very closely, that it will be impossible

to separate them for analysis, Actinolite could not be identified
with certainty in any of the samples of which X-ray examination was

carried out.

Prieskasite: Developed in the Upper Banded Ironstone Beds is a horizon
of asbestos, which is pale green, soft and silky when fresh, and
greyish green when partly weathered. When completely oxidised on
surface this fibre is indistinguishable from completely oxidized
crocidolite (griqualandite). Chemical analysis of this fibre
(Table XIV, page 159) showed that it has a composition similar to that
of actinolite, The physical and chemical properties of this

fibre are discussed more fully in Chaper IV,

In view of the marked differences in the physical proper-
ties, mode of occurrence, and origin of this fibre compared with those
of the amphibole actinolite and the material generally referred to as
"actinolite asbestos", the writer proposes the name "Prieskaite® for
this fibre, as it is found as interbedded seams in banded ironstone

only in the Prieska District. This conforms with the established
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practice of referring to the fibrous form of riebeckite as
"erocodolite", and to the fibrous form of grunerite as "amosite",

It will also eliminate incorrect and confusing descriptions of the
fibre, such as "leached crocidolite" or "crocidolite of inferior quali-

ty".

Magnetite: Magnetite is the only primary iron oxide found in un-
weathered specimens of the Lower Griquatown Stage, It is usually
present as euhedral or subhedral crystals, either in bands or dissemin~
ated through the rosk, On weathering it is changed to minerals like

martite, hematite, limonite and goethite,

Pyrite: Well crystallized pyrite is a common accessory mineral in
the lowest portion of the Lower Banded Ironstone Beds. Crystals up
to 2,0 eme across are disseminated through these banded ironstones, or,
more often, are found in well defined bands in the same mainer as magne-—
tite. Legyers of pyrite are common in the Lower Asbestos Horizon,
and are especially noticable in unweathered rocks, e.g. those

recently exposed in the Buisvlei, Kliphuis and Stofbakkies Mines in the

Prieska area,

Metamorphic Minerals: Metamorphic minsrals, e.g. biotite, grumerite,
garnet and pyroxen= are not presant in ths wmetamorphosed rocks of the
Koegas~Prieska areu. The local development of some metamorphic minerals
in sedimentary rocks immediately adjacent to igneous intrusions in

the Koegas area is described on page 117. It may be mentioned in
passing that these minerals are present in the asbestos~bearing banded
ironstones in the Transvaal that have undergone thermal metamorphism

as a result of the intrusion of the Bushveld Igneous Complex, e.g. at
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the Penge Amosite Mine,

Mineralg formed ag a result of weathering: Du Toit
(1945, pp. 163 to 165, and 1954 pp. 157 to 159)

comnented upon the truly fantastic difference in appearance between

the weathered and unweathered equivalents of the banded ironstone of
the Pretoria Series, So great are the differences between these
rocks that a separate system of correlation has to be used when

dealing with each variety, Truc unweathered rock has only been ex-
posed to some extent in underground workings during the past ten years,
and it is now clear that the differences are even greater than supposed
by Du Toit. The mineralogical changes that take place during wea-
thering of the banded ironstone and the formation of completely new
minerals like nontronite, is a complote study on its own and beyond the
gcope of this thesis, except for such changes that take place with the

weathering of asbestos and the economic significance of these changes,

be Datailed Gzo0l e Loarage-ries

The solid geology of the Koegas-Prieska area consigts of
the banded ironstone, jasper, arenaceous shale, and mudstons belonging
to the Lower Griquatown Stage of the Pretoria Series, which follows
conformably on the dolomitic limestone and chert of the Dolomite
Series, but is separated from the Series by a thin transition-zone of
white shale, The topmost portion of the Lower Griquatown Stage,
the Tillite Zone, and the andesitic lava of the Ongeluk Stage are not
present within the boundaries of the Koegas-Westerberg mining-area,
but are exposed on the farms immediately to the east of Koegas,

In the mining-area the rock-beds are folded and faulted, with numerous
igneous intrusions up to 300 feet thick, The folds range in
breadth from millimetres to tens of kilometres, Faults are

present in which the vertical displacement varies from a microscopi-
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cally small amount to more than 6,000 feet,

The detailed subdivision of the Lower Griquatown Stage

has been given on page 16;  the lithological details are given below.

i. Ihe Transition-zong. In the Danielskuil-Kuruman erea there is a

complete transition from the Dolomite Series to the Pretoria Series,Near
the top of the Dolomite Series thin bands of jasper and magnetite become
increasingly frequent, wherseas near the base of the Pretoria Series bands

of dolomitic limestone are still present.

However, in the Koegas-Prieska area there is a persistent
layer of white shale, up to 50 feet thick, between the Dolomite Series
and the Pretoria Series, As this shale is less resistant to
weathering than the overlying banded ironstore it is generally
obscured under scree and gravel derived from the banded ironstone, tut
it is well exposed in the dry watercourse leading to the Orange River
near the homestead on Buisvleil, 14 miles by road northwest of Prieska.
It has also been partly cxposed near the surface in asbestos workings

on Nauga and Stilverlaat, near Koegas.

The rock is fine-grained, generally off-white, and soft.
Bedding planes are not very well developed, but banding is emphasized
by occasional red and black bands, these colours being caused by iron

oxides and graphite as impurities.

Under the microscope the white shale is extremely fine-
grained. Under high magnification minute colourless spots, with
low relief and weak birefringence, may be scen in a metrix of
a fine scaly or fibrous mineral or minerals with distinet relief and

medium to high birefringence,
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TABLE TV.
X-RAY DIFFRACTION-PATTERN OF WHITE SHALE.
(Co radiation,  Only strongest lines given)
QUARTZ MJSCOVITE KAOLINITE CHLORITE
WHITE SHAIE | A.S.T.M. A, S.T. M, A.S.T.M, A.83.T.M,
Buisvlei Card Card Card Card
5-0490 60263 60221 2-0028
dA Int,; dA Int. dA ' Int. dd  Int. dA :Int.
143 10 13.8 | 100
10,1 15 10.0 95
7.1 25 7.18 100 7.0 80
4,498 5 497 31
473 10 4,68 80
4a 61 3 ;
449 5 LelT 21 YAA: 80B
LoR6 25 [ 426 35
3.7 5 3.88 1
3.73 17
3.54 15 3.58 100+ 3.531 80
3,48 | 10 3,49 0 22
3.34 | 100 3,34 @ 100 3.34 23
3432 100
3.25 20 3020 28
2,99 5 2,99 34
2.91 A 2,86 2
2.80 3 2.79 21 2,837 60
2.60 5 260 16 2,65 50
2,57 | 10 .57 | 54 1 2,565 80 2.55] 60
2,502 20
2.46 10 | 2,46 12 2417 8
Re4l 3 2,40 | 10 2,40 60B
2,39 5 2.38 27 2,386 80
2.33 1 2.341 90
2,28 5 12,28 12
2424, 3 | 2.2 6 2425 9 ReRL, 5
2424, 4
2,16 A glg %35_
2e 24 ol
A R B 2.2 40
1.98 5 | 1,98 6 1.99 | 46 | 1,989 40B
l.82 {1 10 | 1.8 17

(X-ray diffraction~pattern measured in the Government Metallurgical

Iaboratory, Johannesburg, and at the Ceramics Unit of the Council for

Scientific and Industrial Research, Protoria.)
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X-ray examination of the white shale showed that it con-
sists of quartz, mica (muscovite) and kaolinite, probably with a small
amount of chlorite (Table TV). After heating a sample to 590°C for
30 minutes, the line at 7.14 was no longer present, thus confirming the
presence of kaolinite. No carbonate could be found in the white
shale, and no effervessence was detected when a finely ground sample

was treated with cold or hot hydrochloric acid,

il.  The Banded Ironstone Zone. A characteristic feature of the
rocks of the Banded Ironstone Zonz; which serves to disting:isk them
from the rocis of the Mudstore Zone, is their high content of magnetite,
In many places a compass needle held four feel ahove the.ground will
swing through 180 degresa when moved a horizontal distanee of as little
&3 three feet, In some areas the compass of a light aireraft flying
ahout 1000 feet above the ground will rotate threugh 360 .degrees two or

thres times within the time of a few minutes.

The rocks belonging to the Banded Ironstone Zone are resis-
tant to weathering, and generally form hills rising up to 1000 feet
above the surrounding valleys. They build the longest range of
hills in the Cape Province. South of the Orange River it is known
as the Doornberg Range, in the southern part of Griqualand West as the
Asbestos Hills and in the northern part as the Kuruman Hills, The

total length of the range is over 200 miles.

The sedimentary rocks of the Banded Ironstone Zone in the
Koegas-Pricska area are subdivided into the Banded Ironstone Beds and
the Westerberg Beds, The Banded Ironstone Beds are of the order
of 2,000 feet thick. A 5111 of basic intrusive rock which is about
300 feet thick, is found some 400 feet below the top of thesc beds,
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The rocks above and below this sill are referred to as the Upper and
Lower Banded Ironstone Beds respectively, as shown on page 16,

Although this subdivision is useful in ths field, the rocks of the
Lower and Upper Banded Ironstone Beds are practically indistinguisable
from each other, In the lithological description that follows they

are treated as a unit,

The Banded Irongtone Beds. The rocks of the Banded Ironstone

Beds consist of finely banded farruginovs ead siliceons shale with
intercalated, thin bands of yellow, brown and red jasper, and, more
confinad to certain zones, electrig-blue to green bands of massive
riebeckits which pass into a soft yellow rock where extensively
weathared, They vary in colour
from & pale ochre-yellow through red, purple and brown to extremely
dark brown and black, according to the degrees of oxidation and hydra-

tion of the ferruginous constituents, and the ratio of ferruginous to

siliceous componentg, Thin, black bands of nearly pure magnetite
are abundant. Colour changes are sharp and clearly defined instead
of being gradational. The width of individual bands varies from

a fraction of a millimetre to a few centimetres, the average width

being of the order of five millimetres.

In the Upper Banded Ironstone Beds and the topmost portion
of the Lower Banded Ironstone Beds the bands generally appear straight
or mildly warped to the naked eye, but microscopic examination usually

reveals minute irregular undulations of the contact between adjacent
bands, The bending becomes more irregular towards the base of the
beds where bands are often not continuous, but pinch out completely,
to reappear as flat lensos a little farthser on, and zones of highly
contorted and puckered bands are frequently encountered. The

puckering is often most irregular, as shown by the photograph of a
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piece of drill-core on Plate I(a)3.

Occurrences of dolomitic limestone in the Banded Ironstone
Zone are worthy of special mention, Two varieties are present:
Firstly, a blue-grey variety, indistinguishable from the dolomitic
limestone of the Dolomite Series, which may be found in any
stratigraphical position. It is found as interbedded lenses, seldom
morc than three feet thick and with little lateral extension:  generally

less than twelve feet.

The second variety, usually ferruginous, is more unusual.
An occurrence on Koegas was described by Du Toit (1945, pp. 165 and 195),
He mentioned the interdigitational relationship between this lenticular
body of sideritic dolomite and the normal shale, and stressed the fact
that in one spot their mutual boundary is krife-sharp and crosses the
gtratification at right angles. A detailed study of these
occurrcnces revealed that they were invariably associated with faults
striking nearly parallel to the strike of the banded ironstone.
The ferruginous, dolomitic limestone is found intermittently either on
one or both sides of these faults and is clearly a secondary product
caused by selective leaching of the banded ironstone adjacent to the
faults and replacement by dolomitic material obtained from the

unweathered stratae

Microscopic examination of unaltered samples of the
Lower Banded Ironstone Beds obtained from drill-cores up to 3,000
feet below surface, showed that they consist of alternating bands of
pure chert, magnetite, stilpnomelane, minnesotaite, riebeckite, and
carbonate, and bands consisting of mixtures of these minerals in
which any one mineral may predeminate, The fact that the con-
tacts between the individual bands are always sharp, and that the
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mineralogical composition changes complotely from one band to the next,
but remains constant in any one band, is of great significance,
especially when the origin of the rock is considered. In the Upper
Banded Ironstone Beds layers of chert and stilpnomelane arc less

frequent than in the ILower Banded Ironstone Beds.

The bands of pure chert consist of well-interlocking grains
of clear quartz which show no effect of strain and no apparent
preferred orientation. In the upper portion of the Lower Banded
Ironstone Beds, the average diamater of the quartz grains is of the
order of 0,05 mm., and there is a progressive increase in grain size
with depth, so that in samples obtained from low down in the succession
the quartz grains have an average diameter of the order of 0,08 mm,
However, most of the chert bands contain variable amounts of minute,
slender, green-blue needles up to 0,2 mm., long, but seldom more than
0,005 mm, wide, and orientated at random. Some of the larger
needles show a pleochroism identicel with that of riebeckite, ut, for
the greater part, the needles are too fine for pleochroism to be

noticable.

A green cross-fibre asbestos with a chemical composition
approaching that of actinolite is developed roughly in the middle of the
Upper Banded Ironstone Beds, Consequently one may suspect that
gsome of the minute needles observed in the chert bands could have
compositions similar to amphiboles other than riebeckite. A
sample from a band of chert containing a large number of fine needles
was submitted to the Geological Survey of the Union of South Africa
in 1958, which confirmed (Report D.449/58) that the needles are
amphibole, "probably belonging to the riebeckite-crocidolite series".

Many chert bands contain disseminated, euhedral grains of
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magnetite with an average grain size of 0.07 mm, Where amphibole
needles are present in addition to the magnetite, the longer needles
invariably radiate from the magnetite crystals, as shown on Plate

VIII (a). Where a band of megnetite crystals lies adjacent to a
chert band, or between two chert bands that contain amphibole needles,
many needles have grown from the magnetite band more or less normal to
the bedding plane, as illustrated on Plates VIIL (b) and (e).

It is therefore clear that the magnetite, both disseminated and in
layers, formed earlier than the amphibole needles, and that the
amphibole needles grew preferentially from an initiating surface of

magnetite where this was available,

Some chert bands have a speckled appearance in hand-specimen
as a result of the presence of fairly large rhombs of carboi:ate with
majoxr diagonals of up to 0.6 mm, In thin section many of these
rhombs show an extremely high relief, but on rotation of the misroscope
stage they become practically invisible as the refractive index for the
extraordinary ray is approximately equal to that for the ordinary ray of
quartz. A feature of these rhombg is that many of them contain,
generally in the centre of the e¢rystal, orystals of quartz identical
with those in the chert bands, and which contain all the accessory
minerals that are present in the chert band in which they lie [Plate
VI (a)]- Where amphibole needles are present in the chert, they are
also present in the core of quartz crystals within the carbonate
crystals, but they generally do not penetrate the carbonate crystals.

In the Banded Ironstone Zone bands consisting entirely of
carbonate are rare, but the quantity of carbonate in a chert band may
increagse to a point where carbonate becomes the dominant mineral, and
the crystals lose their euhedral outlines and have a closely inter-
locking texture. In the Mudstone Zone the carbonate is generally
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orypltocrystalline to microerystalline and semi-opaques

Chert bands are present that do not appear speckled in

hand-specimen, but are distinctly speckled under the microscope.

Under high magnification it is seen that this appearance is caused by
the presence of minute laths or needles of minnesotaite, and sometimes
stilpnomelane, which surround the individual grains of quartz, but do
not penetrate them as do amphibole needles that may be present,

If rhombs of carbonate are also present in a chert band, they are also
surrounded, but not penetrated, by minnesotaite or, more rarely,

stilpnomelane,

Bands consisting entirely of crystals of magnetite are rare.
The bands of magnetite generally contain a small amount of quartz.
Associated with this quartz are all the minerals present in the ochert

bands described above,

Stilpnomelane is abundant in the Lower Banded Ironstone
Beds. In a hand~specimen of the unaltered rock the dark brown bands
are clearly visible and markedly divfersnt from the hauds of black,
metallic magnetite. The mineral grains are extremely small and
generally orientated at random, so that the bands appear dark olive=—
brown to semi-opaque with little visible pleochroism, Magnetite
crystals are often present in varying amounts in bands of stilpnomelans,
and in most bands grains of quartz or carbonate are also present,
Small laths or needles of minnesotaite and riebeckite may also be

present in varying amounts,

Bands of pure riebeckite are not uncommon. Very thin
bands are present throughout the Banded Ironstone Beds, and on certain
horizons they become more numerous and thicker until layers of pure

riebeckite of up to three feet thick are developed. In the
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thicker layers the riebeckite is in the form of densely matted, small
laths, As they are generally orientated at random the effect under
the microscope is that of a dense, non-pleochroio mass, in strong con-
trast with the bands of perfectly orientated needles of riebeckite which

make up the seams of crocidolite on the various asbestos horizons.

In some of the thinner layers of nearly pure riebeckite,
the laths and needles of this mineral show clear preferred orientation,
generally parallel or at a very small angle to the bedding planes,
In hand-gpecimen these bands show some resemblance to fibres of
crocidolite which are distinctly inclined to the bedding planes, and
they are often referred to as "slip~fibre". On closer examination
it is found that the material is brittle and completely unlike the soft,
gilky fibres of crocidolite. Microscoplc examination showed that
the individual crystals of riebeckite in these thin bands are many
hundreds of times as wide as the individual fibres of crocidolite.
Similar material is frequently found along small faults through massive
riebeckite-rock, or in shear-zones. It would therefore appear that
this type of parallel orientation of riebeckite laths or needles is due
not to natural growth of crystals normal to an initiating surface as
described earlier, but rather to rearrangement or recrystallization as
a result of compressional or tensional stress in the rock after it had
been partly lithified at least. This process can therefore take
place at a later stage in the history of the rock, ad may even be

fairly recent,

Two crocidolite horizons are developed in the Lower
Banded Ironstone Beds. The Lower Asbestos Horizon is found near
the base of these beds, the lowest asbestos seam lying about 50 feet
above the zone of White Shale. The Lower Asbestos Horizon contains

up to ten reefs over a normal distance of over 200 feet. This is the
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best known asbestos horizon in the Cape asbestos fields, and is present
over the entire stretch of banded ironstone from 25 miles south of
Prieska to where it crosses the border of the Bechuanaland Protectorate
in the north. All the mines in the Prieska area, with the excep-
tion of the Geduld Mine, extract asbestos from the Lower Asbestos

Horizon,e

In the immediate vicinity of the Koegas-Westerberg mining-
area the Lower Asbestos Horizon has been eliminated by the Doornberg
fault, but it is sporadically developed along the fault-scarp north of
the Orange River on the farms Schalksdrift, Pypwater, Leelykstaat end
Stilverlaat. South of the Orange River the westermmost exposure of
the Lower Horizon is on Portion 13 of the farm Rietfontein, from where
it continues, interrupted and displaced by various faults, to the
gouthernmost exposures of fibre 30 miles south of Prieska, Owing
to faulting, complex folding and highly variable dips, a clear exposure
of the complete horizon is seldom seen, As a result, the very
numerous scattered local exposures of one or more reefs of the Lower
Horizon have never been correlated with any degree of certainty,

On each small mine, each reef has its own local name: the most
economical reef invariably being called the Main Reef, The other
reefs may have names of other mines or farms in the district, but thege
are, more often than not, based on personal whims of the miners rather

than definite geological correlations.

At this stage attention should be drawn to the many
confusing inconsistencies in the nomenclature of the asbestos fields.
There is, for instance, no reason to suppose that the so-called
"Kiiphuis Reef" on Klein Naauwte is actually the most important reef
worked at the Kliphuis Mine: in fact, it appears unlikely,
Similarly, it would be incorrect to assume that the Enkelde Wilgeboom
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Mine is on Enkelde Wilgeboom or that the Nauga Mine is on Nauga,
For no apparent reason, both these mines derive their names from the

adjacent famrms,

On Klein Naauwte the banded ironstone gives rise to a large
flat platean, cut Wy deep, narrow ravines, The largest, Malgas
Kloof, runs approximately southwest until it joins the Orange River not
far south of the Naauwte boundary. A smaller ravine, Klein Malgas
Kloof, running approximately west, joins Malgags Kloof about 700 yards
from the Orange River, In both Klein Malgas and Malgas Kloofs the
Lower Horizon is beautifully exposed. Here ten separate reefs can

be identified over a normal width of approximately 200 feet.,

Most of them have been opened up on Klein Naauwte by adits,
up to 300 feet long, but at no point was the Fresh Zone reached.
The quantity of fibre in each reef varies, and although various reefs
may contain the same total amount of fibre in bands longer than ", one
reef may contain only a few bands of long (i.ce 1" plus) fibre whereas
other roefs are composed of numerous bands of short fibre, As at all
the other mines which extract fibre from the Lower Horizon, each reef
has to be judged on its own merit, with the current demand for each

grade of fibre clearly in mind.

A characteristic feature of the Lower Asbestos Horizon is
its extreme patchiness with regard to the development of economical
deposits of asbestos. Fibre in payable quantities is developed
only in smell areas which are roughly eircular or elliptical in plan,
and which seldom exceed one thousand feet in diameter or along their
major 2xes, Such areas of greater concentration of fibre in a
reef are called "pockets". It is not unusual, especially in the

Kuruman area, to find that each of the various reefs have developed
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"pockets" with approximately the same dimensions, one on top of the other.
Such superimposed areas of greater concentration of fibre are generally
associated with open folds, either synclines or anticlines, In areas
where folding is poorly developed or absent, superimposed "pockets" are
the exception rather than the rule, The relation of folding to the
increased development of fibre in a reef of asbestos is discussed in

Chapter IV.

About 200 feet below the thick basic sill a second horizon
of crocidolite is developed in the Prieska area, but it is absent in
the Koegas-~Westerberg area. This horizon has been named the
Intermediate Asbestos Horizon, and it is from this that fibre is ex-

tracted at the Geduld Mine, some 30 miles by road northwest of Prieska,

The Intermediate Horizon consists of at least three reefs
over a normal distance of approximately 150 feets A characteristic
feature of the asbestos fibre from this horizon at the Geduld Mine is
its acute inclination, generally between 45° and 20° to the bedding
planes, The fibre is found in a soft, finely laminated, blue shale

which breaks easily.

Near the main Geduld Reef there is a narrow band of pale
grey fibre, This band is generally found on its own, but samples
of fibre have been teken from it, in which one half is pale grey and
the other half blue, reminding one of fibre with a similar appearance
from the Malips River area in the Transvaal where the so-called
Udoublets" and "triplets" of crocidolite and amosite are found,

These have been deseribed by Hall (1930, pe 212), Du Toit (1945, ppe
186 and 187), and Vermaas (1952, p. 214 and Plate XXXII, Fig, 2),

The composition of the pale grey fibre from Geduld Mine is still uncer-
tain, and it does not appear to be of any economic significance,
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Examination of unweathered samples of the country-rock from
the Geduld Mine showed that it is identical in all respects with the
rock from this stratigraphical position intersected by diamond-drill in

the Westerberg Valley at Koegas.

It is unfortunate that no bore-hole in the Koegas area was
drilled deep enough to intersect the Lower Asbestos Horizon.
Samples of unweathered rock were therefore obtained from mines near
Prieska, but no complete exposure has been made across the strata in the
Fresh Zons, In general the rocks have the same mineralogical
composition as those exposed in bore-holes in the Koegas area, with this
difference that, at least in the lower reefs of the Lower Asbestos
Horizon, pyrite is present, often in appreciable quantities, in addi-
tion to magnetite which is still found in bands and disseminated
through the rock in exactly the same manner as in the higher bands of
the Banded Ironstone Zone, The pyrite is present as euhedral
crystals, up to 2 cms, across. They may be disseminated through the
rock, but are more of ten confined to well defined bands in the same
manner as magnetite, As a rule, bands of pyrite are separated from
bands of magnetite by one or more bands of quartz, carbonate and/or

gilicate,

In the Buisvlel Mine a striking rock lies between bands of
crocidolite and massive riebeckite, It consists of alternating
thin bands of magnetite and wider pale brownish yellow bands, some of
which contain disseminated pyrite, Microscopic examination showed
that these bands consist of euhedral and subhedral orystals of carbo-
nate set in a matrix of quartz and minnesotaite, with some laths and
needles of riebeckite [Plates V (a) and (b)].
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The X-ray diffraction-pattern of the rock, after removal of
the carbonate and magnetite, shows the same lines as those of the rock
shown in Table IX, but the intensities of the lines are different owing
to the different proportions of the three minerals present. This
brownish yellow rock contains spherical blobs of minute crystals of
matted riebeckite. A typical blob is illustrated in Plate IV (e).
This blob of riebeckite lies in a brownish yellow band and the upper
and lower edges of the blob are partly imbedded in bands of magnetite
which have thickened on either side of the riebeckite blob, Around
the latter, and separating it from the surrounding megnetite is a thin
mantle of brownish yellow material identical with that in the normal
bands, The magnetite bands immediately above and below the rie-
beckite blob are slightly bulged where they go around it, but the
banding of magnetite bands farther above and below the blob is undis-
turbed,

Some of these brownish yellow bands, when followed along
the strike, gradually become richer in riebeckite at the expense of the
carbonate, quartz and minnesotaite, and the sssociated bands of magne-
tite and crocidolite also give way to massive riebeckite. Such
changes in facies over a fairly short distance along the strike are not
common in the banded ironstone, in which the individual bands, however
thin, can be followed for long distances, Some bands, not more
than two millimetres thick, have been traced on surface at Koegas
for a distance of over twenty miles along the strike. ~Nevertheless,
local changes in facies, such as that described above on Buisvlei, do
indicate that whilst conditions were favourable for the deposition
of one suite of minerals in one particuler area, a slight change of
these conditions in an adjacent area resulted in a different mineral
or suite of minerals being deposited there at the same time and in the

same stratigraphical position,.
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Veins consisting predominantly of quartz and carbonate
attain widths of several feet and cut through the banded ironstone
roughly normal to the bedding [Plate I (a) 2]. Small veinlets of
quartz, carbonate and riebeckite are present in the chert bands. (Plate
ViI). These veinlets are seldom more than 3 mm. long and 0,3 mm,
wide, and peter out in both directions. The veins cut through all
the bands present in the rock. The material in the veins is identi-
cal with that in the normel sedimentary bands, but is always more
coarsely crystalline, These veins represent contraction-cracks in
the rock, formed at an early stage in its history, which were filled by
material derived from the adjacent, then incompletely lithified

gsedimentary layers,

Roughly in the middle of the Upper Banded Ironstone Beds
lies the Prieskaite Horizon. The asbestos fibre developed on this
horizon is pale green when fresh, and grey-green when weathered.

Its chemical composition is quite different from that of ocrocidolite
and amosite, but closely resembles that of actinolite, The
properties of this type of amphibole asbestos are treated in more

detail in Chapter IV.

The Wegterberg Bods. The Westerberg Deds ere magnotic, have a thick-
aess of 300 feet, and weather somewhat mors ezsily than the underlying
Banded Ironstone Beds. On surface the Wasterberg Beds can often be
recognized at a distance by their more distinetly yellow colour.

Two or three persistent intrusive sills are present in these beds in

the Koegas-Westerberg area, and in some localities many additional
lenticular, thin sills are present, In a few places the sills cub
through the sedimentary beds at low angles when followed over distances
of five miles or so. As a rule, only the lower 120 feet of the
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Westerberg Beds carry crocidolite. A persistent sill, about 40 feet
thick, lies approximately 35 feet above the highest asbestos seam in the
Westerberg Valley, where it is known as the Marker Sill, The dis-
tance is reduced to as little as five feet above the same reef on Koegas
and Hounslow, north of the Orange River, On some parts of these
farms further seams of asbestos are developed above the Marker Sill,

The distribution of the crocidolite bands in the Westerberg Horizon is
shown in a typical section in Table V, Some thin bands of crocido-
lite are also sporadically developed in the waste partings between the
principal reefs.,

Immediately above the agbestos-bearing strata lies a
succession of approximately 100 feet of shale which weathers to a
characteristic dark chocolate~brown colour. This shale is magnetic
in places and is somewhat more resistant to weathering than the asbestos—
bearing succession, so that it occasionally forms small foot-hills,
especially in folded areas, at the bass of the main renge of hills

formed by the Upper Banded Ironstone Beds,

Mieroscopic examination of samples of the Westerberg Beds
showed that their mineralogicel composition is much the same as that of
the Upper Banded Ironstone Beds,. Bands of chert are virtually
absent and there is little stilpnomelane, Bands of carbonate are
common, but euhedral crystals are rare, the crystals of carbonate having
a closely interlocking texturse. The rock is finely banded. In
unaltered samples the bands are black, pale green, white and blue as a
result of the predominance in them of magnetite, minnesotaite, carbo-
nate and riebeckite respectively, whereas bands of intermediabe
colours are present owing to mixtures of these minerals in single

bands.
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TABLE V.
DISTRIBUTION OF CROCIDOLITE IN THE
WESTERBERG ASBESTOS HORIZON.

VASTE REEF AVERAGE AVERAGE | MAXIMUM
My HEEF CHANNEL~ NUMBER OF FIBRE | FIBRE
(Foot) WIDTH FIBRE BANDS | LENGTH | LENGTH

(Inches) OVER 4" (Inches) ! (Inches)

. THNER 10" - 400 515 - g o2

6 1
MAIN 6t ~ 48" 5~15 a2 4

4 1
BOTTOM MAIN 24" - 408 5~ 15 A -1 1"

3%0
VISSER 48" - g2" 518 # o~ A o1

1‘%!
BOTTOM VISSER | 6" - 12" 3-8 -1 P

35

TNTERMEDIATE st . 32" 2-10 | - 3 P

12 ¢

OUTER 9" - 48" 5-18  # - P 1"
7 !
SECOND CUTER 3 27 2~ 6 - o2

14 1

THIRD OUTER M2, 2.6 AT o B
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Laths of riebeckite are generally disseminated through the
bands which consist predominantly of minnesotaite, but in the wider
minnesotaite bands riebeckite may be more concentrated in thin bands
which do not have the characteristic sharp contacts that generally
separate the bands of massive riebeckite from the adjacent bands.

The layers of massive riebeckite generally contain little magnetite.
The best known of these layers of massive riebeckite attains a thick-
ness of six feet in the Westerberg Valley, and lies between the Outer
Reef and the Second Outer Reef. It is known as the '"Blue Bank', or
more specifically as the "Outer Reef Blue Bank'. It do®s not weather
readily and generally retains its blue colour right up to the surface
making it a useful underground and surface-marker. It is a tough
rock to drill and to blast and is avoided as far as possible in under-
ground development-work. Another invaluable underground marker is
the so called "Bottom Main Reef Marker", which is a dark brown to black,
cryptocrystalline band, one inch thick, without any lamination and a
characteristic conchoidal fracture. This marker has been found
wherever this portion of the Westerberg Asbestos Horizon has been ex-

posed in the Koegas-Westerberg area.

iii. The Mudstone Zone. Lying between

the Westerberg Beds and the Tillite Zone is the Mudstone Zone; a
succession of relatively soft, non-magnetic strata which generally
occupies the valleys between the ranges of hills formed by the
resistant Banded Ironstone Beds. About 900 feet above the base

of the Mudstone Zone is a layer of chert which is approximately 20
feet thick. The thickness of the Mudstone Zone is conservatively
estimated at 2,500 feet. It can be subdivided readily as detailed

below.
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Immediately above the Westerberg Beds lie the Lower Shale
Beds, a succession of 500 feet of shale of which good exposures are
gseldom seen on surface, When unaltered, they are composed of fine-
ly-banded grey, green, and blue, argillaceous material with occasional
bands of massive, blue riebeckite up to six inches thick, However,
on weathering they acquire a very thin, blacik coating, The fine
banding visible in unaltered specimens obtained from bore~holes is less
clear in the surface-exposures, where individual layers appear thicker,
with dark blue, brown and greenish brown colours predominating,
Bands of chert and magnetite, typical of the Banded Ironstone Zone, are
completely absent in the Mudstone Zone, in which only same layers con-

tain a small amount of finely disseminated, small erystals of magnetite.

Following on the Lower Shale Beds is a succession of mud-
stone, known as the Lower Mudstone Beds. These rocks are some 400
feet thick, and are green when unaltered but yellowish green to brown
near the surface. The rock is extremely fine-grained and compact;
banding is practically absent and it is frequently impossible to deter-
mine the dip of the rock even in a fresh piece of drill-core. The
transition between the Lower Shale Beds and the Lower Madstone Beds is
gradational. [Pla‘be I(a) l}.

Microscopic examination of unaltcered samples of the rock
immediately above the Westerberg Beds showed that the bands of massive
riebeckite are identical with those found in the Banded Ironstone

Zone,

The banding of the fresh, finely laminated shale is
generally uniform with occasional swellings and pinchings, The
shale containg some soft, pale grey bands that show distinet, although

not violent, reaction with dilute hydrochloric acid, especially when
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the rock is powdered, Microscopic examination showed that they

consist of oxtremely finc-grained, microerystalline carbonate, The
greater part of these bands is semi-opaque, tut soms present a "blotohy"
appearance owing to local concentration of more translucent crystals of
carbonate into "blobs" with average diameters of up to 0,25 mm, In
some bands of carbonate the position is reversed and semi-~opaque "blobs"

lie in a clearer, microcrystalline matrix of carhonale.

Brownish yellow bands are frequently found, They are
gimilar in composition to the brownish yellow banda occurring at Buis-
vlei which have been described on page 44, bubt no large rhombs of
carbonate, characteristic of the rock on Buisvlei, are present,

These bands consist of an intimate mixture of microcrystalline guarts
and minnesotaite with varying amounts of riebeckite and a little
carbonate, A typical example is illustrated in Plate V (c), and
the X-ray diffraction pattern of this rock is given in Table II, page
23, Ricbeckite is present in the rock as small laths with irregu-
lar outlines, and tiey are up to 0.0l mm, long and 0.005 mm, wide,.
Occasionally these laths are clustered together in bundles orientated
at random, which cause the bands in which they are present to have a
speckled appearance, The riebeckite may also lie in thin bands
parallel to the bedding planes of the rock, but without very definite
boundaries, These thin blue bands contribute to the very finely

banded appearance of the rock in hand-specimen,

Chloritic material, absent in the Banded Ironstone Zone,
makes its appearance in the Lower Shale Beds not far above the
Westerberg Bedse The mineral is presant in well-defined bands
varying in thickness from 0.0l to O.1 mm., although under high
magnification bands of slightly different shades and of the order of
0.002 mm, thick may be visible, The chloritic material in these
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bands is eryptoerystalline to microcrystalline and crystals large enough
to exhibit the typical anomalous blue interference colour are seldom
visible, A feature of the bands of chloritie material, which makes
them comparatively easy to distinguish under the microscops frém typical
bands of mimmesotaite, is their preferred orientation parallel to the
bedding.

Small, perfect rhombs of carbonats, up to 0,06 mm. long,
are disseminated through the rock in places or occupy a spceific layer
in the rock, generally with their major axes parallel to the bedding
planes [Plate X (a)]. These rhombs are always translucent and no
trace of relict bedding, which would indicate a replacement origin for
these rhombs, was found in any of them. Where bedding planes do
appear to persist througix a rhomb, for example through the large rhomb
shown on the left-hand side of Plate IX (a), closer examination under
the microscope revealed that these rhombs are either underlain or over-
lain by the darker horizontal bands in the section:  the thickness of

a normal secction being twice the length of the major axes of the rhombs,

As one proceeds upwards in the succession, the banding
becomes less clear, until eventually the rock is no longer a shale but
a fine-grained, compact, green mudstone, Microscopic examination
of samples of typical unaltered mudstone obtained from drill~cores
showed that the rock consists of extremely fine-grained carbonate,
quartz and chloritic material with occasional larger crystals of
carbonate, None of the minerals shows any preferred orientation.

Some layers also contain a few small grains of magnhetites
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The X~-ray diffraction pattern for a sample of this rock is
given in Table VI.

TABLE VI.

X~RAY DIFFRACTION-PATTERN (F MIDSTONE.

(Co radiation, Only the strongest lines glven.)

MIDSTONE QUARTZ SIDERITE
] A.S.T.M. Card A.S.T.M, Card
Wes‘berberg , 5_.0490 3_0746
da Int, % dA Int, dA Int, !
12,1 25
9.9 5 ;
£e26 35 4eR6 35
3.58 5 3.61 27
3.34 100 3.34 100 i
2.79 20 2,80 100
.73 10
2.58 5
2.45 15 2,46 12
2.35 5 2.36 17
2,28 10 2.28 1R
2.23 5 2.24 6
2,13 15 2,13 9 2,13 20
1.98 5 1.98 6
1.96 3 1.96 20
1.82 20 1.82 17

(X~ray diffraction~pattern measured in the Government Metallurgical
Laboratory, Johannesturg, and at the Ceramics Unit of the Council for

Scientific and Industrial Research, Pretoria,)

After the lines belonging to quartz and carbonate have been
eliminated, the only lines unaccounted for are the relatively weak
lines at 12.1, 9.9, 2.73 and 2.584, which do not correspond with those
of pure chlorite. The X-ray diffraction pattern showed no change
after the sample had been treated with glycol, or heated to 600°C for
one hour, However, after heating a sample to 700°C for two hours,
the lines at 12,14 and 9.94 disappeared. (The fate of the lines at
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2.73A and 2.58A was not investigated). It is concluded that the
green micaceous material is not a pure chlorite, but a mineral with a
nmixed-layer structure, Possibly more than one type of micaceous

mineral is pregent.,

No bore~holes have been drilled in which the topmoat portion
of the Lower Mudstone Beds, the Chert Layer, the Upper Shale Beds or the
Upper Mudstone Beds have been intersected in the Fresh Zone, The
description of these rocks given below is therefore that of their

weathered equivalents.

As samples are taken progressively higher in the mudstone,
small, angular fragments of clastic quartz and clastic feldspar (in
which polysynthetic twinning is clearly visible) make their appearance,
They lie in a matrix of albered chloritic material and eryptocrystalline
guartz with occasional small graing of carbonate, [Plate X (b)].

The outlines of the particles of clastic quartz are sometimes slightly

embayed and the quartz 1is replaced by chloritic material.

The mudstone, as exposed on surface, is green on a freshly
broken surface, but the rock weathers to chocolate-browm, round boulders.
It is extremely fine-grained, tough, and breaks with a subconchoidal
fracture, The clastic particles ar> oo cuall to recognise with
the unaided eye, and the rock may casily be mistaken both in outerop

and in hand-specimen for a fine-grained mafie ignheous rock.

Above the mudstone is a chert layer, approximately 20
feet thick. This layer is compeosed of bands of off-white, grey,
greenish and brown chert. One of the bands of brown chert con-
tains subangular and rounded fraogmants of paler chert, and resembles

somevhat an intraformational conglomerate or breccia, The lower-
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most band of chert often has a characteristic pitted appearance.
The chert is more resistant to weathering than the adjacent strata, and
outcrops are fairly easy to follow in the field, thereby making this

layer a valuable marker in the generally soft rocks of the Mudstone Zone.

The Upper Asbestos Horizon is sporadically developed in the
chert layer and has been exposed in both the Koegas and the Weilbach
Valleys, but is not being mined in the area. The workings near the
western boundary of the adjacent farm Kwakwas 0.318 are also on this

horizon, but they are uneconomical and were abandoned in 1933.

Following on the chert layer is a succession of shale, over
300 feet thick, that weathers blue-black and is indistinguishable in
the field from that found at the base of the Mudstone Zone. The
shale again gradually makes way for a succession of more than 1300 feet
of mudstone which, like that below the chert layer, contains progressive-
ly more clastic particles as one moves upward in the succession. In
the uppermost 200 feet of the mudstone are layers of more ferruginous
material.up to 20 feet thick, which are more resistant to weathering
and in some parts of the area form a series of low, parallel ridges,
separated by the usual green mudstone. Occasional thin bands of red
and pale grey chert are developed in the ferruginous layers, and bedding

planes are more easily recognised.

iv. The Tillite Zone. The exposure

of the Tillite Zone nearest to Koegas is on the adjacent farm Koegas
Puts, Its total thickness is less than 50 feet. The tillite
layer itself if approximately 10 feet thick, and is separated from
the Ongeluk lava by a layer of mudstone of approximately the same
thickness., The tillite is seldom well exposed on surface as it

decomposes rapidly on weathering. On Koegas Puts the matrix of
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the rock is reddish brown to grey-green, and it encloses small, angular
fragments of chert and jasper, The inclusions seldom cxceed one
inch in length and striated pebbles are rarely seen, The tillite
layer is separated from the topmost shaly mudstone of the Madstone Zone
by 20 to 30 feet of greenish brown mudstone in which lenticular bands
of carbonate are developed. These bands attain a maximum thickness
of 10 feet, btut pinch out rapidly when followed along the strike,

Near the southern tip of the Abramsdam Syncline the layers of carbonate
are well developed, attain thicknesses of up to 25 feet, and often form
low ridges of brown rock with typical weathered surfaces which resemble

the siin of an elephant,

Microscopic examination of a samplc of the carbonate-rock
from Koegas Puts showed that it consists of euhedral bto suthedral
crystals of magnetite, up to 0.2 mm. across, disseminated in a fine,
even-grained matrix composed of well-interlocking crystals of
carbonate which have polygonal outlines and an average diameter of 0.0l
to 0.02 mm, The refractive indices are nO = 1,739 and nE = 1.544,
which correspond to those of ankerites Veins in the rock are filled

with secondary carbonate and quartz.

The Tillite Zone is overlain by lava of the liddle
Griquatown or Ongeluk Stage. At the basc of this Stage on Koegas
Puts the lava is amygdaloidal, the cavities being usually filled with

quartz and carbonate,
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C. IHE SUPERFICIAL DEPOSITS.

Along the slopes of the hills the rock formations are
generally covercd by talus. Outcrops of the less resistant, thick
sill in the Banded Ironstonc Zone are frequently obscured by large slabs
and small pieces of hard, resistant banded ironstone and jasper from the
crests of the hills. Gravel composed of fragments of banded iron-
stone and slate covers most of the rock formations in the valleys.
Deposits of pure sand are only found in the immediate vieinity of the
Orange River, and in occasional sand dunes, e.ge the one which crosses
the boundery betwoen Koegas and Hakschin near the Orange River.

These sand dunes become abundent from about 15 miles north of Koegas,
until oventually thousands of square miles of the area between Koegas
and the border of the Bechuanaland Protectorate are covered by recent

(Kalahari) sand,

Northwest of the Westerberg Valley the Orange River makes a
sharp bend from northwest to southwest. A thick deposit of alluvial
sand between the Westerberg Valley and the present coursc of the River
marks the progressive outward-cutiing trend of the River by erosion of

the strata on the nip and deposition of sand on the f£ill.

Pew outcrops of surface-limestone are to be seen in the
area, but a layer immediately below a thin cover of gravel is more
widespread than is generally supposed. This capping of limestone
has been encountered in nearly every prospecting-~pit or = trench made,
and repeated oxamination of holes dug for poles carrying power or
telephone-lines, sited without any regard to the geology, has confirmed

the univorsal nature of the surface-limestone,

The limestone is slightly off-white and so hard that

explosives often have to be used to remove it from asbestos-bearing
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strate., Unsorted, angular to subangular fragments of oxidized
banded ironstone, orisntated at random and sometimes containing blue or
oxidized asbestos, are cemented together above the subouterop. The
surface-~limestone may also replace highly weathered underlying rocks,
and it is interesting to note that bands of crocidolite are replaced
lost of all, although they may be folded to a remarkable degree during
the replacement of the enclosing strata. Limestone is also
deposited in cracks and fissures up to a depth of 30 feet, and sometimes

more, below surface,

There is a gradual decrease in the amount of surface-lime-
gtone as one proceeds northwards from Koegas, until, in the Kuruman
arsa, there is no capping of surfacs-limestone over the banded iron-

stone beds.

Various explanations regarding the origin of the limestone
have been put forward in the past, the main difficulty being the
supposed absence in the Lowsr Griquatown Stage of the minerals from
which the limestone could bs formed. The samples of banded iron-
stone studied by Peacock (1928, p. 267) showed "no vestige of earlier
sideritc" and he felt that the inference that the rhomboidal arcas de~-
scribed by Rogers (1907, pp. 32 = 33) are replaced siderite, was "not
beyond question". Pascoe (1941, pp. 417 - 418) postulated that
the limestone had been formed as a result of marine inundation of the
asbestos-bearing beds south of Griquatown, and that the suporficial
deposits of limestone originated from erosion of the Dolomite of the
Kaap Platcau, Four years lator Du Toit (1945, pp. 163 - 165),
studying specimens from less weathered strata than Peacock, described
an increose in the carbonate content of the ironstone with depth
below surface, but did not comment on the surface-limestone. In

view of the high carbonate contont of the fresh rocks of the Lower
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Griquatown Stage described earlier, the writer feels that the origin of
the surface~limestone can be explained satisfactorily by the normal
process whereby the carbonate-minerals present in the unweathered rocks
are dissolved by meteoric water and redeposited at or very near the

surface by evaporation, This process is still functioning today.

The absence of a capping of surface-limestone in the
Kuruman area is explained by the difference in climate, There the
annual rainfall exceeds 15 inches, whereas at Koegas it is approximate-
ly half that amount, Kuruman is also situated approximately 2000 feet
higher than Koegas, and has a coaler climate, Consequently, the
ratio of evaporation to rainfall is much lower in the Kuruman area, and

effectively prevents the extensive formation of surface-limestone,

D, IHE IGNEOUS INTRUSIONS.
Intrusive sills and dykes are abundant in the Koegas—-Prieska
area, and belong to at least two distinet ages of intrusion which may

be sukdivided as follows:

1. Diahagic Rocks related tq the Ongeluk Voloanics.

These intrusions arc in the form of 8ills or thin sheets
injected more or less along the planes of stratification of the older
sediments, They are found in any position in the succession, but
their outerops are often obscured by a covering of surface-limestone
or talus of banded ironstone or gravel. Mumerous sills of varying
thickness and lateral exbtent have been located, and the more important
ones have been discussed in the section dealing with the sedimentary

rocks of the Lower Griquatown Stage.

These sills are considered to be a related and slightly

younger intrusive phase of the Ongeluk volcanics.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

ﬂ UNIVERSITEIT VAN PRETORIA
o«

60,

2. Dykes:

411 dykes found in the area under discussion cut nearly
vertically through the Lower Griquatown Beds, and are therefore later
than the latest folding, which is of Post-Waterberg age. It was not
possible to determine the exact age of the dykes in the Koegas area, but
Truter et al (1938, pp. 46 ~ 49) and Visser (1944, p. 216) described
dykes of two ages in the Postmasburg area, which they dated as (a) Post~
Waterberg, Pre-Karroo and (b) Karroo dykes. Visser (idem) states
that the Karroo dykes are magnetic, whereas the Pre~Karroo dykes are non-

magneti Coe

Outcrops of dykes are seldom seen, but their presence can
readily be deduced from depressions on the surface, caused by the
ralative case with which they weather, [Plate Iv (b)]. The dykes
have been responsible for most of the Ypoorts" and numerous conspicious

necks and deep cuttings through the banded ironstone hills,

Numerous dykes have been exposed in underground warkings
in the Hoegas-Prieska areca, and they confirm that these depressions do,
in fact, coincide with the auterop of the dykes. In the Westerberg
Valley the dykes vary in width from less than one foot to over 300 feet.
Some of the larger dykes can be followed on surface for many miles,
Their dip is generally very steep towards the southwest or becomes

nearly vertical.

With few exceptions, all major displacements of the

sedimentary rocks are found to have taken place along planes now

occupied by the dykes, They have intruded along pre-existing faults

and planes of fracturing, The most favoured direction along which
dykes are found is north-northwest to south-~southeast, with occasional dykes

at right angles to this direction.
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The metamorphic effects caused in the sedimentary rocks

adjacent to the igneous intrusions is discussed in Chapter III,

E.  GEQLOGICAL, STRUCTURE.

1.  Genersl.
The geological structure of the greater portion of the as-

bestos fields in the Cape Province, from 20 miles northeast of Koegas

to five miles south of Kuruman, has been described in detail recemtly by
Visser (1944), Boardman and Visser (1958) and Truter et al (1938).

The rocks of the Lower Griquatown Stage are exposed as a series of

intercomected, shallow, doubly-plunging synclines. (Plate XI.)

Apart from subordinate contemporaneous folding deseribed in
Chapter III, the rocks of the Lower Griquatown Stege were subjeected to two
periods of folding. The first period of folding was relatively
gentle, and took place prior to the deposition of the Gamagara and Mat-
sap Formations, according to Visser (1944, pp. 247 and 252). After the
deposition of these Foruations, their constituent rocks as well as those of
the underlying Transvaal System were subjected to more intense pressure di=-
rected from the west, as a result of which they were intensely folded in
certain regions. In the area of maximum pressure, near Postmasburg,
numerous low-angle thrust-faults were developed (Visser, 1944), and in
the Koegas~Prieska area thrust~faulting probably took place along the

Doornberg Fault,

The Doornberg Feult strikes approximately northwest, and
passes about eight miles southwest of Prieska, West of this fault
the Lower Griquatown Stage has been eliminated, and the writer confined
his work in the Koegas-Pricska area to the ground east of the fault,
The nature of the Doornbarg Fault was not studied in detail, as there
appears to be no relationship between this fault and the development

of economic deposits of amphibole asbestos. Members of the
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Geological Survey of the Union of South Africa are currently making a
study of the tectonics of the Doornberg region and the nature of the

fanult,

At distances greater than ten miles from the Doornberg
Feult, the geological structure is comparatively simple: large, open folds
are the rule end largs faults are absent. However, as the Doornberg
Fault is approached, folding becomes progressively more intanse and many
normal and thrust-femnlts of varying magnitude are present, The
Koegas-Westerberg mining-area lies immediately to the cast of the Doornberg

Fanlt,

2. The Koegas-Wegterberg Areg.
The strike of the Doornberg Fault swings from northwest to

slightly west of north on the fams Asbestos Hills and Schalksdrifte
(Plate XII). At the Koegas-Westerberg Mine, crocidolite is extracted
from the Westerberg Asbestos Horizon on the farms Asbestos Hills,
Hounslow and Koegas. The distance from the Doornberg Fault to the
farthest boundary of these farms is less then six miles, and to the
nearest worlkings in the Westerberg Syncline the distance is approximate-
1y half a mile. Consequently, all the workings lie within the

intensely folded belt adjacent to the Doornberg Fault.

The conspicuous preferential alignment of the prinecipal
dykes approximatsly parallel to the Doornberg Fault is clearly shown in
Plate XII. Of the larger dykes only two, dl and d2 (in
blocks C2 and (3 on the map), strike approximabely at right angles to
the Doornberg Fault, The general trend of the dykes suggests that
they were emplaced along faults, fractures or joints wiich were caused
by the same stresses that gave rise to the Doornberg Faulte The
dykes maintain their general trend regardless of the strike of the
folded sedimentary rocks, and may lie parallel to the strike of these
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rocks, 6.g. d3 (D3) and the narthern extensions of d4, d5 and d6 (A2); or
they mey lie at right angles to the strike, e.g. the southern extension of
d4 (B3); or oblique thereto, e.g. in the Westerbarg Synecline (IR).

It follows, therefore, that the main faulting took place subsequent to the

folding in the Koegas-Westerbarg area,

The gonaral sitructural pattern in the Koegas-Westerberg area
north of the Orange River is that of three synclines, all pitching to-
wards the northecast, and separated by anticlines pitching in the same
direction. The synclines are known as the Hounslow Syncline, the
Weilbach Syncline, and the Koegas Syncline, The southwestern extension
of the Koegas Syneline south of the Orange River is known as the
Westerberg Syncline, The axis of the Westerberg Syncline strikes
slightly east of north. The anticlines have the same names as those

gynclines immediately west of them,

A characteristic feature of all the large folds is that thelr
flanks have reasonably regular dips, but small folds are invariably
developed on the crests of the anticlines and in the troughs of the
synclines (Plate II). The smell folds have the same pitch as the large
folds. Secondary folds are superimposed on the small folds.
Microscopic e:amination shoss folds too minute for the unaided egye to

detect,

The ganeral structural pattern of the folds is complicated
to gome extent by displacement adjacent to numeraus longitudinal,
transversc and oblique faults of varylng magnetude. The following is
a brief description of the effects of the folds and the faults on the
distribution of the Westerberg Asbestos Horizon in the Koegas~Westerberg

mining-area:-

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

N UNIVERSITEIT VAN PRETORIA
A~ 4

6o

a, The Westerberg Syncline: [Plate Iv (a.)]

The Westerberg Syncline (DR and Section GG') is the most
regular of the four synclines. The dip of the Westerberg Asbestos
Horizon along the western limb of the syncline is about 55 degrees, and
along the castem limb the dip varies between 55 and 75 degrees.

These dips decrease steadily with depth below surface. The Westerberg
Syncline pitches in a direction slightly east of north at approximately 15
degrees. In bore-hole W4 the Westerberg Asbestos Horizon was inter-
sected between 1066 and 1216 feet below surfacee Owing to a small
overfold the Imer Reef was intersected three times in this bare~hole.
Six parallel, near-vertical dykes, varying in width from 6 feet to 180
feet, cut across the Syncline at an angle of approximately 45 degrees to
the strike of the rocks along the flanks of the Syncline,

Bore~holes drilled between the road from Koegas to Draghoender
and the Orange River have proved the persistence of economic quantities of
asbestos below the thick cover of alluvium, and have also confirmed the
extension of the western limb of the Syncline northwards, until it crosses
the Orange River and reappoars on the surface near the soutlz-:gastern

corner beacon of the farm Hounslow (C3).

b. The Wegberberg Antigline:
The eastern limb of the Westerberg Syncline does not cross the

Orange River, as the strike of the beds changes abruptly from slightly
east of north to south-southeast around the nogse of the Westerberg
Anticline, At tho same time the dip of the strata decreases to
approximately 25 degrees to the northeast. Along the eastern flank
of the Westerberg Anticline the strike of the Westerberg Asbestos Hori-
zon is roughly parallel to the general trend of the dykes, and it is
not cut by any major dyks. The Westerbarg Anticline pitches north

at approximately the same angle as the Westerberg Syncline.
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ce  The Koegas Antigline:

The Koegas Anticline is an extension of the Westerberg Anti-~
cline, As a result of a series of faur step-faults, £l to £4 (£l
being obscured by alluvium), which strike north-northwest, the Westerberg
Asbestos Horizon is again exposed on the surface at threc semrate
localities northeast of the Orange River (C3, G4 and Bi).

d. The Koegas Syncline:
The westem limb of the Koegas Syncline is an extension of

the western limb of the Westarberg Syncline, Along this limb of the
Koegas Syncline the Westerberg Agbestos Horizon strikes northeast for a
distance of about 4% miles from the Orange River. For the first 1%
miles from the River, i.e. from M3* to M(9 (C3 and B3), the dip of the
rocks i8 near-vertical or overturned to as much as 135 degrees. As
a result of minor folding, the Westerberg Asbestos Harizon is triplicated
at MK5 and MKQ (Section FF!), The folds pitch to the northeast at MKS5,
and to the southwest at MKO. Exploratory bore-holcs and development
underground have confirmed that the triplication of reefs at MK5 and MK9
has been caused by the same set of folds which have been exposed on the
surface at these two localitiecs as a result of the gmtle change in pitch
of these folds, The anglo of the pitch varies between O degrees end
12 degrees. On the eastern gide of the transverse fault, £5, which
separates MK8 and MK9, the folds are displaced some 300 feet to the

Southu

Apart from some horizontal displacement alongside fault £9,
east of MK9, which will be described in conjunction with the Weilbach
Anticline, the Westerberg Asbestos Horizon can be followed without
interruption to the northeast of MK9 for a distamce of about 2 miles to
near the boundary between Koegas and Koegas Puts (B4), where it stops
abruptly against a transverse fault, £6, which strikes slightly west of
north and alongside which the rocks to the east of the fault have been

displaced 1500 feet %> the south.

The prefix "M' before any number indicates reference to a division of
the Workings of the Joegas .sheajos Mine, e.g. "Hi3" = Division 3 of the
woricings of the Koegas Division.
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East of this fault the Westerberg Asbestos Horizon strikes northeast for a
distance of 4000 feet (BA4) and then starts curving gently around the nose

of the Weilbach Anticline, near the boundary between Koegas Puts and

Kwakwas (A4). On the nose of the Anticline the Westerberg Asbestos
Horizon is displaced some 3500 feet to the northeast by a longitudinal fault,

£17.

ee Ihe Weilbach Anticline:

The large, overturned anticline which separates the Weilbach
Syncline from the Koegas Syncline is known as the Weilbach Anticline, and
is the tightest large fold in the Koegas mining arca. A longitudinal
thrust~fault, £7, lies approximately paraliel to the axial plane of the
fold (B3, B4 and A4).  (Sections AA! and BB!). This fault is dis-
placed alongside the transverse fault £6, Immediately west of £6, a
smaller longitudinal thrust-fault, £8, lies approximately 500 feet north
of £7, and a longitudinal gravily-fault, £f9, lies approximately 400 feet
south of £7. (Section CC!). (Faults £8 and £9 were not found east of
£6). The displacement alongside faults £7, £& and £9 gradually de-
creages in magnitude westwards, and the throe faults slowly converge until
west of a point which lies approximately 1 mile to the west of £6 (B3)
only the longitudinal gravity fault £f9 is presamt. (Sections DD' and
E'BIl), This fault causes the slight horizontal displacement of the

Westerberg Asbestos Horizon imediately to the sast of MK9 mentioned

ahove,
f. The_Weilbach Syncline:
The broad structural pattern of the Weilbach Syneline is
gimilar to that of the Westerberg Syncline. The dip of the

Westerberg Asbestos Horizon on the western flank of the Weilbach Syncline
is of the order of 70 degrees, whereas on the eastern flank the dip is
approximately 45 degrees. Subordinate folding causes the repetition of the
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reefs of the Westerberg Asbestos Horizon in the trough of the Syncline at
MK11 (B3), (Plate II), and also along the eastern flank of the Syncline
at MK12 (B3, |Plate I (b)]. The Westerberg Asbestos Horizon in the
trough of the Syncline is triplicated to the west of MKIO as a re-

sult of baing thrown down on the western side of the three dykes d4, d5

and dé,

g. IThe Hounslow Syncline aud fAnticline:

The structure of these folds is fairly simple, and is shown
on Section EEIE!'!, Apart from some minor folding near the boundary

between Hounslow and Pypwater, there are no further large folds on
Pypwater north of the Hounslow Syncline. The rocks on this farm strike
slightly east of north, and have a general dip of approximately 45 dogrees
to the east.
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III. THE ORIGIN OF THE ROCKS BELONGING TO THE
LOWER GRIQUATOWN STAGE.

e e e e e e e e o

A,  GENERALL:

The problem of the origin of the banded Precambrian iron-
bearing formations is a complex one, to which, as yet, no complete
solution has been found, Remarkably little has been published
regarding the origin of the rocks belonging to the Lower Griquatown
Stage, although it is generally accepted that the banded irongtone and the
jasper are chemical precipitates. Du Toit (1945, p. 163) suggests
that the material was precipitated for the most part as colloidal
s8ilicates, though elso as double carbonates, in a shallow, probably
cold sea, but he does not discuss the sourcs of thz material, nor the

mechanics of transportation or deposition,

B. THE SGGAGE OF THE MATRRIAL:

Iwo strilkingly opposed views have been advanced regarding
the source of the mein constituents, iron and silica, of the Precambrisn
iron-~bearing formations, On the one hand there is the theory that
the material constituting these rocks was contributed directly to the
ocean by magnas, volcanoes or fumaroles, or by the reaction of sea-
weber o1 hot or cold lava. On the other hand there is the theory
that the constituents were derived from the continents as a result of
weathering and solution, transportation by rivers, and deposition with

or without the aid of organisms,

Von Hise and Leith (1911, pp. 459 - 529) concluded that
contemporaneous, iron~rich eruptive rocks were the prineipal source
of iron and silica in the Precambrian iron-bearing rocks of the Lake

Superior region. They suggested that the salls were transferred
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from the igneous rocks to the sedimentary formations partly by decompo-
sition of the constituent minerals and partly by direct contribution by
hot solutions which migrated from the eruptive material during its
solidification and carried salts from the interior of the magma which
had not crystsllized, and perhaps in small part by direct reaction of

the sea water on the hot lava.

The direct application of the hypothesis of Van Hise and
Leith to the origin of the banded ironstone of the Lower Griguatown
Stage is not feasible, as this ironstone is not associate§:§:fic
eruptive rocks. Vast regions to the east and the north of the area
underlain by the banded ironstone of the Lower Griquatown Stage are
covered by lava of the Ventersdorp System, yet the greatest development
of banded iron-bearing formations is in the younger Transvaal System,
This suggests that the lava was the source of some of the material from
which the banded ironstone was formed, not so much during the time of
its extrusion, as during its exposure much later, Gruner (1922, pp.
407 - 460) pointed out that a similar relationship also holds between
the Keewatin volcanics and the iron-~bearing formations of the Lake

Superior region, and stressed the absence of extensive bodies of con-

temporanecus mafic igneous rock in the Biwabik and Gunflint Formations
of the Huronian System,
Poacock (1928, pp. 265 = 270) dismissed the hypothesis that

the rocks of the Lower Griquatown Stage might represent ancient deep-
sea deposits similar to the red clay now slowly accumulating in the
deepest part of the ocecen, and adoped the view that the greater part

of the chlorides now in solution in sea water were emitted from the
body of the earth by subaerial and submarine volcanoes. He

pointed out that, to be expelled, submarine fumsrole vapours must be

at a higher prossure than that defined by the overlying column of water,

probably at temperatures of several hundred degrees, and, being charged
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with hydrochloric acid, would cause extensive decomposition of the
walls of the fissures traversed, Chlorides of iron, aluminium,
lime, magnesium, and of the alkalies would tlms be formed with con-
current liberation of silica, The periodic nature characteristiec
of volcanic and fumarolic action would ensure that these chlorides were
transferred to the sea water. For the chlorides to be precipitated,
it would be necessaxry to postulate an alkaline reagent, Peacock
suggested either ammoniacal vapours presumably emitted from submarine
volcanoes or fumaroles, or soluble alkaline silicates formed in the
manner proposed by Van Hise and Ieith (1911, pp. 499 - 529), which
would then effect the selective precipitation of iron and aluminium as
hydratos. The sea water would become neutralized, lime and magnesia
would remain in solution to be precipitated later, probably as carbo~
nate and phosphate, and alkaline chlorides would remein in solution.
With subsequent uplift of the basin of accumulation this heterogeneous
precipitate would become dehydrated amd indurated and a rock would be

formed corresponding substantielly to a ferruginous chert.

There are meny objections to Peacock's admittedly specula-
tive hypothesis. It appears unlikely that sufficient material
could be emitted from fumaroles within a limited area to form a deposit
of banded ironstone as extensive as that of the Lower Griquatown Stage.
Gruner (1922, pp. 407 ~ 460) calculated that 524,000 cubic miles of an
aqueous solution containing 1000 parts per million SiOp would have
been necessary to transport the gilica of the Biwabik Formation alone,
The magma which could furnish a solution of that volume would probably
have to be twenty to forty times as large. To furnish as much iron
as is assumed to be in this Formation, it would require 630,000 cubic
miles of a solution carrying 100 parts per million of iron (which
would require 300 parts per million silica to be in the ratio of

silica in the cherts.)
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If a fumarolic origin for the Lower Griquatown Stage is
postulated, one would expect to find traces of the intense chemical
activity associated with the fumaroles, essential to Peacock!s theory,
preserved in at least some of the formations older than the Pretoria
Series., As far as the writer is aware, there is no evidence of
any activity of this nature preserved in these formations. It
would also be difficult to find in these older formations an adequate
source of iron that could be dissolved by fumaroles in sufficient
quantities to satisfy the requirements of the Lower Griquatown Stage.
There are many serious chemical difficulties to be overcome,

Peacock does not state in what form the silica is liberated, or by what
process 1t becomes deposited. Neither does he present an explana-
tion of the ultimate fate of the large quantities of aluminium hydrate
that would have been precipitated with the iron, although he previously
comented on the low alumina content of the ironstones, It is
difficult, if not impossible, to conceive how the heterogeneous preci=
pitate Peacock considered to have been formed, could have assumed a
rogular banded appearance, with such extreme mineralogical differences
between individual bands, through a process of uplift, with dehydration
and induration, and later burial beneath younger sediments, Only
the main objections to Peacock!s hypothesis have been mentioned above,
but they appear sufficiently strong to make this theory on the origin
of tho Lower Griquatown Stage appear most unlikely.

The origin of the rocks of the Lower Griquatown Stage has
been dealt with briefly by Wagner (1928, pp. 64 and 65), who stated
that there is often a transition-zone between the ironstone and the
underlying dolomite, This fact coupled with the absence of
recognizable sediment of mechanical origin in the typical banded iron-
stone indicated to him that the sideritic cherts are marine deposits,
He belioved them to be chemical precipitates as it had not been
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proved that iron bactoria are capable of precipitating iron carbonate
or silicate, He suggested that the silica may have been in
colloidal solution in the sea water and that the iron was directly con-

tributed to the ocean by magmatic waters.

In view of the serious obstacles encountered with hypotheses
in which a purely magmatic source of material is postulated, this
source is no longer considered seriously, and, with the exception of
Goodwin (1956, pp. 565 - 595), the writers of all papers published
after 1930 ars unanimous in accepting that the material that eventually
formed the Procambrian banded ironstone was derived mainly by normal
processes of weathering. However, it cannot be denied that notable
quantities of both iron and silica may have been contributed to the
water of the sea by magmatic sources, and that this material has been

incorporated into Precambrian, as well as later iron~bearing formations.

2. Material derived fro Weathering of Co ents.
There is no longer any doubt that sufficient material for

the formation of the rocks of the Lower Griquatown Stage could have been
obtained from the weathering of the rock exposed on the continents at
the time this Stage was being deposited. Gruner (1922, p. 455)
calculated that the Amazon River could carry sufficient iron and silica
to the sea in 176,000 years to form the Biwabic Formation, and further-
more that in a basin the size of that of the Amazon River, a rock of

a thickness of only a few feet contains sufficlent iron to furnish

the quantity required, Such a source would assure a steady supply

of material over a long period,

The weathering of the rock exposed on the continent could

have been achieved by purely chemical means, or with the aid of
organisms. That some form of life did exist at the time the
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Pretoria Series was deposted, may be inferred from the algal structures
in the Dolomite Series, and Du Toit (1945, p. 143) reported the presence
of structures of the (ollenig type and treces of other fossils in the
banded ironstone in the Kuruman arca. The presence of primary
pyrite and, in certain areas, graphitic material, also indicates that
plant life did exist at the time the Pretoria Series was deposited,
Even if terrestial vegetation did not exist, there is no doubt that
marine and fresh-water plants did exist, and that they must have been
exceptionally abundant to give the 1little evidence that is now pre-
served, Consequently, it mey be accepted that organic processes
were active at the time of deposition of the Lower Griquatown Stage,
and that these processes could have made a significant contribution to
the solution, transportation and deposition of the material from which

the banded ironstone was eventually fcrmed,

Gruner (1922, pp. 4R1 ~ 446) and Moore and Maynard (1929,
pp. 272 - 303) carried out experiments in the laboratory from which they
concluded that compounds of iron and silicon are dissolved during the
weathering of rocks. The dissolved material is mainly in colloidal

solution and is stabilized by minute quantities of organic matter,

More recent experiments by White, Brannock and Murata (1956)
indicate that in water with a pH of between 2 and 9 and at ordinary
temperatures, silica in true solution is stable up to a concentration
of approximately 110 parts per million. Kranskopf (1956, p. 13)
found that the solubility of silica in sea water is not significantly

different from that in fresh water.

Iler (1955, pps 14 and 16) commented on the pronounced
decrease in the solubility of amorphous silica effected by traces of
aluminium or magnesium ions, presumably as a result of the formation

of a protective surface-layer of aluminium or magnesium silicate,
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This effect is large enough to alter markedly measurements of apparent
golubility carried out in the laboratory.

With the rapid advance of the seience of geochemistry
during the last decade, came the recognition of the importance of the
oxidation-reduction potential (Eh), in addition to pH, relative to the
solution, transportation and deposition of iron, Castano and Garrels
(1950) showed theoretically that in oxygonated waters sufficient iron
can be carried in true solution in rivers to form large iron-bearing
deposits. They confirmed these theoreticel predictions in the
laboratory, with experiments in which the Eh and pH of the solutions

were carefully controlled,

Krumbein and Garrels (1952, p. 15) plotted the activity of
ferric plus ferrous iron in mols per litre in the form of contour-lines
on an Eh-pH diagrem. (Fig. 1). From this diagram it may be seen
that there is a restricted range in wlhich significant concentrations of
iron can be earried. It lies almost entirely within the siderite
field, and especielly within that part of the siderite field lying at
pH values of 7 or less. Any solutions with characteristics lying
outside this range of composition cannot carry more than 10~ mols per
litre of iron. Presumably, then, iron must be transported in true
solution in media with approximately these characteristics, whereas
effective transport of calcium measured in the same way (with 107%
mols per litre as a cut-off point) can take place anywhere on the diagram.
It should be pointed out explicitly that this treatment does not in-

clude iron carried in suspension,
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FIGURE 1.

Stability diagram of hematite, siderite and pyrite, showing activity
of ferrous and ferric ion (solid contours) and activity of calcium ion
(dashed lines) expressed in mols per litre. (After Krumbein and

Garrels).
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ason (1958, pp. 145 - 148) states that recent investiga-
tions have shown that on weathering a silicate mineral goes into ionio
solution during the initial attack, and even silica and alumina are in
true ionic solution, at least for a short time, but the ions tend to
aggregate and form clusters of colloidal size. According to
Rankama and Sahama (1950, p. 554) mica-like clay-minerals may be formed
from silica and alumina, and feldspar, mica and zeolites of sedimentary
origin are known. When first formed colloidal aggregates are
probably amorphous, but, on ageing, orientation into definite crystal
lattices takes place (Mason, 1958, pp. 145 - 146). It follows that
these colloidal aggregates must be considered as minerals (Rankama and

Sahama, 1950, p. 202).

From the experiments quoted abovo, the writer concludes that
silice and compounds of iron were carried to the basin of deposition of
the Lower Griquatown Stage both in true ionic solution and in colloidal
solution, Some of the silica in solution may also have reacted with
other suhsiances before roaching the basin of deposition to form complex
silicates with chemical compositions similar to those of some of the
silicate minerals now present in the banded ironstone of the Lower

Griquatam Stage,
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C. IHE MODE OF DEPOSITION OF THE ROCKS OF THE LOWER GRIQUATOWN STAGE.

The marked change in facies of the rocks of the Pretoria
Series in the Transvasl and in the Cape Province indicates that
immediately before the deposition of the Pretoria Series the sea re-
treated towards the west because the surface of the land had been
gently raised, The material from which the Lower Griquatown Stage
was formed must have been transported over an area of low relief so that
the load of clastic material in the rivers could be separated from the
material in solution which was supplied to the Northern Cape geosyncline.
It will be shown later (page 95 ) that this geosyncline was probably a
long, shallow basin separated from the open sca by a low, off-shore

buckle,

The approximate outer limit of the geosyneclinal basin now
exposed is indicated in Plate XI. The western boundary is
mostly covered by Kalahari sand, and has also been appreciably dis—
placed by faulting. The present distribution of the rocks of the
Lower Griquatown Stage is shown clearly by inliers of the Ongeluk or
Middle Griquatown Stage, which are preserved in elongated, shallow,
doubly-plunging synclines, separated by equally gentle arches in which
the lowermost strata of the Lower Griquatom Stage, ar even the upper—-

most strata of the Dolomite Series, are exposed,

In the portion of the Abramsdam Syncline mapped by the
writer it was found that the stratigraphical succession of the rocks
of the Lower Griquatown Stage was remarkably consistent. The
succession of the rocks of portions of the Dimoten and Ongeluk-
Witwater Synclines deseribed by Truter gt al (1938, pp. 18 - 20) and
Boardman and Visser (1958, pp. 13 - 19) respectively is also very
consistent, but differs from that of the Abramsdam Syncline des-
cribed in this thesis in Chapter II. Whether the'change in facies
of the rocks of the Ongeluk - Witwater Syncline and the Abramsdam
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Syncline is abrupt or gradational could possibly be determined by
detailed mapping of the arca between that covered by Sheet 175 of the
Geological Survey of the Union of South Africa, and the Koegas-Prieska

area., This area was not included in the present investigation,

A possible explanation for the change in facies may be
that the smaller basins already existed in the main geosynecline at the
time of deoposition of the Lawer Griquatown Stage, but that they were
accentuated as a result of folding during Pre-Loskop and Post-Matsap
timo. Haterial was transported to all of these basins under the
same areal conditions, but, owing to differences in the size and loca~
tion of the smaller basins, probably combined with local differences in
the type and quantity of material supplied to each basin, a succession
of rock wes formed in each basin that differs in detail from that in

the other basins but appears similar when seen as a whole,

In the description that follows the details refer to the
Abramsdam Syncline, of which the Koegas-Priesks area forms a part, but
the general principles may be applied to the whole of the geosynclinal

basin in the northwestern Cape Province,

As the water of the rivers entered the basin of deposition,
it mingled with the sea water with the result that the material in
gsolution was no longer in equilibrium with its environment, Some
of the material in solution in the river water may have reacted with
gubstances present in the sea water. Thus colloidal silicates
entering the sea and which possibly contained only a small amount of
the elements magnesium, sodium and potassium, may now have acquired
them from the sea water, and they would have been precipitated with
the material brought into the sea in solution, According to
Rankama and Sshame (1950, p. 675) the minerals formed by halmyrolysis

include, among others, glauconits, greenalite and chamosite, These
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minerals are considered to be formed only in a marine environment,

The material in solution may have been precipitated as a
result of either Inorganic processes or biochemical processes.
Mieroscopic examination of unweathered specimens of banded ironstone
from the Lower Griquatown Stage revealed no remains of structures which
the writer could interpret as the remains of living organisms, but
Gruner (1922, pp. 421 = 446) described thin sections made from speci-
mens obtained from the iron~bearing formetions of the Lake Superior
region, which showed minute structures which were identified as iron
bacteria, bacilli and algae, from which he concluded that the precipi-
tation of silica, iron and part of the organic colloids was chiefly
caused by algae and bacteria, although it was also possible that in~
organic reactions caused much colloidal silica, iron and organic
matter to be precipitated.

Moore and Maynard (1929) carried out various experiments
to determine the effect of various salts as precipitants of a mixbure
of silica and ferric oxide hydrosols, stabilized by organic matter, in
concentrations as could be expected in natural river water coming in
contact with the electrolytes of the sea. It wag found that ferric
hydroxide was precipitated in a few days, whereas silica was not complete-
1y coagulated after several months, From the experiments carried
out 1t was shown that the lower the concentration of a silica hydrosol,
the groater the time required for its coagulation by electrolytes.
This suggests that the silica particles gradually gravitate towards
the bottom and, when a definite concentration has been reached, the

oloctrolytes are able to bring about coagulation,

Discussing the origin of the banded ironstone of the
Dolomite Series in the Thabazimbi area, Du Preez (1944, pp. 263 - 360)
thought that the ironstone had not originally been sideritic.
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He considered the results of Moore and Maynardfs experi-
ments and came to the conclusion that the material was derived from the
weathering of adjacent higher ground, was transported to the sea by
rivers, and that chemical precipitation of this material had given rise
to the banded ironstone formation,

Krauskopf (1956, pp. 1 =~ 26) subsequently found in the
laboratory that dissolved silica in dilute solution is not coagulated
by sea water, but remains stable indefinitely in concentrations up to
the equilibrium values determined by dissolving amorphous silica directe
ly. He concluded that the origin of chert in marine sediments can-
not be accounted for by inorganic precipitation, except locally near
volcanic centres, and that the precipitation of silica from sea water
must, therefore, be effected by organisms. He quotes the experi-~
ments described by Jorgensen (1953), which demonstrated impressively the

capacity of diatoms for removing silica from solution,

Bien gt al (1958, pp. 35 - 54) demonstrated that silica is
also precipitated inorganically, and that both suspended matter from the
river water and electrolytes in the sea water are necegsary for maximum

inorganic precipitation,

Because of its occurrence in a wide variety of sediments,
chert appears to be largely independant of the Eh and pH of the
environment in which it is precipitated. Iron-bearing silicates

are also present in all the rocks of the Lower Griquatowmn Stage.

There can be little doubt that the silica and same of the
silicates were precipitated in a colloidal condition, In the
description of the Banded Ironstone Zone at the Buisvlei Mine given
on p. 45 , mention was made of spherical "blobs" of fine-grained,
matted crystals of riebeckite, surrounded by a thin mantle of yellowish

brown rock which consists of a mixture of carbonate, quartz and
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minnesotaitae. These "blobs" lie in a layer of yellowish brown

rock with the same composition as that of the mantle around the
riebeckite "blob". The layer of yellowish brown rock lies between
two bands of magnetite, which have been pushed around the "blob" of
riebeckite and its yellowish brown mantle [Pla‘be v (c)}. Bands

of riebeckite, identical with that in the "blob", are interbedded with
the bands of magnetite and yellowish brown rock both above and below
the "blob". The only explanation for presence of these "blobs" in
egsentially unmetamorphosed sediments of this type is that, during de-
position, some the material that normally would have formed a band of
riebeckite upon settling to the bottom, had become suspended as a large
colloidal globule in the water, and had settled down to the bottom after
the lower magnetite band had been precipitated, and during the time that
the yellowish brown band was being precipitated. Some of the mater-
ial that was being precipitated to form the yellowish brown band was
also precipitated around the globule of colloidal material as it sank
to the floor of the basin of deposition, As this globule settled
on the magnetite band, it is possible that it sank slightly into it,

and that a little magnetite was pushed up along the side of the

globule, After the yellowlish brown band was precipitated, a new
layer of magnetite was formed on top of it and over the riebeckite
globule, which was still protruding slightly above the depositional
surface. This caused a slight bulging of the upper magnetite band,
During deposition of the next thicker, yellowish brown band, this

bulge was gradually reduced, so that the higher magnetite bands show

no sign of disturbance. Compaction of the sediments under their
own weight would gradually press the riebeckite "blob" deeper into

the bands above and below it, the "blob" meking room for itself by
pushing material from its top and bottom to the side.
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It is possible that some of the ferruginous material that
entered the basin of deposition of the Lower Griquatown Stage in solu-
tion may have been precipitated by organisms, but it would be difficult
to explain how iron could be deposited by biochemical processes in the
form of iran oxlde, iron carbonate or iron sulphide in alternating
layers as described on page 44 . Consequently, one is led to the
conclusion that the deposition of these minerals in the Lower Griqua-
town Stage was governed by purely chemical processecs. This conclu~
sion is supported by the work of Krumbein and Garrels (1952), who found
that the field of stebility of each one of these minerals may be
delimited on an Eh~pH diagram., (Fig. 1.) They stated that the
boundaries between the fields of stability between pyrite, hematite,
and siderite as delimited on this diagram are essentially independent
of temperature, pressure and compositian of the sea water from which they
ars precipitated. The quantity of a particular mineral that is
precipitated depends on the quantity of the constituents available, but
@& change in deposition from one mineral to another will not take place

unless there is a change of Eh or pH of the environment,

Huber and Gerrels (1953) conducted a series of experiments
to test the validity of the theoretical relations on which the conclu~
sions of Krumbein and Garrels were based. The theoretical fields
as calculated by Krumbein and Gerrels and the stability fields as
determined from the experimental data by Huber and Garrels show
renarkable agreement, Purthermore, the boundaries between the fields
of stability are not changed markedly by the differences between the
experimental system and sea water,

Examination of unaltered specimens of banded ironstone of
the Lower Griquatown Stage, under the microscope and by means of X-rays,
gshowed that iran is present in these rocks in the form of a silicate, a

carbonate (with varying quantities of calcium and magnesium, as shown
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in Table I), and as magnetite, Hematite, martite, limonite and goethite
are present only in weathered banded ironstone, Peacock (1928, p.
248) found that amorphous, hydrated ferric oxide was the most abundant
iron ecompound in the banded ironstone., His conclusion that ferric oxide
is the earliest iron compound and that magnetite must have formed by the
partial reduction and crystallization of earlier ferric oxide, was based
on examination of apecimens that had been highly weathered, and, in the
light of our present knowledge, therefore incorrect. Although
completely unweathered specimens of banded ironstone had not been ex-
posed at the time the observation was made, Du Toit (1945, p. 176)
already found that, excluding pyrite, the ore in the freshest material
is essentially magnetite, He concluded that any other oxdides of
iron in the more or less weathered varieties of banded ironstone must
therefore be secondary, Vermaas (1952, p. 214) mentions hematite
and goethite associated with amosite, and states (p. 228) that some of
the magnetite bands associated with amphibole asbestos are composed of

a mixture of magnetite and hematite. Vermaas does not specify the
exact locality from which his specimens were obtained, and the writer
suspects that the specimens examined by him, and which contained hema-
tite and goethite, were obtained from the Weathered Zone, and the pre-
gsence of these minerals is therefore of no particular significance in an
investigation concerned with the origin of beanded ircnstone. In the
Thabazimbi area, Du Preez (1944, p. 331) found that "there is not the
slightest doubt that magnetito is the oldest ore mineral in the banded

ironstones",

It is usually accepted that magnetite is formed at a high
temperature, especially when present in rocks of magmatic origin, and
that its presence in a rock of sedimentary origin is indicative that
the rock had been subjected to a moderate to high degree of metamor-
phisme Du Proez (1944, ps 331) considered the development of
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magnetite in the banded ironstone of the Dolomite Series in the
Thabazimbi area to be the result of thermal metamorphism exercised by
the Bushveld Complex. Du Toit (1945, p. 193) concluded that the
magnetite "screens" lying adjacent to bands of amphibole asbestos repre-
sented excess material pushed out ahead of growing crystals of amphibole
asbestos. Du Toit considered the amphibole asbegtos to have formed
a3 a result of dynamic metamorphism of the banded ironstone, so that
this magnetite must obviously also be considered a metamorphic mineral,
Peacock (1928, p. 248) concluded that the magnetite had been formed by
partial reduction of carlier ferric oxides Vermaas (1952, p. 228)
gstated that the grade of metamorphism to which the banded ironstone had
been subjected, is indicated by the state of the irmm oxide, as
metamorphism of iron oxide is a process of reduction from goethite
through hematite to magnetite. In view of the presence of hematite
in some of the bands of magnetite in the specimens examined by him, he
concluded that the banded ironstone had been subjected to a moderate

degree of thermal metamorphism,

However, Peacock (1928, p., 274) already pointed to the
complete absence of ovidence in favour of severe thermal or contact-
metemorphism in the banded ironstone of the Cape Province, and suggested
that this rock had been subjected to only a very moderate rise of
temperature, such as would be produced by simple burial to moderate
depths., Hall (1930, p. 256) supported the views put forward by
Peacocka It will be shown later in this thesis (pp. 105 and 110)
that the temperature of the banded ironstone of the Lower Griquatown
Stage never exceeded 250°C. Because hematite changes to magnetite
only above 1452 L 59 at 1 atmosphere pressure of oxygen and above
1388 £ 30 at 0,2 atmosphere pregsure of oxygen, and siderite is stable
to 500°C at least (Ontario Research Foundation, 1958, pp. 3 and 15),
1t follows that the magnetite in the banded jronstone of the Lower
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Griquatown Stage was not formed as a result of the metamorphism of pre-
existing hematite or siderite.

The characteristic euhedral and subhedral outlines of the
nagnetite, pyrite and carbonate present in the banded ironstone, and
their distribution in well-defined layers or as disseminated crystals in
layers of silicate or chert, indicate that the magnetite, pyrite and
carbonate arc not of detrital origin, but that they either crystalligzed
in situ or that they crystallized in the water of the basin of deposi~
tion and then settled down on to the floor of the basin, The mode
of occurrence of the erystals of carbonate in the banded ironstone
indicates that both these processes did, in fact, take place. There
can be no doubt that the small crystals of carbonate in the Lower Shale
Beds, described on page 52, and illustrated on Plate IX (a), crystallized
directly from the material in solution, and then settled on to the
depositional interface with little or no disturbance of the bedding.

On the other hand, the crystals of carbonate which contain cores of
chert, and which lie in chert bands in the Banded Ironstone Zone, as
described on page 38, and illustrated on Plate VI (a), appear to have been
formed in situ by the crystallization of carbonate-bearing solution

trapped with the silica when the latter was precipitated as a colloid,

Du Preez (1944, p. 324) found that many magnetite crystals
in the banded ironstone at Thabazimbi had, in their centres, inclusions
of minerals present in the layers in which the magnetite crystals lay.
He concluded that this material was enclosed by the magnetite crystal
during its early stages of crystallization, but at a later stage simi=-
lar matorial was forced out by the graints force of crystallization
which, according to Harker (1939, p. 41) is “effective only when it is
called into play by resistance as growth proceeds", and is also depen-
dent on temperature. Consequently, even a mineral with a strong

force of crystallization may show a core full of inclusions while the
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mantles may be clear. This is the case with the rhombs of carbonate
described above, and the inclusions of quartz and small amounts of othexr
minerals is consistent with its slow crystallization which commenced at

an early stage in the rock's history,

The view that magnetite may be a primary mineral of major
importance in sedimentary iron~bearing formations is supported by obser-
vations by Broderick (1920) and Gruner (1946) who showed that magnetite
is the dominant mineral in the unoxidized and relatively unmetamorphosed
Biwabik iron-bearing formation of the Mesabi Range, and by James (1954,
p. 263), who states that "abundance of magnetite in rocks that are
essentially unmetamorphosed, as indicated by the fine grain of the chert
and the presence of such low-grade minerals as greenalite and minne-
sotaite, is a valid criterion that should serve to separate the primary
magnetite rock from magnetite-bearing rocks that are products of later
metamorphism",

Spiroff (1938, pp. 818 to €28) has shown by experiments in
the laboratory that magnetite can be formed under atmospaeric pressure
and normal tomperature, and that this magaetite has an X-ray diffraction
pattern identical with that of magnetite found in nature., Friedmen (1954,
pe 101) cited examples from various localities to prove that authigenic
magnetite has been formed from meteoric solutions under conditions of
low temperature and low pressurc. Brown (1943, p.147) reviewed
the occurrence of low-temperature magnetite, and concluded that
"magnetite has formed at a number of localities by natural supergene or
superficial low-temperature processes", and that magnetite isformed in

such situations when s favourable balance exists between oxidizing and

reducing tendencies.

In a recent publication Huber (1958) developed an Eh-pH
stability diagram for hematite, magnetite, gsiderite, pyrite and iron
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sulphide, (Fig, 2), Certain simplifying assumptions were made

because of the numerous variables involved,

Discussing the effects of additional variables on the fields
of stability, Huber (1958, pp. 131 to 136) stated that a change in the
partial pressure of 002 would shift the position of a natural environ-
ment in the Eh~pH diagram but will not change appreciably the shape or
position of the fields of stability of any of the minerals, For a
shallow basin of deposition the effect of pressure on the boundaries of
the fields of stability of hematite, magnetite and pyrite is probably

unimportante.

The effect of temperature changes is so small that it may
be neglected within the temperature and pressure range that is to be
expected in the normal marine environments, In any system that has
an appreciable quantity of dissolved salts, the activity co-~efficients
are relatively constant and the positions of the fields of stability of
the various minerals will not be chenged by small variations in
salinity. However, it is instructive to note the changes in the
atability diagram which would be brought about by changes in the concen-
tration of the sulphide ions. Figure 3 illustrates the change in the
diagram brought a&bout by reducing the concentration of sulphide ions to
that encountered in the water of rivers or lakes, of
special importence is the lowering of the upper limit of the pyrite
field with a concomitant increase in the sizes of the siderite and
nagnetite fields, In view of the changes that can be made by
assuming different values for one variable in the system, and because
of the numerous variables involved, i1t is appropriate that the relative
positions of the stability fields are stressed, rather than their

absolute limits on the pH and Eh scales.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

<

90,

FIGURE 2,
Eh-pH stability fields for hematite, magnetite, siderite, pyrite and iron
sulphide (FeS) in normal sea water system, Gontours indicate the
activity of the ferrous iron in equilibrium with the solid phases
(expressed in mols per litre). (After Huber).
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FIGURE 3,
Fh-pH stability fields for hematite, magnetite, siderite, pyrite, and
iron sulphide (FeS) with carbonate equilibria as in normal sea water and
total sulphur as in average river and lake water. Dashed lines for
total sulphur as in normal sea water, (After Huber).
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From the foregoing it is clear that iron entering the basin
of doposition of the Lower Griquatown Stage could have been precipitated
either as iron sulphide, or as iron carbonate, or as iron oxide, depen-
ding upon the Eh and pH of the water in the basin of deposition. It
is also to be expected that some of the other ions entering the basin
of deposition in solution will be affected by the change in the chemical

environment,

Rankama and Sahama (1950, p. 198) explored the possibility
of using the Eh and pH of a sedimentary medium as a framework for the
classification of chemical sediments, Krumbein and Garrels (1952)
used the same controlling factors in a slightly later classification
with rather more emphasis on the iron-bearing farmations. It is
posaible to subdivide various atoms and radicals into four groups on
the basis of whether or not the solution or precipitation of chemical
compounds in which they are contained is affected by the Eh and pH of

their environment, as follows:=

1. Eh-and pH-independent group (e.g. Na} K} Cal} Mgt} C15 Bry I-).

2, pl-dependent group (uwnaffected by Eh) (e.g. CO5, Poi, OH™),

3, Fh-dependent group (unaffccted by pH) (e.g. Fo'} Fo!'j Ma'} Ma!l}
Matirt),

Ls Eh~end pH-dopendent group (e.g. sulphide: sulphate, where the
ratio of sulphide to sulphete increases with decroasing Eh and
with decreassing pH, as can be seen from the following equation:

S+ 4H,0 = 304= + 8H!' + 8e).

It follows, therefore, that it should be possible to
deduce, from the assemblage of minerals in the banded ironstone of the
Lower Griquatom Stage, under what conditions some of the minerals of
this rock were precipitated from solution. For example, although

Ca!! and CO.~ are independent of Eh, 003= is strongly dependent on pH,

3
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An increase in pH tends to cause precipitation of calcite, whereas in
an environment with a pH below a certain value calcite will not be

precipitated.

Krumbein and Garrels (1952, p. 22) classified depositional
environments into four major types, which probably show all gradations,
as follows:=

1. Restricted arid (evaporite) environment: High

salinity (groater than 200%40). Eh positive,
pH approximately 8 to 9,

2, Normal marine, open-circulation environment:

Normal ocean salinity, Eh positive, pH approxi-~
mately 7.5 to 8.4

3. Restricted humid (euxinic) environment:

Salinity slightly less than for (2) above, Eh
ganerally negative, pH of the order of 7 to &,

4e Peat-bog environment: Fresh-water, bog

conditions, Eh negative, very wide pH range,

On this broad basis the authors constructed a diagram
showing the fields of occurrence of the various mineral associations
relative to the Eh-pH conditions of the environment during their
deposition, (Fig. 4). The boundary at pH 7.8 is designated
as the "limestone fence" because it is the approximate lower pH limit
for the formation of abundant calcite. The zero Eh line is the
"organic matter fencd) and the other limits represent "fences" between
certain oxides and carbonates, as well as sulphates and sulphides.

The diagram is based on the assumption that the average composition of
the sedimentery medium is like that of sea water, although the diagram

is applicable over a wide range of salinity,

The field in the upper right-heand corner represents
normal marine, open-circulation conditions. The field below this
represents ocuxinic environments with partial stagnation, As the

succeeding fields below this are encountered, the Eh becomes more
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negative, the amount of orgenic matter may increase, and primary pyrite
becomes increasingly importent,

In contrast with the fields located to the right of the
limestone fence, chemical sediments formed in environments with pH be-
tween 7.0 and 7.8, tend to have calcite present as an accessory rather
than as a dominant minoral, In the uppermost field of this group,
with positive Eh values, the iron oxides and silicates predominate,

As the Eh of the enviromment becomes negative, organic matter becomes
more important and pyrite becames abundant below the sulphate~sulphide

fence.

The rocks of the Lower Griquatown Stage contain no primary
calcite, but do contain iron oxide, iron cerbonate, and iron silicates.
Referring to the diagram of Krumbein and Gerrels (Figure 4), it will be
seen that such an association of minerals waild be anticipated between
pH values of 7.0 and 7.8, and Eh values near gero, According to the
clasgification of depositional environments by Krumbein and Garrels
given on page 92, these conditions may be expected in a restricted
humid (euxinic) environment,

The presence of pyrite in the rocks near the base of the
Lower Griquatown Stage alrecady indicates that these rocks have been
deposited in a restricted basin in which conditions were such that the
Eh of the cnvironment would be negative for short periods,
According to Krumbein and Gerrels (1952, pp. 3 and 5) the pH in a
normal. marine, open-circulation environment varies between 7.8 and 8.2
and the Eh varies betwoen 0,1 and O.4, whereas in a euxinic environ-
nment the pH is between 7.0 and 8,0, and the Eh between - 0.3 and 0.1,
It may therefore be concluded thalt the material in solution in the
wator of the rivers wos not contributed directly to the open sea, btut

that a restricted basin of deposition must have existed between the
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shore and the open sea. This condition would be satisfied if one
were to postulate a low, off~shore buckle in the sea not very far from
the shore-line, As a result of this buckle, a long, shallow, re-
stricted basin would be formed, and the environmental conditions in this
basin would have been ideal for the depogition of chemical sediments of
the banded ironstone type, Conditions essentially similar to those
proposed sbove were also suggested by James (1954, pp. 276-281) to
account for the formation of the Precambrian banded iron-bearing rocks
in the Lake Superior region.

Primary pyrite is found only in the lowermost portion of the
Lower Griquatown Stage, where layers of pyrite alternate with layers of
magnetite, carbonate and silicate, It is clear, therefore, that
the Eh-pH conditions in the basin of deposition were such that a small
variation of the Eh or pH would cause the precipitation of either pyrite
or magnetite or carbonate. As shown in Figures 1 and 2, the solu=~
bility of iron decreases very rapidly with a small decrease in Eh or
pH as soon as the boundary of the fields of stability between oxide and
sulphide or carbonate and sulphide is crossed. Thus one would expeet
rapid precipitation of pyrite as soon as the Eh or pH of the environ-
ment decreased to below this boundary, but with a small increase in Eh
or pH, rapid precipitation of pyrite will be replaced by slower

precipitation of magnetite or carbonates

As procipitation proceeded, there appears to have bhen a
gradual increase of Eh, so that soon no more pyrite was precipitated,
J. H. Genis (personal communication) recently made a detailed mineralo-
gical study of the so-called "boornate" (referred to by Du Toit, 1945,
pe 167) which are found in the Lower Asbestos Horizon in the Prieska
area. Ho found that the fresh rock consists almost entirely of
groen ferrosiilpnomalans, but thet it wraihers easily to brown ferri-

stilpnomelane, In numerous specimens examined from higher up in
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the succession, some of which were obtained from depths of 3,000 feet
below surface, the present writer found predominantly brown ferristil-
rnomelane. The higher ratio of Feao3 to FeO in the stilpnomelane as
samples are taken progressively higher in the succession confirms the
gradual general increase in Eh during the deposition of the Lower
Griquatown Stage. This is in accordance with the slow filling of a
shallow geosyncline, in which the rate of sedimentation exceeds the
rate of subsidence. Slight fluctuation in Eh or pH caused alternate
layers of predominantly carbonate or predominantly oxide to be pre-
cipitated. Colloidal silica and iron silicates, the deposition of
which is essentially independent of Eh and pH, were precipitated
simul taneously with either iron carbonate or iron oxide, or in layers

of pure silicate.

Chemical precipitation continued over a long geological
period, until all the material that was to form the Banded Ironstone
Zone in the Abramsdam Syncline, and the Banded Ironstone Zone and
the greater part of the Banded Jasper Zone in the regions farther

north, had been deposited.

The period of true chemical deposition now gradually gave
way to a period of increasing mechanical sedimentation, probably as
the result of a slow rising of the ancient land surface relative to
the basin of deposition. At first only very fine clastic material
was brought into the basin with the material in solution. Finely-
banded shale was gradually replaced by an extremely fine-grained mud-
stone in which all the minerals characteristic of the underlying
banded ironstone are still present in ever - decreasing amounts.
Eventually mechanical sedimentation became predominant and small,
angular, clastic grains of quartz, feldspar and mafic minerals were
washed into the basin of deposition in large amounts. Some of these
minerals, for example quartz, and to a lesser extent, feldspar,

which are resistant to secondary alteration, have been preserved
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with little change and are still clearly visible in thin section

(Plate IX (b) . However, the mafic minerals, which are particularly
sensitive to chemical attack, were much altered, so that it becomes
practically impossible to say how much of the chloritic material now
rresent in the rock is a primary chemical precipitate, how much of it
is unaltered detrital material, or how much of it had been formed

during diagenesis of the rock.

Following the deposition of the Lower Mudstone Beds in
the Abramsdam Syncline, it would appear that the water in the basin
of deposition became deeper once more, probably as a result of sub-
sidence of the basin of deposition. This is indicated by the presence
of a thin layer of chert with an intraformational conglomerate or
breccia, which lies immediately above the Lower Mudstone Beds. The
chert layer is a chemical precipitate with a mineralogical composition
similar to that of the rock of the Banded Ironstone Zone, including
the presence of crocidolite. After this short period of chemical
precipitation, the depositional sequence outlined above was repeated
with the eventual formation of the Upper Shale Beds and Upper Mud-

stone Beds.,

The deposition of the Lower Griquatown Stage was completed
with the deposition of the tillite, probably by ice-floes floating into
the basin of deposition (Du Toit, 1954, p. 556), and this was followed
by the eruption of the andesitic lava and tuff of the Ongeluk Stage,
and the intrusion of the associated sheets of diabase into the Lower
Griquatown Stage. The eruptions were in part subaqueous, as indicated
by the interbedding of siliceous sediment and the development of pillow-

structures.

D. THE ORIGIN OF THE BANDING

Wagner (1928, p. 65) stated that no satisfactory theory
had been advanced to explain how thin alterations of carbonate and

cherty or shaly material came to be precipitated repeatedly. He

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
N UNIVERSITEIT VAN PRETORIA
A~ 4

that
suggested that, assuming/the silica was in colloidal solution in the

sea water and that the iron was directly contributed to the ocean by
magmatic waters, then a possible explanation of the phenomenon is
suggested by certain of Liesegang's experiments on rhythmic precipi-
tation. Banded ferric hydroxide and silica can be produced in the
laboratory by Liesegang's method (diffusion of a soluble hydroxide
into a silica gel previously impregnated with a soluble iron salt),
but this method does not seem to be adequate to explain the
extensive banded iron-bearing formations of the Precambrian, and
the difficulties in applying this explanation become practically
insurmountable if the material from which these formations were
formed was derived entirely from the weathering of pre-existing

rocks.

Moore and Maynard (1929, pp. 518-520) carried out
experiments with mixtures of colloidal silica and ferric oxide,
ferric hydroxide or ferric bicarbonate, stablized by organic matter.
They found that ferric hydroxide was precipitated before the silica
and that the contact between the precipitate of ferric hydroxide and
the silica was quite sharp , but that the upper surface of the
gelatinous silica was irregular. When a fresh supply of material was
added, a new layer of ferric hydroxide was deposited on the gelatinous
silica. The ferric hydroxide first filled the irregularities and
cavities on the upper surface of the silica and then formed a
definite layer. They concluded that bands of silica and ferric
hydroxide could be formed in nature by this process, provided a

periodic supply of silica and iron is available.

It has been shown on page 95 , that layers of vary=-
ing composition will be precipitated as a result of changes in Eh
and pH in the basin of deposition. The most probable explanation
for these changes is that they are due to seasonal fluctuations in

climate and rainfall, which would, in turn, also affect biochemical
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processes. Cooper (1935, pp. 419 - 438) measured a thythmic seasonal
change in the pH of the English Channel which is not directly related
to stream flow. He also found (1937, pp. 299-307) that the Eh in sea
water is dependent only on the partial pressure of oxygen and the pH
of the sea water, but is not particularly sensitive to the amount of
dissolved oxygen. Many factors could give arhythmic alteration of
pH, the simplest perhaps would be the seasonal variation in river
flow, causing a lowering of pH of the basin of deposition when it is
receiving large amounts of river water during the rainy season, and
an increase of pH in dry seasons when little or no river water enters

the basin of deposition.

Alexandrov (1955, pp. 459 - 468) conducted a series of
experiments with the leaching of iron oxide and silica for various
periods of time at different temperatures, pH ranges, and in the
presence of certain elements in solution. He concluded that, owing to
seasonal changes of temperature, rainfall, activity of organic matter,
and pH, the Precambrian soil yielded alternately solutions carrying
to the basin of deposition almost exclusively silica during the warm
season and chiefly iron oxide during the cool period of the year.

The seasonal environment favourable for the intermittent leaching of

iron oxide and silica may be summarized as follows:

Warm Season. Cool Season.
(temperature above 20°C) (temperature below 20°C)
Low content of humus in soil. High content of humus in soil.
Leaching of silica. Leaching of iron oxide.
Lateritization of soil. Podzolization of soil.

The intermittent introduction of solutions containing
predominantly either compounds of iron or of silicon into the basin
of deposition naturally would simplify further the process of select-

ive precipitation within the basin.
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Three types of irregularities are present in the banding

of the finely laminated banded ironstones.

The first type was formed as a result of most irregular
small-scalc crinkling of the banded ironstone, with resultant local
pinching and swelling of individual layers (Plate I (a) 3). There
was no fracturing of the material, but small drag-folds, knots and
lenses were formed. These structures are restricted to the lower
part of the Banded Ironstone Zone, and were caused by thixotropic
changes in the colloidal material and flowage of the material under
the influence of gravity down the slope, possibly aided by currents
and slight movements of the sedimentary floor. This type of deformation
thus represents true primary folding and should not be confused with
the numerous, small drag-folds present near the base of the succession
of banded ironstone near Postmasburg, where this rock has been thrust

over the Dolomite Series.

A second type of irregularity, also restricted to the
lower part of the Banded Ironstone Zone, is the lenticular habit of
some of the layers, even in strata where folding is practically
absent. It would appear that these lenticles were formed as a result
of minor undulations in the surface on which the material was deposit=-
ed as well as a certain amount of subsequent differential movement
of the plastic material in the layers due to the weight of the

superincumbent strata.

The third type of irregularity is invariably associated
with post-depositional folding of the strata, and is commonly en-
countered throughout the stratigraphic succession. That it is of
tectonic origin rather than due to post-consolidation slumping is
proved by the regional parallelism of the fold-axes. It consists
of a series of fairly regular anticlines and synclines which range

in amplitude from less than one millimetre to over ten kilometres.
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In these folds a definite thickening of some layers has taken place

in the crests of the anticlines and in the troughs of the synclines.

In areas where only slight folding has taken place, eg. at the

Pomfret Mine, the pinching and swelling of individual layers is only

noticeable when individual layers are followed over appreciable

distances, whereas in areas that had been affected by intensive

Post~Waterberg folding, eg. in the workings on Leelykstaat, the

variation in the thickness of layers has often been intensified and

is easily recognized in the tight, often inverted, folds. It is

especially marked in the seams of crocidolite.

petent rock.

Completely lithified banded ironstone is a hard, com-

However, no shattering took place during the Pre=~

Loskop folding, which indicates that the banded ironstone had not

been indurated at the time this folding took place, and the pinching

and swelling of the layers in the folds shows that at least some of

the layers were still in a sufficiently plastic state for movement

of material to take place within individual layers.

. DIAGENASIS AND LITHIFICATION.

It may be expected that the conditions prevailing below

the depositicnal interface after deposition of the material from

which the banded ironstone of the Lower Griquatown Stage was formed,

could exert a modifying influence on the minerals that crystallized

ultimately.

Modifications of this nature are best described under

the heading of "diagenesis'.

Pettijohn (1957, p. 648) states that '"the term
diagenesis +... has been variously defined.
All writers would exclude metamorphic changes
from the domain of diagenesis, but as pointed
out by Deverin (1924), no distinction between
diagenesis and metamorphism is possible.
Diagenesis is, in fact, the beginning of
metamorphism because it leads to modification
of the textures, structures, and mineral
composition of a csediment. Such modificat-
jions are the earmarks of metamorphism accord-
ing to Grubenmann."
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Pettijohn (idem) also states that in sediments consisting
of a mechanically transported fraction and a chemically precipitated
fraction, there is no_a priori reason why such materials should be in
chemical equilibrium with one another. Under proper conditions, such
as a rise in temperature or in the presence of a suitable medium, re=-
actions between the several phases present may take place. These re=-
actions are diagenetic at the lower temperatures and pressures and
metamorphic at more elevated temperatures and pressures. Correns
(1950, p. 49) states that the changes, not caused by weathering, in
a sediment between its sedimentation and metamorphism are characterized
by the word "diagenesis'", and that the borderline between diagenesis
and metamorphism is arbitrary and a matter of usage of language. In
this thesis the term diagenesis refers to the chemical reorganization
of the deposited and precipitated material concurrent with compaction,
under conditions of increased temperature and pressure brought about

by the simple burial of the material. The term metamorphism is used to

denote all the chemical and mineralogical changes that took place in
the sediment as a result of influences from outside, eg. the intrusion
of igneous material, and tensional or compressional stress associated

with periods of folding.

Krumbein and Garrels (1952, pp. 20 - 23) attempted to ex-
plain certain anomalous mineral associations by assuming that the zero
Eh surface, which in normal open-circulation environments coincides
with the depositional interface, may rise above the interface under
stagnant conditions., The water at the surface of the basin of
deposition will then have positive Eh values, whereas the water at
the bottom of the baéin may have negative Eh values. Material preci-
pitated near the surface of the water will therefore not be in equili-
brium with the environment at the depositional interface, and replace-
ment of this material, or its solution and reprecipitation in a stable

form would be expected. Similar diagenetic changes may take place
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below the depositional interface owing to negative Eh conditions.

Zobell (1946, p. 4384) emphasized that Eh is an intensity
factor, and does not indicate the oxidizing or reducing capacity of
a system any more than temperature indicates how many calories of
heat it may contain. In banded ironstone where, for example, a
large amount of iron oxide was precipitated relative to the amount
of potentially reducing material, eg. organic matter, the total
diagenetic effect by the process proposed by Krumbrein and Garrels
cannot thus be large. Krumbein and Garrels (1952, p. 23) state that
experience has shown that diagenetic effects of sufficient magnitude
to mask the original Eh~pH conditions of sedimentation are rare among

the bulk of coummon sedimentary rocks.

In the experiments described earlier, and in the dis-
cussions concerning the effect of Eh and pH during precipitation,
the conditions concerned may be considered as those pertaining to an
open system. However, once deposition has been completed and de-
hydration and crystallization commence, additional factors have to

be considered.

Migration of material on a large scale is no longer
possible, and only a finite amount of water and other material is
present in the precipitate. The system thus becomes closed, and
crystallization will proceed according to the chemical laws pertain-
ing to these systems. Although much valuable information on closed
systems of silicates has been obtained since the classic experiments
of Bowen and Schairer in 1932, many problems are still unsolved.

The recent paper by Flaschen and Osborn (1957) on the system iron
oxide-silica-water at low partial pressures of oxygen, contains much
information pertaining to the problem of the diagenesis of banded
ironstone. They were able to synthesize fayalite, greenalite,

minnesotaite and magnetite and to investigate their stability
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relations. An important feature of their work was the realization
(idem, p. 933) that "in a closed system ... only negligible quantities
of ferric oxide will form from magnetite by the dissociation of water
before the oxygen partial pressure is lowered to the point that a

magnetite-hematite equilibrium is attained",

Assemblages containingfayalite are only possible at
temperatures below 250°C where no separate aqueous phase is present,
The proportion of Fe0 and Fe;P:g as well as the presence or absence
of other phases in a mixture of a given iron, silica or water content,
is related to a specific range of partial pressure of oxygen, or of

the ratio of the partial pressures of HZO and HZ'

Flaschen and Osborn (idem, pp. 937 - 938) cite the
example of an aggregate containing a high percentage of iron and
water under low partial pressure of oxygen at a temperature of about
200°C. The assemblage will consist of greenalite with a low content
of ferric iron and magnetite (plus water). However, as oxygen is
added, this assemblage is changed progressively to greenalite with
a high content of ferric iron plus magnetite, then to greenalite plus
minnesotaite plus magnetite, minnesotaite plus magnetite, minnesotaite
plus quartz plus magnetite, and finally to quartz plus magnetite.

With further oxidation hematite appears as a phase.,

This example calls attention to the fact that notable
changes in the mineral assemblage of a mixture with a composition in

the system FeO~Fe 04“3102‘H 0 are brought about by changing the oxygen

) 2

level., If sufficient amounts of other components are present, for

example alkalies and alumina, other phases, eg. stilpnomelane, will no
doubt be formed, along with minnesotaite or even in place of it.
The fact that fayalite is absent in the banded ironstone

of the Lower Griquatown Stage is of prime importance. There can be

no doubt that a considerable amount of water was present in the
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material deposited to form these rocks. Fayalite is stable in the
presence of an ageous phase only at temperatures exceeding 250°C.
It follows, therefore, that the banded ironstone of the Lower
Griquatown Stage was never subjected to a temperature exceeding
250°C. Further evidence in support of this conclusion is submitted
on page 110. In the Lake Superior region fayalite and grunerite
are present in the eastern Mesabi Range, where metamorphism of a
reascnably high grade has taken place, but are absent in the essen-
tially unmetamorphosed rock of the western Mesabi Range, where the
principal iron silicates are greenalite, minnesotaite and stilp~

nomelane,

From the foregoing it is clear that some minerals, ege.
magnetite, may have been precipitated directly when the iron-bearing
solutions entered the water of the sea, but that the same minerals
could also have crystallized after deposition under conditions of
increased temperature and pressure brought about by their burial.

It is also possible that, during diagenesis, some of the minerals

that were originally precipitated directly from solution may have
recrystallized to form larger crystals, and that a small amount of
movement of material could have taken place within individual layers.
In other words, the process of primary crystallization grades
imperceptibly into the process of crystallization or recrystallization

during diagenesis.

Having thus deduced that all the minerals present in the
rock of the Lower Griquatown Stage, with the exception of riebeckite
and its fibrous equivalent crocidolite, could have crystallized,
and probably did crystallize, either directly from solution or from
a colloidal precipitate during diagenesis, and that the temperature
of the rock never exceeded 25000, one is forced to the conclusion
that the riebeckite present in the banded ironstone was formed as a

result of the same processes that formed the other silicates, eg.
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stilpnomelane and minnesotaite, with which the riebeckite is inti-
mately associated. The development of crocidolite, the fibrous

variety of riebeckite, is discussed on pages 119 to 132.

From the mineral relationships in the fresh rock certain
conclusions may be drawn regarding the order of crystallization.
Mention has been made on page 87 of the small carbonate crystals
which had crystallized directly from the water and had settled to
the surface of deposition, and also of the rhombs of carbonate with
cores of chert that had crystallized from the solution trapped in
layers of colloidal silica. As these layers became dehydrated,
shrinkage-crack:j§:rmed approximately perpendicular to the bedding
planes, but they were soon filled by less dehydrated material.

(Plates VII (a) and (b)). The shrinkage-cracks cut through thin
layers of magnetite, which may even be pushed aside by the material
moving into the cracks, as illustrated in Plate VII (a). Many of

the needles of amphibole grew from the layer of silica into shrinkage-
cracks filled with silica without disturbance, and must therefore

have crystallized after the cracks were formed. Needles of riebeck-
ite which grew in the shrinkage-cracks tend to radiate from the

edges of thin layers of magnetite (Plate VII (b)), which is in accord-
ance with the tendency of riebeckite needles and laths to grow from
initiating surfaces of magnetite, where possible, as described on
page 38 and illustrated in Plates VII and VIII. It is clear, there-

fore, that the magnetite crystallized before the needles of amphi-

bole,

In the literature dealing with the Lower Griquatown Stage,
magnetite has always been considered to have crystallized during
metamorphism of the rock, whether this was thermal (Du Preez) or
dynamic (Du Toit). The fact that it has now been established that,
even in essentially unmetamorphosed banded ironstone, magnetite is

primary and was one of the first minerals to crystallize, is of great
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significance, as discussed in Chapter IV.

Needles of amphibole, whether radiating from grains
or layers of magnetite, or dispersed through bands of chert, per-
sist through individual crystals of quartz. It appears probable,
therefore, that the well-interlocking, clear crystals of quartz
were formed by recrystallization of an earlier form of silieca.
It is not possible to state with certainty what the early crystall-
ine state of the silica was, but it was presumably opaline or chal=-
cedonic. In this connection the embayment of the grains of
clastic quartz in the green mudstone, and the presence of micro-
crystalline quartz intimately associated with the chloritic material
in the surrounding matrix is of interest. dJames (1951, pp. 260 =
216) described similar phenomena in the graywacke in the Iron River
District, Michigan. He concluded that the clastic quartz as well
as the chemically precipitated silica had been replaced to a
greater or lesser degree by chlorite during diagenesis, but prior
to the crystallization of the silica to its present form, because
generally at least 50 per cent of the chemically precipitated
material is replaced whereas the clastic material is only slightly

embayed.

The lithification of the banded ironstone may be
viewed as a long, continuous process which took place under slowly
changing conditions, during which the mineralogical composition
was reorganized continuously in an attempt to maintain equilibrium,
Movement of material during crystallization was insignificant and

confined to the limits of individual layers.
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F. METAMORPHISM.

1. Regional Metamorphism.

Many descriptions of the rocks of the Lower Griguatown
Stage may be found in the literature, but very little petrological
information has been published and no detailed examination on un-
weathered rock has been made in the past. However, it is generally
accepted that the rocks have undergone appreciable metamorphism

since deposition.

In a discussion of the origin  of crocidolite, Vermaas
(1952, pp. 228 ~ 229) concluded that two different types of me-
tamorphism had operated at different times. Tabular riebeckite was
formed during early thermal metamorphism, but became unstable under
conditions of shearing stress during later dynamic metamorphism and
was recrystallized to crocidolite. In support of his hypothesis
Vermaas (idem, Plate XXXIII, Fig. 2) included a photograph of a
sample from the Carn Brae Mine, near Prieska, in which crocidolite
appears to grow from the sides of an asbestos seam inwards at the
expense of tabular riebeckite. The present writer has frequently
visited the Carn Brae Mine, which was re~opened by Cape Blue Mines
(Pty) Ltd. in 1957, and has seen numerous samples identical with the
one illustrated by Vermaas, but they are only found adjacent to
dykes., Similar samples may be obtained where any asbestos seam is
cut by a dyke anywhere on the Cape asbestos fields. Vermaas is
therefore correct in calling the riebeckite a "tabular thermal
metamorphic amphibole!, but this riebeckite was formed exclusively
as the result of local thermal metamorphism adjacent to dykes,
Furthermore, layers of massive riebeckite adjacent to dykes have
also undergone recrystallization to tabular riebeckite. As a
result of these observations, Vermaas' conclusion that the banded

ironstone was subjected to general thermal metamorphism prior to
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the formation of crocidolite, cannot be accepted.,

Du Toit (1954, p. 158) states that the rocks were much
metamorphosed during the Post-Waterberg movements with the develop-
ment of new minerals, and, more specifically (1945, p. 162), that
the rocks were formed by "repeated transformation or polymetamorphism
of ferruginous sedimentary rocks of a unique kind under peculiar
circumstances." The present writer cannot accept Du Toit's con-

clusions. Reasons for his disagreement are given below.

The rocks of the Lower Griquatown Stage contain chlorite,
iron-bearing carbonate, minnesotaite and stilpnomelane. This in-
dicates that the rocks were not subjected to extensive thermal
metamorphism. According to James (1955, pp. 1455 - 1488), the above
mineral assemblage is found in the Lake Superior region only in
rocks of the chlorite and biotite zones of low grade metamorphism.
These minerals are absent in rockswhere the metamorphism was of a higher graé
In the garnet and staurolite zones grunerite, hornblende and garnet
are found, and pyroxene is present only in the sillimanite zone
of highest grade. Grunerite, garnet and pyroxene were not found
in the rocks of the Lower Griquatown Stage. James (idem) found
that magnetite and hematite may be present in all zones of metamor-

phism.

From the mineral assemblage of the rocks of the Lower
Griquatown Stage, it could be inferred that the banded ironstone had
been subjected to a slight degree of thermal metamorphism. On the
other hand, it has already been shown on pages 79 to 107 that
pyrite, siderite, chlorite, magnetite, minnesotaite and stilpnomelane
could already have formed in the banded ironstone by primary
crystallization or during diagenesis. Under thermal metamorphism
of low grade no new minerals could be expected to be formed and most of

the metamorphic energy would be expended in coarsening the grains
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of the minerals already present. The greatest average diameter of
the quartz grains in unweathered layers of pure chert in the Lower
Banded Ironstone Beds is 0.08 mm. This value decreases in specimens
taken from higher in the succession. If the banded ironstone had
been subjected to extensive thermal metamophism, the crystals of
quartz would have been larger. This conclusion is supported by the
observations made by James (1955, pp. 1455 - 1488) in the Lake
Superior region, where he found that the average diameter of the
guartz grains increases in units of approximately 0.05 mm. per
metamorphic zone from practically zero in unmetamorphosed rock to
0410 mm. at the boundary between the biotite and garnet zones, and
0.20 mm. at the boundary between the staurolite and sillimanite

zones.

James (1955, p. 1485) included a diagram, slightly
modified from Rosenqvist, which indicates the pressure-temperature
positions of the principal metamorphic zones calculated from
thermodynamic information. Rosengvist's conclusion that pressure
plays but a small role to depths of 10 kilometres or more appears
to have been confirmed by subsequent experiments in the laboratory.
From this diagram the temperature represented by the boundary be-
tween the chlorite and the biotite zones at a depth of 5 kilometres
would be 200°C or less. This figures agrees remarkably well with

that already arrived at on page 105,

From the above it is clear that all available evidence
indicates that the minerals in the Lower Griguatown Stage were
formed by crystallization during deposition and diagenesis with
lithification. The increased temperature and pressure developed
was due mainly to the weight of the superincumbent strata. Thermal
metamorphism was practically absent, except possibly in so low a

degree that its effects would be indistinguishable from those of
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normal diagenesis.

The intensely folded nature of the banded ironstone
in many regions in the Northwestern Cape proves beyond doubt that
crustal deformation has taken place on a grand scale. Apart from
the small amount of contemporanecous deformation during deposition,
described on page 100, it is known that the banded ironstone of
the Lower Griquatown Stage was subjected to two periods of folding.
Visser (1944 and 1957) stated that after the deposition of the
Pretoria Series but prior to the deposition of the Loskop System
in the Northern Cape, the crust was compressed mildly from the
west and the thinly bedded members of this Series were folded in
broad and open synclines and anticlines, striking north-south.
He found no evidence that the Loskop System was deformed prior
to the deposition of the Matsap Formation (which is correlated
with the Waterberg System of the Transvaal), but the beds of both
these Systems, as well as those of the Pretoria Series, were
folded and faulted extensively after the deposition of the Matsap
Formation, but before the deposition of the Karroo System. It
has therefore been established that the folding described by Du
Toit (1945, p. 197) as '"Pre-Matsap'" had already taken place before

the deposition of the Loskop System.

It has already been shown that the temperature in the
normal banded ironstone never exceeded 25000. Thus, even during
the Post-ilaterberg period of intense crustal deformation, the
increase in temperature as a result of this deformation was too
small to cause the formation of new minerals. As a result, the
only effect that the tectonic movements could have had on the
rock was the reorientation of minerals that had already crystal-
lized. Microscopic examination of numerous samples of highly

contorted banded ironstone revealed no obvious preferred optical
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orientation of the crystals of quartz or carbonate. As a rule there
is also no preferred orientation of the needles of riebeckite in the
bands of chert or of the other silicates in the rock. However, in
some samples microscopic examination showed that the riebeckite
necdles and laths are distinctly orientated parallel to one another,
Occafiogg%é?crystals of quartz are elongated in the same direction,
but there is no marked preferred optical orientation of the crystals.
(Plate VI (c)). The riebeckite crystals may be orientated at any
angle to the bedding-planes, and this angle may change frequently
within the limits of a single thin section, so that the riebeckite
assumes a wavy appearance with the waves more often than not approx-
imately parallel to the bedding-planes, In hand-specimen these
bands, especially when thin, show some resemblance to crocidolite,
and are often referred to as "slip-fibre!", a term which is mislead-
ing as the riebeckite is platy and brittle in contrast with the
delicately fibrous habit of crocidolite. The riebeckite crystals
in the rock layers immediately above and below the so-called '"slip~
fibre" bands coften show no preferred orientation. There can be
little doubt that the parallel orientation of the riebeckite laths

in the "slip-fibre" bands described above was the result of re-

orientation during folding.

Mention has been made on page 40 of a second type of
"slip-fibre": thin layers or veins of riebeckite laths, with
parallel orientation, found alongside small faults through massive
riebeckite rock or in shear-zones which may cut across the bedding
at any angle. The parallel orientation of these laths is clearly
the result of stresses in the rock after it had been lithified and
was no longer capable of yielding by folding. The age of these

shear-zones is immaterial and could even be fairly recent.

In areas that have been subjected to intense Post-
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Waterberg deformation, eg. on Koegas, the fibre in some of the seams
of asbestos is inclined at angles of up to 45 degrees to the bedding-
planes, and in exceptional cases to even smaller angles. Bending

of the fibres in some seams is not unusual, and in some seams of
crocidolite the fibres are perpendicular to the bedding-planes on
one side of the seam, but bend over until on the other side of the
seam they lie parallel to the bedding-planes. In rocks containing
steeply inclined seams of fibre, shearing effects parallel to the
bedding-planes are clearly discernable and veinlets of quartz lying
perpendicular to the bedding have often been displaced for distances
ranging from a fraction of a millimetre to a few centimetres, Simi-
lar effects may be seen in seams of fibre in tightly folded rocks.
It is instructive to note that the direction of inclination of the
fibres is in opposite directions on the two flanks of the folds.
(Plate III (b)). It is clear that the inclination of the fibres
was caused by movement, in the plane of the bedding, of the rock
above the seam of fibre relative to the rock below this seam after

the crocidolite had already crystallized.

To summarize: during the gentle Pre~Loskop folding,
minerals that had already crystallized or were in the process of crys-
tallization, were orientated parallel to the direction of least
pressure. Relief of pressure took place by plastic deformation
and migration of material within single layers before any apprec-
iable stresses could be set up. When the rock finally crystallized
completely, the pressure had been relieved and its effect left no
record in the orientation of the later crystals. It would appear
that the crocidolite crystallized after the Pre-Loskop folding
had taken place, but before the period of intense Post-Waterberg
folding. Further reorientation of some minerals tock place during

Post-Waterberg deformation and alongside faults and in shear-zones
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of later age. No new minerals were formed as a result of folding
or faulting during any period, and the banded ironstone of the
Lower Griquatown Stage does not appear to have been subjected to
extensive thermal metamorphism. Even in highly folded areas, the

total effect of regional metamorphism is therefore negligible.

2. Contact-metamorphism,

The metamorphic effects of dykes and sills on the rocks
of the Lower Griquatown Stage are clearly visible with the naked
eye. The "burning!" effect due to the intrusion of dykes is easily
recognized in asbestos reefs as they approach the dykes. However,
the total thickness of the whole succession of banded ironstone
exposed in underground development is small. Likewise, the meta-
morphic effects of sills on the strata adjacent to them are obvious
in cores from holes drilled by diamond-drill, but here the lateral
extension of single layers exposed is minimel. The mineralogical
changes in the banded ironstone as a result of igneous intrusions
were not studied in detail, as they are beyond the scope of this
work. However, the effects of igneous intrusions on the asbestos

fibre are of appreciable economic importance and are detailed below,

a, Metamorphism by Sills.

Wasserstein (Truter et al, 1938, p. 68) suggested that
the injection of sills may have had an additive or "reinforc ing"
effect on crocidolitization. This aspect was discussed by Du Toit
(1942 , pp. 188 -~ 189), who concluded that many of the sills are
older than the asbestos, and could therefore have had no effect on
crocidolitization.

There appears to be little doubt that most of the sills
in the banded ironstone of the Northwestern Cape are related to the
Ongeluk Volcanic phase, and were therefore intruded into the Lower

Griquatown Stage before the crystallization of all its constituent
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minerals had been completed, although many of the layers may already
have been lithified to a considerable extent. However, it is to be
expected that the local increase in temperature as a result of the
intrusion of the sills would have caused earlier crystallization of
the material adjacent to them, and metamorphic minerals of a higher
grade could be expected near the sills. Microscopic and X-ray in-
vestigation of samples taken near sills showed that the rock consists
of théfzgierals found in the normal banded ironstone, but that the
average grain-size is appreciably larger and the banding less dis-
tinct. The appearance of a sample of shale taken 3 feet above the
Hanging Wall Marker $ill at a depth of 444 feet below surface is
illustrated in Plate IX (c). The rock consists of unorientated
laths of minnesotaite, and euhedral to subhedral crystals of
magnetite., The X-ray diffraction-pattern of this sample is identical
with that of similar rocks that had not been metamorphosed. It is
interesting to note that the grains of minnesotaite are more than
five times as large as in the equivalent unmetamorphosed rocks, but
that the crystals of magnetite are not appreciably larger. It is
also seen that the magnetite crystals have been pushed aside by the
growing minnesotaite crystals, weakening the normal sharp, finely
banded appearance of the rock. This would indicate that the magnetite
crystals had been formed prior to and not as a result of the intru=-
sion of the sills, and also that the magnetite did not recrystallize
as a result of the intrusion of the sills. This confirms the
observations made on pages 38 and 106 regarding the early crystal-

lization of magnetite.

Du Toit (1945, p. 189) stated that he had not found a
crucial case where a sill cuts obliquely across a reef of asbestos.
The present writer has discovered only one locality where this has
actually taken place, viz, on the eastern flank of the Weilbach

Syncline on the farm Koegas. Here a sill, about 25 feet thick, lies
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32 feet below the Outer Reef where the trough of the Weilbach Syn~

cline is exposed on surface. ;g he 511l is followed northwards

along the eastern flank of the syncline, it cuts obliquely across
and upwards into the succession so that after one mile it now lies
in the position of the Outer Reef. As the Third Outer, Second
Outer and Outer Reefs were followed in the mine from south to
north, it was found that each reef became poorer as the thickness
of the intervening rock between the sill and the reef decreased,
until eventually no fibre was developed at all in the position
where the reefs are usually present. This sequence of events is
to be expected where a sill intruded into the banded ironstone
prior to the crystallization of the asbestos. The process of
crystallization of the material adjacent to the sill would be
accelerated by the abnormal increase in temperature of the material
as a result of the heat emanating from the intrusive rock. Unless
the temperature of the material is elevated to more than 25000, no
new minerals would be formed, but, as described earlier, the
minerals grow to abnormally large size and primary banding is dis=-
rupted. Under these conditions the amphibole parent-material
present in the rock crystallized into unorientated crystals and

the asbestiform equivalent, crocidolite, is absent.

This example indicates that, at least in the Koegas-~
Westerberg mining-area, the intrusion of sills into potential
asbestiform material prior to the crystallization of the asbestos
did not have an additive effect on crocidolitization, but rather
that these intrusions effectively prohibited the formation of

amphibole asbestos.

b. Metamorphism by Dykes.

As all dykes in the Koegas-Prieska area cut through all

the folds in the Lower Griquatown Stage, they are certainly of at
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least Post-Waterberg age. That they were also intruded after the

crocidolite had been formed is clear from the '"burning'" effect on

the fibre mentioned earlier.

As an asbestos band is followed towards a dyke, the

fibre with its characteristic chatoyant lustre and silky appearance

gradually gives way to bright, shiny, tabular riebeckite crystalsQ

A typical example from the Carn Brae Mine has been illustrated by

Vermaas (1952, Plate XXXIII, Fig. 2). Under the microscope it is

seen that the tabular riebeckite crystals have grown at all angles

to the direction of the c-axes of the crocidolite which they have

replaced.

The distance to which the asbestos has been destroyed

on both sides of dykes is variable, and may be greater on one side

than on the other. In near-vertical dykes the general rule is

that the burning effect is approximately equal on both sides, and

on either side the fibre has been completely destroyed up to a

distance of approximately one quarter of the width of the dyke.

Metamorphic changes noticed in the banded ironstone

adjacent to dykes include the development of green biotite and

occasional large crystals of pyroxene. Fresh samples could not

be found of the material identified by Du Toit (1945, p. 175), as

The metamorphism of the banded ironstone as a result of

the intrusion of dykes is beyond the scope of this thesis, but it

is hoped to present details of some of the unusual mineral assem-

blages present in these rocks at a later date.
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IV. THE AMPHIBOLE ASBESTOS.

A. Tus ORIGIN CF TdHi AMPHIBOLE ASBESTOS.

1. General.

A review of the literature dealing with chrysotile shows
that there are so many fundamental differences between the mineralogy
and the mode of occurrence of chrysotile and amphibole asbestos that
it is not surprising that none of the various hypotheses regarding
the origin of chrysotile are directly applicable to amphibole as~
bestos. Similar conclusions were reached or implied by Hall (1918,
1930), Peacock (1928), Du Toit (1945), and others. The various
theories regarding the origin of chrysotile have recently been

summarized by Van Biljon (1959), and repetition is unnecessary.

That amosite and crocidolite were formed contempora-
neously, and that conditions for their formation were identical, is
proved beyond doubt by their intimate association (including the
amosite~crocidolite "doublets' and '"triplets") in the asbestos
fields of the Transvaal. In the Koegas-Prieska area a horizon of
prieskaite is developed between two horizons of crocidolite, as
described on page 46 . The mode of occurrence of the prieskaite
is identical with that of crocidolite, and it is found in a similar
country-rock. These facts indicate that this type of amphibole
asbestos was also formed by the same processes as amosite and
crocidolite. It is therefore possible to treat together the origin
of all the types of amphibole asbestos occurring in typical cross-
fibre seams interstratified with the banded ironstone of the Lower

Griguatown Stage.

Crocidolite is the fibrous form of its chemically
identical but physically different counterpart riebeckite, just as
amosite is the fibrous form of grunerite, and prieskaite is the

fibrous form of actinolite. In Chapter IIT it has been shown how
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the material required to form the rocks of the Lower Grigquatowm
Stage came to be precipitated, and on page 83 it was concluded
that the mrent-material from which riebeckite was formed was
precipitated in a colloidal condition. The only question to which
an answer is outstanding is why the amphiboles are present in the
banded ironstone of the Lower Griquatown Stage both in fibrous and

non-fibrous forms.

2. The Development of the Fibrous Varieties of Amphibole,

Hall (1918) first suggested the possibility of asbestos
originating from sefiments without the direct action of igneous
intrusions. His theory, essentially unchanged, was somewhat more
elaborately treated in the second edition of his Memoir (1930,
Pp. 235 - 263)., He concluded that the soda in the crocidolite was
an original constituent of the banded ironstone, but that the
magnesia was brought into the ironstone in solution by waters cir-
culating from the underlying Dolomite Series. Under "load-
metamorphism" the material present in certain layers in the iron-
stone was converted into unorientated crystals of amphibole,
which he called "potential or incipient mass-fibre crocidolite',
Hall (1920, p. 258) concluded that cross-fibre resulted from the
recrystallization of the '"mass-fibre", as

"in a mineral like amphibole with 1ts tendency towards

a prismatic habit, the crystals are likely to assume

a more or less elongated habit. These needles which

are orientated more nearly at right angles to the

bedding-planes may be expected to exert a certain
amount of pressure against the containing walls, since

it seems well established that crystals can exert a

considerable pressure during growth'.

The remaining material would then tend to crystallize parallel to

the crystals which are pushing apart the walls,

How such a process could result in fibres orientated
normal to the bedding is not clear. Peacock (1928, p. 278)

summarizes the objections to this theory thus: "Hall's
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explanation appears to rely at once on the power of a crystal to
grow against mechanical resistance, and on the tendency for
crystals to grow in the direction of least obstruction." Under
the conditions postulated by Hall, it would appear more likely
that the riebeckite needles would tend to grow parallel to the

bedding rather than perpendicular thereto.

Bryant (1925, pp. 565 = 566) felt that not enough
stress had been laid on pressure. He considered the possibility
that vast quantities of limestone had been eaten away in the
Dolomite Series, and that the ironstone sank gradually into these
cavities and thus assumed their present contorted appearance.
Water and steam at high temperature, charged with magnesium,
calcium and possibly sodium from the dolomite rose for a certain
distance through the sediments, which Bryant considered to be
porous, and, when the compositions and conditions were right,
asbestos separated out, and the porous shale or mudstone was
changed into hard jasper. 1In the light of our present knowledge,

Bryant's theory is clearly untenable.

Observations regarding the association of asbestos
with folds influenced Visser (1944), Du Toit (1945) and Vermaas
(1952) to attribute the fibrous growth of asbestos to conditions

of stress created during earth movements.

Peacock (1928, pp. 279 - 282) concluded that crocidoli-
tization was a mild, static, non-additive, metamorphic process
resulting in the chemical union, along soda-rich bedding-~planes,
of the necessary constituents already present in the ironstone.
Chemical analyses led him to believe that crocidolitization is
accompanied by a progressive loss of water through the walls of
the seams. The change from the massive to the fibrous condition

would thus take place first at the contacts of the seams with
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their walls, where the crystals would rearrange themselves normal

to the controlling wall-surfaces. WWhere possible, accretion of
crystals takes place in optical continuity with existing crystals,
thus determining the orientation of the crocidolite fibres. Peacock
believed that the transverse orientation of the fibres was brought about
after crocidolitization was virtually completed. In Chapter II of
this thesis descriptions have been given of the occurrence of
numerous persistent bands of massive riebeckite of varying thick=
nesses, often intimately associated with crocidolite asbestos, ege
the "Blue Bank' in the Westerberg Asbestos Horizon. A serious
defect of Peacock's hypothesis is that it does not explain why only
some massive riebeckite bands should have been converted to croci=-
dolite, whereas in others the parallel orientation of the riebeckite

crystals is conspicuously absent.

Du Preez (1944, p. 291) considered it likely that the
crocidolite in the Thobazimbi area was formed as a result of the
metamorphism exercised by the Bushveld igneous intrusion, but did

not elaborate on this theory.

Visser (1944, pp. 250 and 251) stated that there are
indications in many of the larger workings that the deposits of
crocidolite are genetically related to the widespread Post-Waterberg
tectonic disturbances, and suggested that during this period of
mountain-building, conditions favouring the crystallization of

crocidolite were created.

Du Toit (1945, pp. 186 - 199) felt that simple thermal
or load-metamorphism, as advocated by Hall and Peacock, was in-
adequate to cause asbestos to form, as, under such conditions,

a far more uniform though unorientated growth would be expected.
He stressed the association of crocidolite asbestos with folds,

and concluded that crocidolite is essentially a stress-mineral
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formed by the recrystallization of massive unorientated riebeckite
(Hall's "potential'' or "mass-fibre crocidolite") as a result of
dynamic metamorphism of the banded ironstone during crustal deform-
ation in Post-Waterberg time. He attributed the orientation of
the fibre normal to the bedding to the regional compression which
mostly happened to be directed horizontally, i.e. about parallel

to the bedding, and assumed that fibrous growth would take place in

the direction of least stress.

The objection against Peacock's hypothesis cited above,
viz. why only some bands of massive riebeckite have recrystallized
to crocidolite, is equally valid in the case of Du Toit's hypothesis.
If the metamorphism as a result of directed pressure during Post-
Waterberg deformntion was strong enough to cause the recrystallizate
ion of riebeckite to crocidolite, it would be logical also to
expect recrystallization of the minerals which have a micaceous
habit, eg. minnesotaite and stilpnomelane, so that the plates would
lie in a plane normal to the direction of greatest pressure. These
minerals generally show no preferred orientation.

Assuming crocidolite to be a stress-mineral, its direction of growth
must have been limited in all directions except in the direction

of the c-axis. In the case of directed pressure, such as that
proposed by Du Toit, crystal growth is limited in one direction only.
In the amphiboles the unit cell dimensions are nearly twice as long
in the direction of the b-axis as in the direction of the a-axis.
Assuming then that, for some reason or another, the crystals become
orientated with their c-axes parallel, it would appear logical to
expect that under directed pressure the crystals would also grow
with their a- and b-axes parallel to one another. In other words,
orientated, tabular crystals would be expected. All recent in-

vestigations by means of X-rays (eg. Garrod and Rann, 1952; and
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Vermaas, 1952) have confirmed that in fibres of amphibole asbestos
the c~axes are parallel, but otherwise there is no preferred orien-

tation.

Visser (1944, p. 251) mentioned that in the Blackridge
mine asbestos of longest fibre and best quality scems to be confined
to the crests of thce small anticlines and overfolds, and stated that
the direction of growth of the fibre is parallel to the axial planes
of the folds. According to Du Toit (1945, p. 203), the arches
and troughs of folds are frequently attended by fibre-swellings,
although these are not always situated axially. Both Visser (idem)
and Du Toit (p. 197) saw a causal connection between the Post-
Waterberg folding, with the associated stress-conditions, and the
origin of the crocidolite. The present writer has seen numerous
exposures of reefs of asbestos in which the quantity of fibre
increases in the crests and troughs of folds as observed by Visser
and Du Toit, but has also found that in many folds there is a marked
decrease in the quantity of fibre present not only along the flanks
of the folds but also in their crests and troughs. This phenomenon
is clearly illustrated in the Pomfret Asbestos Mine, and at the
Koegas Asbestos Minc there is no obvious relation between the
development of asbestos and the major tectonic features, eg. the
famous Westerberg Syncline. Similar examples may be cited from all
parts of the Cape asbestos belt, and the observations are confirmed

by Wasserstein (1938, p. 63), who states:

"The beds of the asbestos zone are often folded,
contorted and faulted. It is noteworthy that the
richer workings of the Eastern Range have a good
development in this folded structure and that the
number of seams and fibre-length increase in the
arches of the folds. It is, however, difficult
to link this folding with the genesis of asbestos,
for crocidolite occurs also in undisturbed beds
and the distribution of folded structure with the
better development of asbestos does not necessarily
hold for the whole crocidolite belt'.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



&
N UNIVERSITEIT VAN PRETORIA
A~ 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

124

Possibly the most striking development of amphibole asbestos in une
folded rock is at Penge in the Transvaal, where fibres of amosite
attain lengths of up to 12 inches, yet the rock dips constantly at
about 17 degrees without any folding. On the othcer hand the amosite
developed in the intensely folded Malips River area is relatively

short.

That there is a greater development of fibre in some
folds cannot be denied, but that the fibrous habit of amphibole
asbestos is directly related to folding is therefore not in accord

with all the observed field-relationships.

It has been shown on page 114 that the effect of
dynamic metamorphism on the banded ironstone is relatively small,
In the Lake Superior region James (1955, pp. 1455 and 1461) found
that the metamorphism was not synchronous with deformation.
Metamorphism and deformation are independent variables in the
orogenic scheme for that particular region. In the Cape Province
relief of pressure during the periods of Pre~Loskop and Post-
Waterberg deformation took place by folding rather than by faulting.
Only in areas of maximum deformation was relief of pressure attained
by thrust-faulting. The case with which folding took place raises
doubts as to whether sufficient stress ever existed in the rocks to

form stress-minerals (assuming that such minerals do exist.)

In all the previous mineralogical descriptions of cro-
cidolite the association of magnetite with the seams of crocidolite
is mentioned. In the literally thousands of specimens of
crocidolite examined by the writer, this association of magnetite
and crocidolite was invariably seen, and not a single specimen of
crocidolite could be found where one or both sides of the seam were

not bounded by a layer of magnetite.

Du Toit (1945, p. 193) stated that the material from
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which crocidolite was formed must have had an excess of iron oxide
over that needed for its conversion to crocidolite, and that the
excess was expelled by the growing crystals in the form of a magnetite
"screen' which was constantly pushed out ahead of the crystals. He
stated further (p. 194) that the magnetite "screen', developed ahead
of the growing fibre, takes its shape and thickness from the fibre,
In the thousands of specimens examined by the writer, he could find
no relationship between the thickness of the seams of asbestos and
of the associated bands of magnetite, Furthermore, single bands of
magnetite lying adjacent to seams of crocidolite persist without any
change in thickness even after the crocidolite peters out. This is
clearly illustrated in Plate X. Du Toit's contention that these
bands of magnetite were formed as a result of the crystallization of

the crocidolite, cannot therefore be accepted.

On the other hand, there is evidence to show that some
excess material was expelled by growing crystals of amphibole
asbestos. A good example of this phenomenon is illustrated on
Plate X (b). In this specimen the material expelled consists of
small crystals of magnetite scattered through a ground-mass of pale
green material identical in appearance with the adjacent prieskeite,
except that the small green laths are orientated at random in a manner
similar to the crystals of riebeckite in the massive blue bands. The
difference in appearance between the expelled material and the bands
of magnetite is clearly visible. It can also be seen that the
thickness of the layer of material expelled is related to the thick~

ness of the seums of asbestos.

It has been shown on pages 38 and 106 that at least
some of the crystals and layers of magnetite pre-date the crystals of
amphibole, and on pages 108 to 114 that the total effect of

regional metamorphism was so small that no new minerals could have
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been formed in the banded ironstone of the Lower Griquatown Stage
during regional metamorphism. Consequently, one is forced to the
conclusion that all the crystals of magnetite were formed at approx-
imately the same time, whether in layers consisting almost entirely
of magnetite or in the form of isolated crystals lying in layers
consisting of other minerals, eg. chert, and that this also holds
for all the crystals of amphibole which were formed subsequently
either in the form of asbestos or in the form of laths and needles
orientated at random. There appears to be no reason why more than
one generation of either of these minerals should have formed,
except locally where the temperature of the banded ironstone had
been increased abnormally by the intrusion of igneous material, as
described on pages 114 to 117 . Indeed, it would be difficult,
if not impossible, to suggest any agency or process as a result of
which more than one generation of either of these minerals could

have been formed in the banded ironstone.

It has been shown on pages 38 and 106 that where the
parent-material of the amphibole was in contact with crystals of
magnetite, needles of amphibole grew preferentially from an initia-
ting surface of magnetite. VWhere crystals of magnetite were
dispersed in a layer with but little parent-material of amphibole,
the amphibole crystallites grew from the magnetite crystals in
radiating clusters (Plate VIII (a) ). Where the magnetite crystals
were arranged in bands, the amphibole crystallites grew more or
less perpendicularly from such magnetite bands (Plates VIII (b) and
(c) ). 1In layers free from magnetite, there were no centres of
crystallization and therefore no control over the orientation of
the amphibole crystals, and the mineral crystallized without any
preferential orientation to form either disseminated needles or

laths orientated at random in layers of silica or silicate, or
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else layers consisting almost entirely of unorientated laths of
riebeckite (the so-called "mass-fibre" or "potential crocidolite™
layers), depending on the quantity of parent-material of amphibole

available in the different layers.

It is clear, therefore, that the magnetite played a
most important role in the orientation of the amphibole crystallites.
If one were now to postulate a layer consisting essentially of
parent-material of amphibole lying in contact with a band of
magnetite, it may be assumed that, as in the examples cited above,

started
amphibole crystallites would have/ to grow from the magnetite layer,
and approximately normal thereto. As crystallization proceeded,
interference would have taken place between those crystals that
were out of line. It is possible that solution may have taken
place at those points where normal growth was impeded and this
material was again precipitated at points where unrestricted growth
was taking place. Consequently, as growth proceeded, the imperfect
original alignment was improved constantly so that, after all the
parent-material of amphibole had crystallized, the amphibole needles

were orientated perfectly parallel to one another to form a seam of

cross-fibre asbestos.

According to the above hypothesis, therefore, amphibole
asbestos is considered to have crystallized as such directly from a
parent-material of amphibole, and not by recrystallization of bands

of massive riebeckite as previously generally accepted,

A marked increase in temperature is not essentizal. In
fact, should the temperature excecd a certain degree, crystallization
would be accelerated and the riebeckite crystals would be orientated
at random. The effects of intrusive sills on the crystallization of
crocidolite have been described on pages 1l4% to 116, Furthermore,

it is clear that asbestos fibres are formed not because of, but in
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splte of the increased pressure developed as a result of the burial
of the parent-materizl. The only effect of this pressure is to aid
in the dehydration of the materianl., The very gentle, fine woves
observed in the direction of the length of the fibres of some
crocidolite seams could also have originated as the result of cone
tinued downward pressure due to the weight of the superincumbent
strata. The finely undulating appearance of the crocidolite is
retained in its quartz pseudomorph, '"tiger's eye'!, and gives rise to
the highly-prized chatoyance of this semi-precious stone, which is

(incorrectly) referred to by jewellers as 'crocidolite'.

The crystallization of amphibole asbestos from an
initiating surface of magnetite and normal thereto is in accordance
with the observed behaviour of other minerals which have crystale
lized from gels rather than solutions. Peacock (1928, p. 279)
cites the examples of goethite, serpentine and chalcedony, which
commonly develop a fibrous or platy structure in which the long
axes of the crystals lie normal to the bounding surfaces of the

mineral body.

Bending of the magnetite bands as a result of the growth
of the asbestos is common, and easily understood. Where the growth
of the fibre was obstructed in the direction away from a magnetite
band, the growing crystals mzde room for themselves by pushing the
megnetite band backwards into an adjacent layer. Unequal rates of
fibre growth caused a small amount of lateral movement of matericl
in the adjacent layer. This material then made room for itself
by bulging into the growing crocidolite layer at a different point.
Parcntematerizl of amphibole was transferred from this point to the
site of most rapid fibre growth, As this process continued,
original inequalities in the rate of fibre growth were intensified,

and the well-known "cone-" and '"corrugated" structures, described
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by Hall (1930, pp. 78 - 84) and Du Toit (1945, pp. 181 - 182), were
formed, These structures are most frequently encountered where
two adjacent bands of fibre have grown simultaneously [Plate I1T
(c)} . It is instructive to note that the upper contact of the
upper seam and the lower contact of the lower seam are generally
straight, but that the thin layer of material in between the seams
has been highly contorted as a result of the differential rate of
growth of the fibre in the two seams of asbestos. Consequently,
although the length of the fibres varies rapidly in any one of

the seams, the total quantity of fibre in the two seams remains

constant,

Fibres of amphibole asbestos may grow from either the
one or the other or from both sides of a magnetite layer, as
illustrated on Plate X. TFibre growing from both sides of a
single layer of magnetite is fairly rare. An example of this type of
growth is illustrated on Plate X (b) (centre, left). Where there
was a rapid alternation of bands consisting of nearly pure magnetite
and parent-material of amphibole, it is not unusual to find that
fibres of asbestos had grown between many of the magnetite bands.
Sometimes the layers of magnetite become ruptured when rapid fibre
growth takes place, and a small quantity of material may then be
transferred from one layer to another as soon as the opening in the
magnetite band is large enough for material to be pushed through.
Inequalities in the rate of fibre growth become even more intens-

ified, as illustrated on Plates X (b) and (c).

J. H. Genis (personal communication) agrees with the
present writer's conclusion that the fibres grew from pre-existing
layers of ferruginous material (which could have been either
magnetite or a parent-material of magnetite) but, to conform with

the experimental work by Taber (1916, 1917, 1924, 1926) on the
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origin of asbestiform minerals, Genis suggested that the crystals
originally started growing from the side of the ferruginous material
opposite to that on which the parent-material lay, and that the
parent-material of amphibole moved through the band of ferruginous
material by capillary action. As crystallization of the fibre
proceeded, the band of ferruginous material was pushed backwards
into the parent-material of amphibole. Thus the growing crystals
would be fed only from the direction of the layer of ferruginous
material, and this would result in perfectly parallel orientation

of the fibres. It may be noted that, according to this hypothesis,
every magnetite band associated with a fibre band should now lie on
the side of the present fibre band opposite to that side on which
it lay before the fibre started crystallizing. The material which
the present writer considers to be unsuitable material expelled
during fibre growth is considered by Genis to be the remains of the
parent-material which did not pass through the "screen'" of ferruginous
material. It should be pointed out that, unless the size of the
particles of the ferruginous material precipitated was of the szme
order as the average diameter of a single asbestos fibre, Genis's
hypothesis has no advantage to offer over the assumption that asbestos
fibres crystallized from an initiating surface of magnetite into the
parent material. From the electron-photomicrograph illustrated by
Vermaas (1952, Plate XXXV,Fig. 1) it is clear that the average
diameter of crocidolite is certainly smaller than one tenth of a

micron, possibly very much smaller.

Genis' theory appears to offer a simple explanation of
the perfectly fibrous habit of amphibole asbestos. However, some
of the ohserved relationships between the magnetite bands and the
fibre bands are difficult to reconcile with this theory. If all

the magnetite bands associated with the fibre could be returned to
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the opposite sides of the present fibre bands, i.e. to the position
where (according to this hypothesis) they were originally deposited
before the growth of the asbestos took place, they would often lie
in abnormally irregular planes in an otherwise regularly-banded
rock., Although this difficulty could be overcome to a certain
extent by assuming lateral movement of material in the various bands,
it is difficult to visualize the formation of the structures illus=-
trated in Plate X by this process. The formation of two

asbestos seams, one on either side of a magnetite band, as illustra=
ted in Plate III (c¢), is rather difficult to explain. Genis
suggests that the magnetite band now separating the two asbestos
seams, originally consisted of two layers of ferruginous material,
one lying on either side of a single layer of parent-material of
amphibole. As fibrous growth proceeded, the two layers of
ferruginous material were pushed into the parent-material as a
result of fibrous growth on the outsides of the two bands of ferrugi-
nous material, until eventually the latter bands came together in
between the two seams of fibre. Although this reasoning could
offer a satisfactory explanation for the relationships observed in
some specimens, it is manifestly impossible to explain the develop=
ment of fibre on both sides of the magnetite band illustrated in
Plate X (b) by this hypothesis. In this specific example there can
be no doubt that the magnetite band did not originate by the amal-

gamation of two original bands of ferruginous material.

To summarize: No theory has yet been advanced which
explains satisfactorily the observed mode of occurrence of amphibole
asbestos. The mode of origin of all types of amphibole asbestos
now found in typical cross-fibre seams interstratified with the
banded ironstone of the Lower Griquatown Stage, is identical. The

writer suggests that this amphibole asbestos was formed not by
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recrystallization of the massive counterpart of the asbestos, but
by ecrystallization of primary parent-material of amphibole. The
fibrous habit of the asbestos was caused by crystallization of the
amphibole perpendicular to an initiating surface of pre-existing
magnetite. Where no magnetite was present, there was no control
over the orientation of crystals formed from the parent-material,
and layers consisting of intimately intergrown, unorientated
crystals of amphibole were formed. All observed macro- and
microstructures associated with amphibole asbestos can be explained

satisfactorily by this hypothesis.

3., THE FORMATION OF ECONOMIC D:iPOSIIS OF AMPHIBOLL ASBESTOS.

The study of the origin of amphibole asbestos would be
but of academic interest were it not for the fact that in certain
areas the concentration of the asbestos is high enough to warrant
extraction. A comparative study of the mode of occurrence of the
asbestos in the crocidolite mines of the Cape Province revealed
that in many of them the deposits have certain geological charactere
istics in common, and that from these characteristics certain con-
clusions may be drawn regarding the factors that controlled the
formation of economic deposits of the asbestos. Characteristic
features of the various deposits will be discussed separately, and

an explanation sought for each,

A feature of the asbestos seams present near the base
of the Lower Griquatown Stage is their rapid thickening and
thinning in the plane of the bedding. This pinching and swelling
is not restricted to the asbestos seams only, but it is also
present in the banded ironstone, and is therefore at least in part
of primary origin. The origin of these irregularities in the
banding of the ironstone has been discussed on page 100, and the

same explanation applies also to the seams of fibre. These
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irregularities in the thickness of asbestos secams would be further
accentuated by differential rates of growth of the fibre during
crystallization, as indicated on page 128. It is instructive to
note that, in the Koegas-Prieska area, the Intermediate and
Westerberg Asbestos Horizons are well known for their amazing
consistency. In these Horizons the asbestos is found in banded

ironstone with remarkably regular bedding-planes.

In some areas economic concentrations of asbestos are
found in banded ironstone in which no folding is noticeable, for
example in the vicinity of Klein Naauwte, Buisvlei and Geduld in
the Prieska area, and in many highly folded areas there is no
regional correlation between the folding and the distribution of
the asbestos, eg. in the workings on the farm Asbestos Reefs, 12
miles south of Prieska. Superimposed zones of greater development
of fibre are generally absent in these areas and one reef in a
horizon may contain little asbestos at a certain point, whereas
other reefs above and below it may contain many bands of fibre.

It appears obvious that in these deposits the presence of asbestos
in greater quantities than usual is a primary feature: A greater
number of thicker bands of parent-material of amphibole had been
precipitated at the time of deposition of the Lower Griquatown Stage.
These deposits of asbestos are the most difficult to locate unless

they have already been exposed on surface by erosion.

The fact that greater concentrations of asbestos are
frequently associated with folds was already known early in this
century by prospectors, and especially by the Coloured contractors,
who invariably searched for asbestos in areas where folding was
visible, In many of the more extensively developed mines,
especially north of Griquatown, eg. the Hurley and Bretby mines,

greater development of asbestos in the larger, open folds is obvious,
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Asbestos seams are more numerous and thicker towards the crests of
anticlines or the troughs of synclines. Various reefs are
frequently better developed in zones superimposed upon one another,
giving rise to the "saddle-reefs" described by Du Toit (1945, p.
191). The writer has also observed that whereseams of fibre are
followed away from the zone of maximum development towards the edges
of any deposit, the individual seams of fibre become thinner until
eventually they are no thicker than a pencil-line, and finally
vanish altogether, and that at the same time the layers of rock
above and below the seam come closer to each other until, when the
seam vanishes, they are in contaczigﬁ’separated only by the band of
magnetite which always lies adjacent to the seam of asbestos. The
place of the seam of asbestos is not taken by a band of non-
asbestiform material, except where the band of magnetite peters out

at the same time as the seam of crocidolite, as for example, in

some of the exposures in the Buisvlei mine described on page 45.

It is clear that the development of "saddle-reefs" over
vertical distances of more than one hundred feet of banded ironstone
could not have been a primary depositional feature. In areas where
the rock had not been subjected to intense folding during the period
of Post-Waterberg deformation, the fibre in the seams of asbestos is
as a rule orientated perpendicular to the bedding-planes. The
fibre shows no sign of disturbance and clearly crystallized in situ.
One is therefore led to the conclusion that the reason for the
greater development of longer fibre in the crests and troughs of the
folds is that in these positions the bands of parent-material of
amphibole were thicker than in the flanks of the folds before the
asbestos crystallized. An obvious explanation for the thickening
of the layers of parent-material of amphibole in the crests of

anticlines or in the troughs of synclines is that during the period
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of mild Pre-Loskop deformation the layers of parent-material of
amphibole were still in a fairly plastic state and relief of
pressure in such layers was effected by lateral movement of the
material. This would give rise to a series of similar folds, as
defined by Billings (1954, p. 56), in which all the more plastic
layers would become thinner in the limbs and thicker near the axes
of the folds. Stronger or more competent beds would preserve a

relatively unform thickness.,

During subsequent Post-Waterberg folding, the gentle
Pre~-Loskop folds have been intensified in many places, as, for
example, in the workings on Leelykstaat. If some of the parent-
material of amphibole was still in a plastic state during the
period of intense Post-Waterberg folding, or if the crystallization
of the asbestos was the result of dynamic metamorphism during this
period of folding as postulated by Du Toit (1945, p. 197), then one
would expect that the development of longer fibre in the crests and
troughs of the folds would become even more pronounced. At first
sight this may often appear to be the case, as for example, in the
specimen illustrated in Plate III (b). However, on closer exami=
nation it will be scen that the marked increase in the thickness of
the asbestos seams does not materially affect the true length of the
fibres of the asbestos seam. Although the thickness of the asbestos
seam in the flanks of the folds decreases, the actual length of the
individual fibres does not appear to have been affected by the Post=~
Waterberg folding. The fact that the seam appears thinner in the
flanks of the fold is due to the fact that in the flanks of the folds
the fibre is no longer perpendicular to the bedding-planes, but is
inclined thereto. The direction of the inclination of the fibres
is opposite in the flanks on either side of the crests or the

troughs of the folds. It would appear, therefore, that the seams
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of asbestos had become stretched during the period of Post-Watecrberg
folding, but that the total quantity of fibre developed remain un-
changed, regardless of the intensity of folding. The above-
mentioned facts indicate that the amphibole asbestos crystallized
after the period of mild Pre-Loskop folding, but before the
intensive Post-Waterberg deformation took place. It is therefore
concluded that the total quantity of fibre developed in the banded
ironstone was not increased during the period of Post-Waterberg
folding. This explains why the early prospectors did not find
larger quantities of asbestos in many of the folds in regions that
hnd been subjected to Post-Waterberg folding, and also explains
Wasserstein's observation (quoted on page 123 ) that the better
development of asbestos assocliated with well-developed folds does
not necessarily hold for the entire crocidolite belt. In areas
where greater quantities of asbestos had been formed as a result of
Pre-Loskop folding, and which had subsequently been subjected to
Post-Waterberg folding, but where the axes of the two sets of folds
do not coincide, there may be no obvious connection between the
folding and the distribution of the asbestos, as, for example, in
the workings on Stilverlaat, 10 miles north of Koegas. It then
becomes necessary to determine the positions of the Pre-~Loskop folds

by meticulous large-scale mapping.

In some mines, eg. the Pomfret Asbestos Mine, there is
a noticeable decrease in the development of asbestos in all tightly
folded areas. Although small 1lenses of long fibre are developed
in the crests of some of the folds, the total quantity of fibre
present in the tight folds is very much less than the total quantity
of fibre present in the same reef a small distance away from the
folds. It is concluded that most of the parent-material of
amphibole was squeezed out of the limbs of the tight folds during

folding that took place prior to the crystallization of the asbestos.
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As a result, the layers of parent-material of amphibole became
thinner in the zones of greatest stress and the quantity of
asbestos formed in thes zones is less than in areas where the

stress had not been so great.

In many mines, eg. the Koegas Asbestos Mine, there is
a decrease in the thickness of asbestos scams as some faults (now
generally occupied by dykes) are approached. That the dykes were
intruded after the crystallization of the asbestos may be inferred
directly from the recrystallization of the asbestos fibres to
tabular riebeckite crystals adjacent to the dykes. The most
likely place for faulting would be along pre-existing zones of
weakness in the banded ironstone, and these zones were probably
formed in areas where stress had been greatest. It has been
shown in the previous paragraph that the quantity of asbestos
formed in these areas is less than in arcas where the stress had
not been so great. TFaults developed along the zone of weakness,
probably at a later stage of the rock's history when relief of
pressure could no longer be obtained by plastic flow of material
along the layers. Dykes subsequently intruded along the faults,
and the asbestos seams adjacent to the dykes were 'burnt" as a
result of the increase in temperature of the rock close to the

contact with the dyke.

To summarize: Some economic deposits of amphibole
asbestos have been formed independently of structural control, but
many have been formed as a result of local thickening of the layers
of parent-material of amphibole during the period of gentle Pre-
Loskop folding. 1In areas of maximum stress during this period of
folding, parent-material of amphibole was squeezed out of the tight
folds and the total quantity of asbestos developed in them is less
than in adjacent, less disturbed areas. The crystallization of the

asbestos took place between the period of mild Pre~Loskop folding
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and the period of intense Post-Waterberg deformation. In some
arcas Pre-Loskop folds were accentuated during the Post-Waterberg
orogeny, but in other areas traces of the gentle Pre-Loskop folds

were practically obliterated by strong Post-Waterberg folding.

4, The Persistence of Economic Deposits of Amphibole
Asbestos with Increasing Depth.

A review of the literature on amphibole asbestos reveals
a2 universally pessimistic outlook concerning the persistence of
economic asbestos deposits with inereasing depth. Hall (1930, ppe
72, 75 and 262) stated that fibre was not found to persist in
economic quantities below a vertical depth of approximately 200 feet
in the Westerberg Mine, and also mentioned various other deposits
wherein the asbestos appeared to peter out roughly where the Fresh
Zone had been intersected in underground workings. He reached
the conclusion (p. 262) that "in considering the question of per=
sistence in depth, it may eventually be found that some connection
between fibre display and the present surface has to be taken into
account", and tentatively suggested (p. 263) that the latest step
in the transformation of the layers of massive amphibole into cross-
fibre scams may not depend on deep-seated conditions at all, but

upon factors within the zone of weathering.

Du Toit (1945, pp. 199 - 201) concluded that amphibole
asbestos should persist in depth, but that its most valuable
property, namely its fibrous habit, may be largely a secondary and
fairly recent property developed under weathering of a prismatic
amphibole in which a microscopically fibrous structure had up to
then been latent. In other words, economic deposits of amphibole

asbestos should be expected only in the Weathered Zone,

By means of underground development deeper into the

Fresh Zone, it has now been established that the quality of
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crocidolite, amosite and prieskaite does not deteriorate with depth.
In fact there is a marked improvement in all the physical properties
of asbestos that has been extracted from the Fresh Zone. From
specimens recently obtained from bore-holes drilled by diamond-drill,
it has now also been confirmed that the excellent quality of the
amphibole asbestos in the Fresh Zone persists to depths appreciably
greater than one thousand feet vertically below the base of the
Weathered Zone. It has also been confirmed that the quantity of
asbestos developed in the various reefs of the Westerberg Asbestos
Horizon in the Fresh Zone is comparable with the quantity of fibre
developed near surface. In some places, intersections in deep
bore-~holes have even indicated a progressive increase in the fibre
content of some reefs with depth. These observations are in
accordance with the writer's hypothesis regarding the origin of
amphibole asbestos, namely that asbestos fibre was formed by direct

crystallization, and not as a result of recrystallization of massive

amphibole under conditions of stress, weathering, or any other
influence from outside. It follows then, that economical deposits

of amphibole asbestos may be expected at any depth below surface.

The lenticular habit of the economic deposits of amphibole
asbestos has been described on pp. 132 to 138 . It follows that
all these deposits must have definite boundaries, both along the
strike and at right angles thereto, beyond which they wedge out.
Furthermore, as all the deposits described in previous literature
were originally exposed on surface by erosion, it also follows that
a portion has already been removed and that they must eventually
become uneconomical when followed along the strike and at right
angles thereto., It is from observations made on deposits of this
type that the fallacy arose that the deposits of amphibole asbestos

are restricted to fairly shallow depths. It may be added that in
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all the mines described by Hall in which the asbestos supposedly
petered out near the Fresh Zone, and in which underground develop-
ment has since been extended to deeper levels, further economic
deposits of asbestos have been discovered, and in many mines
the extraction of asbestos is now confined almost entirely to the

Fresh Zone.

The rezlization of the fact that economic deposits of
asbestos may be found at depth, even though there is no indication
of asbestos on surface, and that the quality of the asbestos from
deeper werkings in the Fresh Zone is superior to that of asbestos
found near the surface, has influenced the prospecting policy greatly
in recent years. In the past, prospecting operations were carried
out exclusively to determine the extension of deposits of asbestos
exposed on surface, whereas now the accent is on exploration for
new deposits at favourable depths so that the entire deposit of
unweathered asbestos is available for extraction. Before 1954
diamond~drilling through banded ironstone had been considered ime
possible, or at hest unreliable and uneconomical.  However,
through constant research new drilling-techniques have been
developed during the past six years so that diamond-drilling, both
from surface and underground and at any angle is now compon practice.
Exploration by drilling has been proved economical, and nearly
complete core recovery is by no means rare. In the Koegas-
Westerberg mining-area alone, over 10,000 feet per year of diamond-
drilling was carried out from the surface for several years to con-
firm the extension of asbestos at depth. The deepest hole in this

area was over 3,000 fect,

The first completely hidden deposit of asbestos to be
discovered by modern prospecting methods is that now known as the Number

Two Mine at Pomfret. The first intersections of fibre at this

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



&
N UNIVERSITEIT VAN PRETORIA
A~ 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

1

deposit werc made during the latter half of 1954, after a cover of
up to 90 feet of Kalahari sand had been penetrated in some bore-
holes. Further systcmatic drilling confirmed the presence of an
extensive, rich depsit of crocidolite. In addition, reasonably
accurate underground contours could be drawn of the various reefs
on the horizon; information which proved of appreciable value for
the future lay-out of the mine. Subsequent development under-
ground has shown that the Number Two Mine at Pomfret is probably the
richest consistent deposit of crocidolite ever found in the Northe
western Cape, even though it is not as extensive as the unique
Koegas-Westerberg deposit. Since then, other deposits have been
discovered by the same methods, so that there is now no longer any
doubt as to the persistence of amphibole asbestos at depth. This
knowledge, combined with the development of suitable, modern
exploration techniques, which are constantly being improved, assures
the asbestos industry of an adequate supply of raw material for

the forseeable future.

B. PROPERTIZS AND USES OF AMPHIBOLE ASBESTOS.

l. Crocidolite.

a, Physical Properties.

The outstanding physical characteristic of crocidolite
is its fibrous structure. The most striking difference between
asbestosand natural fidbres of animal or vegetable origin is its non-
flammability. PFurthermore, each filament of animal or vegetable
fibres is of measurable and fairly constant diameter and is
indivisible into finer filaments, whereas fibres of asbestos can
be subdivided to a degree that is limited only by the process
employed. The ultimate size of a single fibre has not yet been
determined, but, as stated on page 130 , it is probably appreciably

less than one tenth of a micron.
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Crocidolite from some deposits or reefs is more easily
fiberized in the mill than crocidolite from other deposits or reefs,
even when given the same treatment. A specimen of crocidolite that
is more difficult to fiberize therefore requires more intense mill=-
ing, and it is possible that, during this process, some of the fibres
may be broken into undesirabls short lengths. As both the length
and the diameter of the fibre are important in manufacturing pro-
cesses, the ease or difficulty of fiberization of the asbestos is

an important physical property.

It has been mentioned on page 123 that the individual
fibres or bundles of fibre in a seam of crocidolite are orientated
at random around their c-axes, so that under the microscope only an
aggregate structure is visible. This fact, combined with the
strong pleochroism and weak birefringence of the mineral, mskes
accurate determination of the optical properties of crocidolite
impossible., The refractive index of crocidolite parallel to the
c-axes of the fibres is approximately 1.70. As a rule the fibres
are length-fast, but occasional bundles appear length-slow.
Pleochroism is strong; the fibres are indigo~blue when parallel to
the direction of vibration of the polariser, and a delicate lilac

colour when perpendicular thereto.

Crocidolite has the highest tensile strength of all
asbestos fibres. From the values given in Tables VII to X, it
can be seen that there is a considerable variation in the mean and
meximum tensile strengths measured on different samples of fibre,
and that there is no relation between the values for the tensile
strength and the chemical composition of the samples.  Zukowski
and Gaze (1959) have shown, by means of photographs taken at high
speeds, that, during measurements of tensile strength, fibre failure
usually begins at a flaw on the surface but that the stress is

relieved by rupture of the relatively weak bonds between the fibres,
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thus producing broken fibres at that point, but exposing the surface

of fresh fibres which may begin to fail at quite a different place.

Crocidolite has a higher degree of elasticity than
chrysotile. The fibres are fairly flexible and suitable for
spinning. Fibres of crocidolite are also harsher than those of
c¢hrysotile, so that when a small quantity of crocidolite is added
to a chrysotile asbestos-cement mix, the rate of filtration is
increased in the manufacturing process without loss of strength
of the finished product. The asbestos-cement industry absorbs

the bulk of all crocidolite produced.

Crocidolite has good electrical insulating properties.
In contrast with chrysotile, the high content of iron in crocidolite
does not affect its use for this purpose. This apparent contra-
diction may be explained by the fact that the iron is present in
milled crocidolite as a silicate, whereas in chrysotile it commonly

appears as impurities of iron oxide.

The heat resistance of asbestos is important in many
applications, but non-flammability is sometimes confused with
refractoriness. Although unburnable, asbestos decomposes and
loses its essential physical properties at moderate temperatures,
At 400°C there is a notable deterioration in the quality of
chrysotile, which decomposes completely above SSOOC. Amphibole
asbestos will withstand somewhat higher temperatures than
chrysotile, but crocidolite fuses to a black, magnetic mass at

about 950°C.

Asbestos does not have a low heat conductivity.
(Bowles, 1955, p. 7). Its value for heat insulation is due to
its non-flammability and also to its fibrous structure, which
makes it suitable for the manufacture of laggings or boards which

do not conduct heat easily because of their porous nature.
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There is an appreciable variation in the values for the
specific gravity of crocidolite quoted in the literature., Dana
(1932, p. 578) gives a figure of 3.2 to 3.3, and Du Toit (1945, p.
169) a figure of 3.12 to 3.27. Vermaas (1952, p. 223) determined
the specific gravity of crocidolite as 3.42 (t 0,01) by the immer-—
sion method using a chemical balance and also with the aid of a
Walker Balance. He reported having considerable difficulty in
eliminating air bubbles, which probably explains the low values
given by Dana and Du Toit. Vermaass (1952, p. 224) also calculated

the theoretical value for a mineral with the composition of Na2

(Fep's Mg, o) Fel'' Sig0,, (OH), as 3.43.

b. Chemical Proyperties.

The unit cell dimensions and chemical composition of
crocidolite are the same as those of the monoclinic amphibole
riebeckite, and this indicates that crocidolite is identical in
structure and composition with riebeckite; only the habit is differ-

ent.

Of all the types of asbestos, crocidolite has the
greatest resistance to acids and alkalies, and is practically un-
affected by sea-water. It is therefore used for specialized purposes
where these valuable chemical properties are utilized, eg. for the
manufacture of battery-boxes, filter-cloth, boiler mattresses,

packings and gaskets.

The latest published analyses of South African croci-
dolite are those included in Hall's Memoir (1930, Tables 2 and 3),
Du Toit (1945, p. 176) indicated the large variation in the values
given in these analyses for SiOa, Fe203, FeO, MgO, NaZO, and
HZO' Various explanations have been put forward to explain these

disagreements, eg. impurities in asbestos samples and replacement

of Si and Na by Fe''! and Fe''.
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Specimens of crocidolite from the Fresh Zone have only
become available during the past ten years and even now the cro-
cidolite bagged at most mines consists of a mixture of fibre ob-
tained from the Weathered and Fresh Zones. As a result, all
information quoted in previous literature refers to specimens that
have been subjected to a certain degree of weathering owing to
which the true character of the crocidolite has been masked to a
greater or lesser extent. In view of the marked differences in
the composition of the banded ironstone in Fresh Zone as compared
with that of the rock in the Weathered Zone, the writer suspected
that at least some of the disagreements in the published analyses

may have been due to weathering of the fibre.

In an attempt to clarify the position, the writer
selected three series of samples from the Koegas-ilesterberg Mine:
The first series consisted of samples taken from a single reef
from surface to the deeper workings at regular intervals to
investigate the effects of weathering; the second series of
samples was taken along the strike of the same reef in the Fresh
Zone on two levels to determine whether there is a lateral
variation in the chemical composition of the same reef in the
Fresh Zone; and the third series of samples was taken from a
second reef in the Westerberg Horizon in the Fresh Zone, but on
another farm, to determine whether there is a variation in the
chemical composition of the asbestos in the Fresh Zone from reef
to reef or from farm to farm. Thesc samples were submitted to
the Central Research Laboratory of the Cape Asbestos Company
Limited, London, for chcmical analysis and measurement of tensile
strength. The results of these investigations are given in

Tables VII to X.

From Tables VII and X it can be seen that crocidolite from
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TABLE VII.
CHEMICAL ANALYSES OF CROCIDOLITE.
Al A2 A3 Mean of Al to A?

Depth below
surface (feet) 100 167 163 190 - 293
Elevation

above
M.S.L. (feet) 3189 3128 3072 -
si0, 49,40 50.85 51.40 51.26
FeZO3 19.57 18.15 17.71 17..47
FeO 18.25 19.55 19.95 20,20
Ca0 1.60 1.20 0.55 0.92
MgO 1.60 1.80 1.32 1.15
MnoO 0.12 0.06 trace 0,06
NaaO 6.28 6.25 6.20 6622
Kao 0.18 0,37 0.15 0,17
HZO + 2.75 2,26 2.20 2e¢31
HZO - 0.23 0.11 0,25 0.29
002 1.00 0.08 0.20 0,22
TOTAL 100,98 100.68 99.93 100,27
Tensile
Strength  Maximum 612,000 Lz ,000 601,000 714,000
(1b./sq.

inches) Mean 366,000 256,000 325,000 306,000

Specimens of crocidolite from the Main Reef obtained from the Weathered
(Leached) and Fresh Zones, Westerberg. (MW3, Plate XII).

Al : Leached Zone. Top of 31-1 M.R. St. face on 6.11.1957.

A2 : Leached Zone, near Fresh Zone. Bottom of 31-1 M.R. St. face

on 61 -11 01957 .
32-1 M.R.

Leached Zone, Immediately above Fresh Zone. Dre Ne,

peg 3317 a 60'N.

A>3

Analysts: Central Laboratory, The Cape Asbestos Company.

Mean of A4 to A7 : from Table VIII.
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TABLE VIII.
CHEMICAL ANALYSES OF CROCIDOLITE.
Al A5 A6 A7 Mean

Depth below
Surface (feet) 190 203 256 293
Elevation

above
M.S.L. (feet) 3062 3087 2974 2945
S:i.O2 51.70 51.00 51.45 50.90 51.26
Feao3 17.70 17.80 17.52 16,85 17.47
Fe0 20.30 20,40 19.60 20,50 20,20
Ca0 00.60 0.30 1.%32 1.45 0,92
Mg0 1.46 1.00 1.08 1.06 1.15
MnO 0.05 0.07 0.06 0.05 0.06
Na.,0 6,07 6.22 6.40 6.20 6.22
K20 0.20 0.14 0.15 0.20 017
H20+ 2,18 2.51 2.19 2437 2431
Hao- 0.25 0.39 0.28 0.22 0.29
CO2 0.23 0.23 0.23 0.20 0,22
TOTAL. 100,74 99.06 100,28 100,10 100.27
Tensile
Strength Maximum 480,000 714,000 310,000 425,000
(1v./sq.

inches) Mean 348,000 400,000 199,000 277,000

Specimens of crocidolite from the Main Reef obtained from the
Fresh Zone, Westerberg. (MW3, Plate XII).

A4 : 32-2 M.R. Dr. S., at peg 2854,

A5 : 32-1 M.R. St. Dr. N., ex 1.C.S, Boxhole (Peg 2450 + 10'N)
A6 : 33-1 M,R. St. Dr. N., ex M.R. Rse, peg 3266 + 15'N.

A7 : 33 Stn., ex No. 3 Incl., peg 1667 + 65'N,

Analysts: Central Laboratory, The Cape Asbestos Company.
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TABLE IX.
CHEMICAL ANALYSES OF CROCIDOLITE.
A8 A9 Al0 All Al2 Mean

Depth below
Surface (feet) 166 186 236 236 313
Elevation

above
M.S.L, (feet) 3064 2064 3064 2064 2950
SiO2 50.6 51.2 51.4 51.4 50,5 5140
F9203 17.6 17.6 17.4 17.5 16.7 17.4
FeO 19.7 20.0 19.6 20.4 19.9 19.9
Ca0 1.1 1.1 0.8 0.9 1.6 1.1
MgO 2.6 2.2 2.1 1.4 2.4 2.1
NaZO 6.3 6.3 6.3 6.3 6.1 6.3
H20+ 2.3 2.2 2.4 2.0 2e3 2e2
co, 0.8 0.1 0.3 0.4 0.6 0.k
TOTAL 101,00 100.,7 100.3 100.3 100.1 100.%
Tensile
Strength Maximum 746000 - - 537000 403000 -
(lbc/sqo

inches) Mean 242000 - - 227000 248000 -

Specimens of crocidolite from the Outer Reef obtained from the Fresh
Zone, Koegas (MK8, Plate XII).

A8: 8l-1 O.R. Dr, S., at peg 2503.

A9: 81-2 O.R. Dr. S., peg 2710 + 60'N,

A10: 81~5 O.R. Dr. N., peg 3218 + 90'S. (Bottom Seam).

Al1: 81-5 O.R. Dr, N., peg 3218 + 90'S. (Top Seam,72" above Al0).
A12: 82-4 0.R, St. Dr. S., peg 3360 + 98'S.

Analysts: Central Laboratory, The Cape Asbestos Company.
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TABLE X.
CHEMICAL ANALYSES OF CROCIDOLITE.
Mean of
Al3 Ak AlS Al6 Al5 and A16.
5102 50.2 51.9 52.3 5243 5243
Fe203 20.5 19.4 17.5 17.1 173
FeO 16.6 14.6 17.2 16.5 16.9
Ca0 0.8 1.1 0.7 0.6 0.7
Mg0 3.1 3.7 3.7 L.6 4,2
Na20 5.7 5.6 5.9 5.8 549
H20+ 301 307 207 2.6 2.7
CO2 0.l 0.1 0.2 0.1 O.l
TOTAL 100.1 100.1 100.2 99.6 100,1
Tensile
?tre;gth Maximum 549000 479000 330000 600000
lb./sq.
inches) Mean 275000 214000 150000 190000

Specimens of crocidolite obtained from the Pomfret Asbestos Mine.

Al3 : New Mine, Upper Reef, Weathered Zone.
Alh : Scale Workings, Weathered Zone.

Al5 : New Mine, Upper Reef, Fresh Zone.
A16 : New Mine, Lower Reef, Fresh Zone.

Analysts: Central Laboratory, The Cape Asbestos Company.
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TABLE XI.
CHEMICAL COMPOSITION AND UNIT~CELL CONTENTS OF
CROCIDOLITE FROM THE MAIN REEF, WESTERBERG,
1 2 3 4
Analysis
(Mean of A4 Atomic Unit~cell Unit-cell
to A7) Proportions. Contents, Contents.
510, 51.26 Si .8535 16,00 16,00 S1(16)
Fe203 17.47 Fe''r .2188 4,10 4,10 Fet't(4)
Fel 19 084‘ Fe!? 02757 5017 5.17
Ca0 0.92 Ca L0164 0.31) 6.02 0431} Fe!! Mg(6)
MgO 1.15 Mg 0285 0.53 0.53
MnO 0.06 Mn .0008 0.01 0.01
Na20 6,22 Na 2007 3.76; 3.83 3.76§ Na (&)
K0 0.17 K .0036 0.07 0,07
H20+ 2.31 H 2564 4.8 4,00 H (4)
TOTAL 99.450 © 2.5887 48.53 48,13 0 (48)
HEO" 0.29
FeCO3 0.58
plus 3204- (excess)
TOTAL 100.27 0.38%
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TABLE XII.

CHEMICAL COMPOSITION AND UNIT-CELL CONTZNTS OF CROCIDOLITE FROM
THE OUTER REEF, KOEGAS.

1 2 3 b
Analysis (Mean Atomic Unit-cell Unit-cell
of A8 to Al12) Proportions. Contents. Contents.
810, 51,0 Si 8491 16,00 16,00 8i(16)
Fe203 17.4 Fe''! 2179 4,11 4,11 Fe'''(4)
Fel 19.25 Fe'! 2675 5,04 5404
Ca0 1.1 Ca .0196 0.37) 6439 0.37)Fe} 'Mg(6)
MgO 2.1 Mg .0521 0.98 0,98
Na0 6.3 Na .2032 3.83 3,83 Na(l)
B0+ 2.2 H 2446 4.61 4,00 H (4)
TOTAL 99.35 0 2.5898 48,80 48,13 0(48)
FeCO3 1.05
TOTAL 100.40 plus H,O+

(excess) 0.29%
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TABLE XIII.

CHEMICAL COMPOSITION AND UNIT-CELL CONTENTS
OF CROCIDOLITE FROM POMFRET ASBESTOS MINE.

1. 2. 3. 4,
Analysis (Mean Atomic Unit-cell Unit-cell
of A15 & A16) Proportions Contents Contents
Si0, 52.3 si 8708 16.00 16.00 Si(16)
Fe203 17.3 Fe''! 2167 3,98 3,98 Fettt(h)
FeO 16.74 Fe'! .2327 4.28§ 6.42 4,28) 9.92
Ca0 0.7 Ca 0125  0.23 0.233 Na, Fot}
MgO 4,2 Mg Q042 1.91 1.91 M%lg;’“
Na 0 5.9 Na W1903 3,50 3.50
H,0+ 2.7 H +3000 5.51 4,00 H(Y4)
TOTAL 99.84 0 2.6624 48,92 48,16 0O(48)
Feco3 0.26
TOTAL 100.10 plus H. 0+ (excess)

0.74%
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the Weathered (Leached) Zone generally has a slightly
lower content of silica than crocidolite from the
Fresh Zone. There is an increase in the total content of water

during weathering of the crocidolite, as well as a progressive in-
crease in the content of ferric iron, with a concomitant decrease

in the content of the ferrous iron. In other words, the process

of weathering of crocidolite consists of oxidation of a portion of
the ferrous iron to ferric iron, and, in the Leached Zone, a portion
of the silica is removed. As a result of the
leaching of the scams of fibre, the apparent specific gravity of
untreated crocidolite decreases in the Leached Zone and the fibre
becomes less compact and more fluffy, It is instructive to note
that there is no marked decrease in the tensile strength of croci-
dolite which has been weathered to a moderate degree. Under
extreme conditions of weathering in the Leached Zone, crocidolite
alters to griqualandite, which is yellowish brown and casily rubbed
down to a powder, and which contains only about 12 per cent of

8i0

> and a negligible quantity of Fe0, whereas the content Feao3

50 about 10 per cent, (Hal1,

1930, p. 38). In the Silicified Zone, both griqualandite and

is about 76 per cent, and that of H

crocidolite are altered to tiger's eye, which consists essentially
of 8102 (93 to 97 per cent). It is clear, therefore, that the
disagreements among analyses of crocidolite published in the
literature is, at least in part, the result of examination of
specimens that had been weathered to a greater or lesser degree.
Dr. R. Gaze (written communication) states that recent work has
shown that appreciable surface-oxidation mey take place during

the course of preparation of samples of crocidolite for analysis.

This fact may explain some of the high values for Fe203 in earlier

analyses of apparently unoxidized crocidolite.

Table VIII indicates that there is little variation
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in the chemical composition of a specific reef of crocidolite in

the Fresh Zone,

Tables VIII and IX also indicate that the composition
of crocidolite does not vary much from reef to reef or from farm
to farm in any one area. It is interesting to note that the
analyscs given in Tables VIII and IX agrce reasonably well with
the analysis given by Peacock (1928, p. 256) for crocidolite
obtained from the Kliphuis Mine (Lower Horizon) near Pricska.
Vermaas (1952, pp. 224k and 225) calculated the unit~cell contents
of Peacock's specimen, and found that it corresponds closely to
thetgzpirical formula Na, Fej'' (Fel? Mg)3 §ig0,, (OH)Z, except
that/water content is too high, and stated that the unit-cell

contains two such units.

The writer has calculated in Tables XI and XII the
contents of the unitecell of the specimens for which the analyses
are given in Tables VIII and IX. It was assumed that the 002 in
the samples was combined with FeO in the form of an impurity
(siderite). The contents of the unit-cell given in column 3 of
these tables was determined by scaling the value of Si to 16, It
is clear that there is a very good agreement between the thcoretical
and calculated contents of the unit-cell, except that, once again,
the content of water is too high. In column 4 the value for H

was made equal to 4, and values for O and excess H20+ calculated.

The consistently high values for H20+ shown in all
analyses of asbestos is of intcrest. From Tables XI, XII and
XIII, column 4, it will be secen that if 0.38, 0.29 and 0.7% per
cent of H20+ is deducted from the chemical analyses of the croci-
dolite, i.¢. if the figure for H20+ is reduced from 2,31, 2.2 and
2.7 per cent to 1.93, 1.91 and 1.96 per cent respectively, then

the calculated unit-cell contents will all agree very closely with
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the theoretical values. Frankel (1953, p. 76) already found it
difficult to believe that several well-known analysts should have
obtained high values when the results of determinations of combined
water are on the low side as a rule, and concluded that the high
contents of H20+ in the South African crocidolites are real.
Whittaker (1949, p. 316) found that the (#,0,%4) position in the
unit-cell of crocidolite is unoccupied, and that this position

has its nearest atomic neighbours (oxygen) at a distance of about
2.8A. He stated that there was therefore room in this position
for a molecule of water, which could not enter or leave the
structure as in a zeolite, but could conceivably be cnclosed during

crystallization under suitable conditions.

Vermaas (1952, p. 217) suggested that the exccss water
shown in the analyses of crocidolite may be due to a small error in
the determinations of the H,O+, and Miles (1942, p. 28) suggested
that there might be some absorbed water in the thin films of talec
associated with the asbestos. Frankel (1953, p. 76) felt that
some of the excess water could be accounted for by Whittaker's
explanation cited above, but that it is possible that small amounts
of opaline silica could be present either interstitial to, or as
sheaths around, the fibres. In view of the fact that excess water
is so consistently reported in analyses of crocidolite, that the
presence of talc or opal as impurities is not suggested by chemical
and X-ray examination, and that it is theoretically possible for
water, (additional to that of the hydroxyl groups) to be accommo-
dated in the structure of crocidolite, the present writer is more
inclined to accept that the excess H20+ reported in the analyses

is present as molecules of water trapped in the crystals of

crocidolite, rather than that it is derived from impurities,

The unit-cell formula for crocidolite from thce Koegas

Asbestos Mine, calculated from Table XI, is Na3'83 caO.Bl Feé'17
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MSO.53 Fel'ln Siyg 044.13 (OH),. For crocidolite from the
Pomfret Asbestos Mine, the unit-cell formula, calculated from Table
XIIL, is Nag o Cag o3 Feiiog MBy,01 Feslgs  Shig Ouy,ie
(oH),,.

From the unit-cell contents of the specimens of croci-
dolite obtained from the Westerberg Asbestos Horizon given in
Tables XI and XII, it can be seen that the ratio of Fe''! to (Mg,
Ca) approaches 6 to 1. Vermaas (1952, p. 225) reported a ratid
of Fe'* o Mg of 5 to 1 in the unit-cell of Peacock's sample of
crocidolite from the Lower Asbestos Horizon (ex Kliphuis Mine) near

Prieska.

Four specimens of crocidolite from the Pomfret Asbestos
Mine, 250 miles north of the Koegas Asbestos Mine, werc analysed to
determine the variation, if any, in the chemical composition of
the crocidolite over large distances, The results of these analyses
arc given in Table X, and the contents of the unit-cell are calculat-
ed in Table XIII, which indicate that in crocidolite from the
Pomfret region a portion of the Na has been replaced by Fe'!, Ca and/

or Mg, and that the ratio of Fe'' to (Mg, Ca) approaches 2 to 1,

Whittaker (1949, p. 312) calculated the following ionic
formula for Bolivian crocidolite:
(Nay 59Kq 130801780, 25 (M8, g1Fe] 'dg Feblug Alg o5) (8, guhly og)
0,5 (OH)Z’ from which it may be seen that the ratio of Fe!! to
Mg is of the order of 1 to 6 as compared with 2 to 1 for Pomfret
erocidolite and 6 to 1 for Koegas crocidolite. Bolivian crocido-

lite also has a lower content of sodium than Cape crocidolite.

The replacement of one element by another in varying
proportions is a prevalent characteristic of all the varietics
of amphibole asbestos. This variation in composition gives rise to

corresponding changes in their physical and chemical properties,
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apart from the effect of the presence of impurities in the milled
fibre. Bowles (1955, p. 3) cites the example of anthophyllite,
which may give satisfactory service for some specific use when
obtained from one locality, whereas anthophyllite from another
deposit, although appearing tc be exactly the same, may be unsatis-

factory.

Few details have yet been published regarding the
variations in the physical and chemical properties of crocidolite
brought about by isomorphous replacement of the various elements
in the molecule, but many manufacturers make comparative tests and
then specify the locality, or even the mine, from which they wish to
obtain fibre, eg. in the asbestos~cement industry crocidolite from
the Cape Province is apparently preferred to crocidolite from
Australia, which, in turn, is preferred to crocidolite from the

Trensvaal.

The problems of procuring suitable amphibole asbestos
are therefore much more difficult and complex than those of procuring
ore from which metals are extracted, because the metals, when pure,

have constant properties, no matter from where they originate.

2. Prieskaite,

Peacock (1928, pp. 260 to 264) first described a
greenish grey cross-fibre asbestos which is found in a mamner
identical to that of crocidolite on Middelwater, Keikamspoort,
and Kalkfontein in the Prieska District. TFrom a chemical analysis,
combined with the optical properties of the fibre, he identified
it as amosite. Kirkman (1930, p. 17) described similar fibre
from Naauwte, on the bank of Orange River opposite to that on
which Middelwater lies, and stated that the fibre was '"of too poor

a quality to be of use". Hall refers to this fibre in his Memoir
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(1930, pp. 39 and 60). After an X-ray examination of Peacock's
somple, Rabbitt (1948) identified it as actinolite. Frankel |
(1953) included a chemical analysis and a D.T.A. curve of a sample
of similar fibre from Kameelfontein, which lies immediately north
of Naauwte, and stated that the fibre lacks the flexibility and
strength of crocidolite. In his Table 8 (p. 145) he quotes the
tensile strength of actinolite asbestos as being 1,000 pounds per

square inch and less.

By detailed mapping the writer has establishced that
this greenish grey fibre is found only at a certain fixed
stratigraphical position in the Prieska-Koegas area, as described

on page 46 . Nowhere on any of the properties mentioned in the
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TABLE XIV
CHEMICAL ANALYSES OF PRIESKAITE.
Pl P2 P3
5102 L7.04 52.40 53.8
’l‘i.O2 trace trace -
Alao3 7.02 nil or trace 1.2
Fe203 2.43 6.37 1.9
Fel 26.10 235.11 25.3
Ca0 10.84 9,30 10.2
Mg0 L.96 L.73 4.3
MnO 0.15 0.12 0.4
NaZO trace 0.35 0.k
K20 trace 0.05 0.1
H20+ 1.05 3.07 2.6
HZO- 0.45 0.31 -
P205 trace n.d. -
S 0.05 nodo -
CO2 0.10 n.d. 0.2
TOTAL 100.19 99.81 100.4

Pl. Prieskaite.(Amosite,according to Peacock) Kalkfontein, C.P.
(Peacock, 1928, p. 263, No. IV.)

P2. Prieskaite.(Actinolite, according to Frankel) Kameclfontein,
C.P, (Frankel, 1953, p. 76, No. 1).

P3. Prieskaite. Westerberg, Koegas Asbestos Mine. (New analysis).

Analysts: Central Laboratory, The Cape Asbestos Company.
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previous paragraph has the fibre been exposed to morc than thirty
feet below the outcrop, so thot the specimens described by Peacock
(1928) and Frankel (1953) must have been obtained from very near
the surface. The present writer was able to obtain unweathered
samples of the fibre from 350 feet below surface in thce Westerberg
Mine and from bore-hole intersections at nearly 900 feet below sur-
face. The refractive indices of the unweathered fibre perallel
and at right angles to its length are 1.683 and 1.662 respectively.
The optical propertics of the unweathered fibre are therefore
identical to those of the weathered fibre given by Peacock (1928,
p. 261) and Frankel (1953, p. 76). Specimens of the fibre from
the Fresh Zonc were examined in the Central Laboratory of the Cape
Asbestos Company, and it was found that the tensile strength of

the fibre was of the order of 165,000 pounds per squaxre inch. A
chemical analysis was carried out in order to confirm the identifi-

cation of the fibre, and is given in Table XIV, No. P3.

No elaborate separation of the impurities from the
fibre was carried out, and it is probable that the material
analysed contained some free carbonate, quartz, and possibly iron
ore. It is therefore not possible, at this stage, to calculate
accurately the contents of the unit-cell. Nevertheless, some

conclusions may be drawn from the analyses quoted in Table XIV,

namely

1) there is an appreciable variation in the content of
aluminium in samples of fibre taken from various locelities,

(i1) the content of ferric iron in the fibre is much lower than
that of both amosite and crocidolite, and

(ii1) therc is an increase in the ratio of Fe''' to Fe'' in the

fibre during weathering as in crocidolite and amosite.

In view of the pmarked difference in the physical
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properties, mode of occurrence and origin of this fibre compared
with those of the amphibole actinclite and the material generally
referred to as "actinolite asbestos'", the writer has proposed the

name "'prieskaite" for this fibrs. (Page 29 ).
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v STALRY AND COUNCLISIONS.

The object of this study has been to present the
characterigtics of the deposits of crocidolite in the Cape
Province, as well as those of the rocks with which the

asbestos is associated,

Unweathered specimens of the rocks and the asbestos have

only become available for investigation during the course of

the past ten years.

The rock exposed above the water-table has been altered to
such a degree that conclusions regarding its origin cannot

be based on examination of specimens of this rock,

Not one of the existing theories explained satisfactorily
the origin of the rock or of the associated amphibole
asbestog, and the persistence of economic deposits of

amphibole asbestos in depth has been open to doubt,

Unweathered banded ironstone consists of alternating, thin
loyers of pure chert, magnetite, stilpnomelane, minnesotaite,
riebeckite and carbonate, and layers consisting of mixtures
of these minerals in which any one mineral may predominate,

Seams of crocidolite are interbedded along certain horizons

in these rocks.

The writer has come to the conclusion that the banded
jronstone was formed fram material precipitated chemically
in a restricted basin of deposition, in which the rate of
gedimentation exceeded the rate of subsidence, The
characteristic banded appearance of the rock resulted from
slight variations in the pH and Eh in the basin of deposi-
tion coupled with the intermittent introduction of solutions

containing predominantly either compounds of iron or of

silicon,

The lithification of the banded ironstone was a long, continuous

procass which took place under slowly changing conditions, during

which the mineralogical composition was reorganized continuously
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in an a“tempt to maintair equilibrium. Movenont of material
during crystallization was insignificant and confined to the

limits of individual layers,
The effects of regional metamorphism are negligible.

The amphibole asbestos was not formed as a result of stress set
up during periods of regional folding, but crystallized directly

from a colloidal precipitate of parent-material of the amphibole.

The fibrous varieties of amphibole developed as a result of the

crystallization of minute needles of the amphibole perpendicular
to an initiating surface of pre-existing magnetite. Where
no magnetite was present, there was no control over the orienta-
tion of the crystals formed from the parent-material, and layers
consisting of intimately intergrown, unorientated crystals of

amphibole were formed,

The crystallization of the amphibole asbestos took place between
the periods of mild Pre~Loskop and intense Post-Waterberg de-
formation, and the quantity of asbestos developed is of'ten re-

lated to the gentle Pre-Loskop folding,

The writer feels that these views on the origin of the amphibole
asbestos and the rocks of the Lower Griquatown Stage offer a
satisfactory explanation for the distribution of the asbestos

and its fibrous structure.

By means of underground development decper into the Frosh Zone,
it has now been established that the quality of the amphibole
asbestos improves below the Weathered Zone, and that the
quantity of fibre developed is not related to the depth below
surface.

Several new, completely hidden deposits of crocidolite have

beon discovered by application of the principles outlined in

this thesis.

This knowledge, combined with the development of suitable
modern techniques of exploration, assures the asbestos

industry of an adequate supply of raw material for the

Parageaable future,

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



&
N UNIVERSITEIT VAN PRETORIA
A~ 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

164

VI. ACKNOWLEDGMENTS .

The writer wishes to express his sincere appreciation
to the Board of Directors of the Cape Asbestos Company for giving
him the opportunity of studying the nature and mode of occurrence
of the amphibole asbestos produced from their mines, for financial
assistance, and for their permission to incorporate the information

obtained in this thesis.

The writer would like to thank the numerous persons
associated with the Cape Asbestos Company, and in particular the
Manager and staff of the Koegas Asbestos Mine, for their interest
in the work and for assisting him in obtaining specimcens and

information, and in the preparation of the manuscript.

The chemical analyses and measurements of tensile
strength inc¢luded in Tables I, VII, VIII, IX, X and XIV were supplied
by the Central Laboratory of the Cape Asbestos Company, Limited,

London.

The writer is indebted to Dr. D.J.L. Visscr of the
University of Pretoria for reading the manuscript critically and

for his many helpful suggestions.

Thanks are due to Dr.W.R. Liebenberg and Mr. R. J.
Ortlepp, of the Government Metallurgical Laboratory, Johannesburg,
and to Dr. H. Heystek and Mr. R.0O. Heckroodt of the Ceramics
Unit of the Council for Scientific and Industrial Rescarch,
Pretoria, for assistance in obtaining the X-ray diffraction-

patterns of various rocks and minerals.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



&
N UNIVERSITEIT VAN PRETORIA
A~ 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

165

REFERENCES .

ALEXANDROV, EUGENE A. (1955). Contribution to studics of origin of
Precambrian banded iron ores. ZEcon. Geol., Vol. 50,

pp. 459-468.

BIEN, G.S,,CONTOIS, D.E., and THOMAS, W.H. (1958) The rcmoval of
soluble silica from fresh water entering the sca. Geochim.
et Cosmoch. Acta, Vol. 14, pp. 35-54.

BILLINGS, M.P. (1954). Structural Geology, Second Edition. 51k pp.
Prentice-Hall Inc., New York.

BOARDMAN, L.G., and VISSER, D.J.L. (1958). The geology and mineral
deposits of the Griquatown area, Cape Province: Geol.
Surv. Union S. Afr. Expln. Sheet 175.

BOWEN, N.L.,and SCHAIRER, J.F. (1932). The System FeO=SiO
J. Sci., Vol. 24, pp. 177-213.

2. Amer N

BOWLES, OLIVER (1955). The Asbestos Industry : U.S. Bureau of Mines,
Bull. 552, 122 pp.

BRODERICK, T.M. (1920). Economic geology and stratigraphy of the
Gunflint Iron District, Minnesota: Econ. Geol., Vol. 15,
pp. 422-452,

BROWN, J.S. (1943). Supergene magnetite: Econ. Geol., Vol 38,
Pp . 137"1""8 .

BRYANT, E.G. (1925). The formation of blue asbestos: S. Afr. Min.
Engng. J., Vol 35, PtII, No. 1740, pp. 565-566.

CASTANO, J.R.,and GARRELS, R.M. (1950). Experiments on the depo-
sition of iron with special reference to the Clinton iron
ore deposits. Econ. Geol., Vol. 45, pp. 755=770.

COOPER, L.H.N. (1935). Iron in the sea and in marine plankton. Proc.
roy. Soc., Vol. 118, pp. 419-438.

COOPER, L.H.N., (1937). Some conditions governing the solubility of
iron. Proc. roy. Soc., Vol. 124, pp. 299~307.

CORRENS, C.W. (1950). Zur Geochemie der Diagenese: Geochim. et
Cosmocho ACta, Vol. l, ppo l+9"'5'""

DANA, E.S. (1932). A Textbook of Mineralogy, Fourth Edition. John
Wiley & Sons, N.Y. 851 pp.

DU PREEZ, J.W. (1944). The structural geology of the arca east of
Thabazimbi and the genesis of the associated iron ores.
Annals Univ. Stellenbosch, Vol. 22, Sect. A, Nos. 1l-1lk4,

pp. 263-360.

DU TOIT, A.L. (1945). The origin of the amphibole asbestos deposits
of South Africa. Trans. geol. Soc. S. Afr., Vol. 48,
pp . 161"206 .

DU TOIT, A.L. (1954). The geology of South Africa, Third Edition,
611 pp. Oliver and Boyd, London.

FLASCHEN, S.A.,and OSBCRN, E.F. (1957). Studies of the system iron
oxide-silica-water at low oxygen partial pressures. Econ.
Geol., Vol. 52 pp. 923-943,

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
N UNIVERSITEIT VAN PRETORIA
A~ 4

166

FRANKEL, J.J. (1953). South African Asbestos Fibres. Min. Mag.,
Lond. Vol. 89, pp. 73-83 and 142-149,

FRIEDMAN, S.A. (1954). Low temperature authigenic magnctite. Econ.
Geol,.,, Vol. 49, pp. 101-102.

GARROD, R.I.,and RANN, C.S. (1952). Preliminary X-ray studies of
crocgdolite and amosite. Acta Cryst., Vol. 5, Part 2,
p025-

GILL, J,E. (1927). Origin of the Gunflint iron-bearing formation.
ECOI].- Geolo, VOl. 22’ pp. 687"‘728.

GOODWIN, A.M. (1956). Facies relations in the Gunflint iron formation.
Econ. Geol., Vol. 51, pp. 565-595.

GRUNER, J.W. (1922). Origin of sedimentary iron-formations: the
Biwabik Formation of the Mesabi Range. Econ, Geol.,
Vol. 17, pp. 407-460.

GRUNER, J.W. (1944a). The structure of stilpnomelane re-cxamined.
Amern Min- 9 VOl. 29, 291-298 [

GRUNER, J.W. (1944b). The composition and structure of minnesotaite.
Amer. Min., Vol. 29, pp. 363-372.

HALL, A.L. (1918). Asbestos in the Union of South Africa, First
Edition. Geol. Surv. Union S. Afr., Mem, 12, 152 pp.

HALL, A.L. (1930). Asbestos in the Union of South Africa, Sccond
Edition. Geol. Surv. Union S. Afr., Mem. 12, 324 pp.

HARKER, ALFRED (1939). Metamorphism, Second Edition, Mathuen & Co.,
London. (Third Edition, 1950, 363 pp.)

HUBER, N. KING, (1958). The environmental control of sedimcntary
iron minerals. Econ. Geol., Vol. 53, pp. 123-140.

HUBER, N.K.,and GARRELS, R.M. (1953). Relation of pH and oxidation
potential to sedimentary iron mineral formation. Econ.
Ge()l LY VOl . #8 (] ppo 337-357 L

HUTTON, C.0. (1938). The stilpnomelane group of minerals. Amer. Min.,
VOl . 25 [] pp . 172"206 .

HUTTON, C.0. (1945). Additional optical and chemical data on the
stilpnomelane group of minerals. Amer. Min., Vol. 30,
pp. -714-718.

ILER, R.K. (1955). Colloid chemistry of silica and silicates. Cornell
University Press.

JAMES, H.L. (1951). Iron formation and associated rocks in the Iron
River district, Michigan. Bull. geol. Soc. Amer., Vol. 62,
PPe. 251'2660

JAMES, HAROLD L. (1951). Sedimentary facies of the Lake Superior
ironbearing formations and their relations to volcanism
and geosynclinal development. Bull. geol. Soc. Amer.,
Vol. 62, p. 1452.

JAMES, H.L. (1954). Sedimentary facies of iron-formation. Econ.
GeOl L) Vol . 49 9 Ppn 235-293 .

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



&
N UNIVERSITEIT VAN PRETORIA
A~ 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

167

JAMES, H.L. (1955). Zones of regional metamorphism in the Pre-
cambrian of northern Michigan. Bull., geol. Soc. Amer.,
Vol. 66, pp. 1455-1488.

KIRKMAN, H.L. (1930). Some notes on crocidolite and amosite
occurrences in the Union. Trans. geol. Soc. S. Afr.,
Vol. 33, pp. 13-18.

KRAUSKOPF, K.B. (1956). Dissolution and precipitation of silica at
low tegperatures. Geochim., et Cosmoch. Acta, Vol. 10,
p. 1"‘2 .

KRUMBEIN, W.C.,and GARRELS, R.M, (1952). Origin and classification
of chemical sediments in terms of pH and oxidation-
reduction potentials., J. Geol., Vol. 60, pp. 1-33.

MASON, BRIAN. (1958). Principles of geochemistry, Second edition,
310 pp. John Wiley & Sons, Inc. New York.

MILES, K.R. (1942). The blue asbestos bearing banded ironstone
formations of the Hammersley Ranges, Western Australia,
Bullc Geolo surv- Wo Austo NO. 100, Pto l, pp' 5"370

MOORE, E.S.,and MAYNARD, J.E. (1929). Solution, transportation and
precipitation of iron and silica. Econ. Geol., Vol. 24,

pp. 272-303, 365-402, 506-527.
ONTARIO RESEARCH FOUNDATION (1958) Iron Ore Minerals.

PASCOE, H, (1941). Discussion on a paper by W.E, Sinclair. Trans.
Instn. Min. Metell., Lond., Vol. 50, pp. 417-418.

PEACOCK, M.A. (1928). The nature and origin of the amphibole
agzestos of South Africa. Amer. Min., Vol. 13, pp. 24l-
284.

PETTIJOHN, F.J. (1957). Sedimentary Rocks, Second Edition, 718 pp.
Herper & Brothers, New York.

RABBITT, J.C. (1948). A new study of the anthophyllite series.
Amor. Min., Vol. 33, pp. 263-323.

RANKAMA, K.,and SAHAMA, Th. G. (1950). Geochemistry, 912 pp.
The University of Chicago Press.

RICE, C.M. (1949). Dictionary of geological terms: Edwards Bros.,
Inc., Michigan, 461 pp.

ROGERS, A.W. (1907). Geological survey of parts of Bechuanaland and
Griqualand West: Geol. Comm., Cape of Good Hope,
Eleventh Ann. Rep.

ROGERS, A.W. (1937). The Pioneers of South African geology and
their, work. Trans. geol. Soc. S. Afr., Vol. 39,
Annexure, 130 pp.

ROGERS, A.W.,and DU TOIT, A.L. (1908). Report on the geology of
perts of Prieska, Hay, Britstown, Carnarvon and Victoria
West. Ann. Rept. geol. Comm. for 1908, pp. 9=109.

ROGERS, A.W.,and DU TOIT, A.L. (1910). Report on the geology of
parts of Kenhardt, Prieska and Carnarvon. Ann. Rept.
geol. Comm. for 1909, pp. 8-108.

SPENCER, E.,and PERCIVAL, F.G. (1952). The structure and origin of

the banded hematite jaspers of Singhbhum, India, Econ.
Geol., Vol. 47, pp. 365-383.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
N UNIVERSITEIT VAN PRETORIA
A~ 4

168

SPIROFF, KIRIL (1938). Magnetite crystals from meteoric solutions.
Econ. GeOl., VOlo 33’ pr 818-8280

STOW, G.W. (1874). Geological notes upon Griqualand West. Quart. J.
geO].. SOC. Londn, VOl. 30’ ppu 581-680.

TABER, S. (1916a). The genesis of asbestos and asbestiform minerals.
Bull. Amer. Inst. Min. Engrs., No. 119, pp. 1973-1978.

TABER, S. (1916v). The growth of crystals under external pressure.
Amer. Jo SCin, Vol. L"l, ppo 532-5560

TABER, S. (1917a). The genesis of asbestos and asbestiform minerals.
Trans. Amer. Inst. Min. Engrs., Vol. 57, pp. 62=87.

TABER, S. (1917b). The origin of chrysotile veins. Econ. Geol.,
VO].. 12, pp. L’? 'J+79'

TABER, S. (1924). The origin of veins of fibrous mincrals. Econ.
Geol., Vol. 19, pp. 475-486.

T4BER, S. (1926). Metasomatism and the pressure of growing crystals.
Econ. Gecl., Vol. 21, pp. 717-727.

TRUTER, F.C., WASSERSTEIN, B., BOTHA, P.R., VISSER, D«JeL., BOARDMAN,
L.G., and PAVER, G.L. (1938). The geology and mineral
deposits of the Oliphants Hoek Area, Cape Province: Geol.
Surv, Union 8, Afr. Expln. Sheet 173.

VAN BILJON, W.J. (1959). The nature and origin of the chrysotile
asbestos deposits in Swaziland and the Eastern Transvaal.
Unpublished thesis, Witwatersrand University.

VAN HISE, C.R.,and LEITH, C.K. (1911) Geology of the Lake Superior
Region. Mon. U.S. Geol. Surv., No. 52, 641 pp.

VERMAAS, F.H.S. (1952). The amphibole asbestos of South Africa.
Trans. geol. Soc. S. &fr., Vol. 55, pp. 199-229.

VISSER, D.J.L. (1944). Stratigraphic features and tectonics of
portions of Bechuanaland and Griqualand West: Trans.
geol. Soc. S. Afr., Vol. 47, pp. 197-254.

VISSER, D.J.L. (1957). The structural evolution of the Union: Proc.
geol. Soc. S. Afr., Vol. 60, pp. xiii-l.

WALGNER, P.A. (1928). The iron deposits of the Union of South Africa,
Geol, Surv. Union S. Afr., Mem. 26, 264 pp.

WHITE, D.E., BRANNOCK, W.W.,and MURATA, K.J. (1956)., Silica in hot-
spring waters. Geochim. et Cosmoch. Acta, Vol, 10,

pp . 27-59 .

WHITTAKER, E.J.W. (1949). The structure of Bolivian crocidolite,
Acta. Cryst., Vol. 2, Part 5, pp. 312-317.

WINCHELL, A.N. (1951). Elements of Optical Mineralogy, Part 1I,
Fourth Edition, 551 pp. John Wiley & Sons, Inc., New York.

ZOBELL, C.B. (1946). Studies on redox potential of marine sediments.
Bull. Amer. Ass. Petrol. Geol., Vol. 30 pp. 477-513.

ZUKOWSKI, R.,and GAZE, R. (1959). Tensile strength of asbestos.
ﬁature, Vol. 183, pp. 35-37.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



(a)

IVERSITEIT VAN PRETORIA
IVERSITY OF PRETORIA
NIBESITHI YA PRETORIA

PLATE 1.

1. 2, 3.

(a) Banding in the rocks of the Lower Griquatown Stage.

1.

2.

3.

(b)

Faint banding near the contact between the Lower
Mudstone Beds and the Lower Shale Beds. Bore-~
hole W4, depth 290 feet.

Regular, sharp banding in finely-laminated shale with
thin veins of quartz and carbonate., Westerberg
Asbestos Horizon. Bore-hole Wl, denth 335 feet.

Irregular banding in Lower Banded Ironstone Beds.
Bore-~hole W2, depth 2855 feet.

(b) Folded strata near Section 12 (MK12), Weilbach Valley. (The
stadia-rod is 14 feet long).
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PLATE II.

(&)

(a) Folding in #he trough of the Weilbach Syncline, Section 11,
Koegas (MK11),

(b)

(b) Folding in the trough of the Weilbach Syncline, Section 11,
Koegas (MK1l),
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PLATE III.

AP Sy ™ A W

B TGS O 8,8, 1 9 o, B P
()
(a) "Slip-fibre" from shear-zcne. Section 3, Koegas (MK3).
(b)
s g al g a ‘ )
_‘_'3 0f 62 §2 22 &2 o2 v OR, 77, T, O 61 WX 2K ﬂ_‘l_‘)’t‘ﬂ tt]ﬂﬁﬂ_}_!;l_"__fiiﬁ;f'
1 2,
(b) Crocidolite in folds:
1. Malips Drift, Transvaal.
- Leelykstaat Mine,

TR Fe 4 [ i o L Y R 7 R RO

(e)

(a)
(¢) Three scams of crocidolite, Main Reef, Section 3, Westerberg (MA3).
The upper two seams are se?arated by a thin, contorted layer of magne=
tite, giving rise to "cone" or "corrugated" structures. The fibre in the
bottom seam is inclined at about 50 degrees to the bedding-planes.

(d) Folded seams of crocidolite in massive riebeckite, near the trough of
a minor syncline. Inner Reof, Soction 8, Westorberg (MW8).
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PLATE IV.

(a)

(a) General view of the Westerberg Valley behind the mill and power
station, seen from north of the Orange River.

(v)

(b) Tvo small dykes cutting through banded ironstone. Near Section
7, Koegas. (MK7).

INCHES.

(e)

(e) "Blob" of riecbeckite and two thin seams of erocidolite in Lower
Banded Ironstone Beds, Buisvlei Mine.
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(2) Rhombs of carbonate (high relief) in ground-mass of minnesotaite
(needlos) and quartz (clear), Ordinary light, X 100. Lower
Banded Ironstone Beds, Buisvlei Mins,

(v)
(b) Detail of (a). Ordinary light, X 500.

(e)

(¢) Needles of minnesotaitc and small crystals of carbonate in a matrix of
microcrystalline quartz, Ordinary light, X 100. Lower Shale Beds,
Westerberg.
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PLATE VI.

(a) (b)

(a) Chert band: Carbonate rhombs (high relief) in band of clear quartz.
Ordinary light, X 25, Lower Banded Ironstone Beds, Westerberg.

(b) As for (a) : Crossed Nicols.

B - -B
()
(¢) Mo bands: lower consists of quartsz, carbonate and stilpnomelane,
upper consists of quartz, magnetite and riebeckite. Note

elongation of quartz grains and preferred orientation of riebeckite
laths and needles in top band at an angle of 30 degrees to the

bedding-plene (BB).
Ordinary light, X 25. Lower Banded Ironstone Beds, Westerberg,
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PLATE VII.

(a)

(g) Vein of riebeckite (grey) cutting across layers of riebeckite and
magnetite (black). Note magnetite band pushed aside by riebeck-
ite vein, Crystals of riebeckite larger in vein then in layers.
Ordinary 1light, X 100. Upper Banded Ironstone Beds.

Westerberg.

(v)

(b) Detail of vein of quartz cutting through bands magnetite and of
chert, which contains small, disseminated crystals of magnetite.
Note needles of riebeckite growing into quartz vein, radiating prefer-
entially from the ends of magnetite bands bisected by the vein,
Ordinary light, X 100. Upper Banded Ironstone Beds, Westerberg,
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(a)

(a) DNeedles of riebeckite in chert band radiating preferentially from
cores of magnetite (black). Small needles in chert band are orien-
tated at random, Ordinary 1light, X 100. Upper Banded Ironstone
Beds, Westerberg.

(b)

(e)
(b) and (c) Needles of riebeckite showing partial orientation perpendi-
cular to thin bands of magnetite separating bands of chert which

contain small needles of risbeckitc orientated at random,
Ordinary light, X 100. Upper Banded Ironstone Beds, Westerberg.
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(a)

(a2) Small rhombs of carbonate lying in shale consisting of alternating
layors of chlorite (pole grey) and chlorite and carbonate (dark
grey). Ordinary light, X 100. Lower Shale Beds, Westerborg,

(v)

() Angular fragmoents of clastic quartz (and occasional feldspar) in a
ground-mass of altered chloritic material and eryptocrystalline
quortz. Ordinary light, X 100. Upper Mudstone Beds, Koegas.

(c)

(¢) Abnormally large flakes of minnesotaite (grey) with magnetite (black)
in thermally metomorphosed rock. The original banding of the magnetite
is disturbed, but is still clearly visible. Ordinary light, X 100.
Westerberg Beds, Westerberg.
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PLATE X.

(a)

(a) Scams of crocidolite (pele grey) and bands of magnetite (black) in
wide band of massive riebeckitc (medium grey, speckled).
Ordinary light, X 25, Westerberg Asbestos Horizon, Westerberg.

(c)

(b) and (c) Seams of prieskaite, partly roplaced by carbonate (pale
groy, streaky), bands of magnetite (black), and bands of finely
disseminated magnetite, carbonate and actinolite (medium grey,
speckled). Ordinary light, X 25. Prieskaite Horizon,

Westerberg.
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