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ABSTRACT

Recently discovered base metal (Zn>Cu>>Pb) massive sulphide
deposits in the Northern Cape district of Prieska occur at
Kielder 12 kilometres north-west of a similar Zn-Cu deposit,
the Copperton mine., Three massive sulphide bodies knouwn

as K3, Kl and Kb occur as stratabound massive sulphide lenses
within granulite grade quartz~feldspar gneisses, basic granu-
lites and amphibolites. Extensive exploratory core-drilling
provided specimens of the massive sulphides, their disseminated
pyritic haloes and the enclosihg wall rocks in an area of poor
outcrop with extensive calcrete and sand cover and, in places,
in situ Karoo Super-~group Dwyka System varved shales.

| Geothermometry and geobarometry using garnet-biotite, garnst-
cordierite, garnet-hyperstheney,and the FeS content of sphaler-
ites showed a gradual metamorphic gradient from east to west,
with the K3 area suffering P=T conditions of 635°C and 6,0 Kbars;
the K1 area 686°C and 5.8 Kbars and the K6 arca 590°C znd 5.6 °
Kbars. The presence of amphibolites and lower-grade metamorphic

~

mineral assemblages indicate retrograde metamorphism which from
geothermometry of cordierite grain edges, occurred at a tempera-
‘ture of 530°C. Metamorphic mineral assemblages correspond to
the Regional Hypersthene or Granulite high grade zone. The
sulphide textures exhibit typical high grade metamorphic features
such as coarse grain size (30.85mm), exsoluticn blebs of chalco-~
pyrite in sphalerite and pyrrhotite in pyrite, Abundant evi-
dence of sulphide/gangue reaction exists with the presence of
\phlogopite, rutile, gahnite and the alteration of pyrite to
magnetite, The pyrrhotite grain size coarsens concomitantly

with the increasing metamorphic grade from K6 to K3,

Lithostratigraphic correlation has been aided by the use of
immobile trace elements, in particular, Ti, Zr and Y, The
northern pyroxene aranulites have similar trace elements con-
tents to their stratigraphic equivalents which formed the
immediate hanging wall to the K3 mineralization and differ,
geochemically, from the southern nyroxene granulites which

are not associated with mineralization,

The elements Al, Mn, Co, Ti, Y, Zr, Mg, Fe, P, Ni and Nb were
immobile under the metamorphic conditions reached at Kielder,



‘The relative abundances of major and hace elemenis and Niggii
values of the amphibolites are typical of igneous rocks where-=
as the pyroxene granulites have a geochemistry typical of
pelites, carbonate pelites and in the immobile wallbrocks of
the proximal massive sulphide, Mg-enriched pelites, The
geochemistry of the ortho-amphibolites shows them to have

similarities to ocean-island tholeiites,

The three mineralized zones have been identified as exhalative
base~metal massive sulphide deposits with the typical simple
sulphide mineralogy of pyrite, pyrrhotite, sphalerite, chalco-
pyrite and gaiena with a gangue of barite, chlorite, phlogopite,
apatite, tourmaline and quartz, The massive sulphide lenses
occur within different lithologies with a possible stratigraphic
correlation between K3 and K6 horizons although poor outcrop
prevents definite correlation, The K6 represents a more distal
facies whereas the K3 is a proximal massive sulphide deposit
although they may not have had a common vent. The K1 body,

the least well-~developed mineralization,occurs within slightly
older lithologic units, The K3 body exhibits strong vertical
mineralogical and metal zoning and associated chlorite altera-
tion zone and has formed above its own hydrothermal exhalative
system, The K6 body with its absence of metal zoning, lack

of an alteration zone but an associated B,I.F. in the hanging
wall represents a distal facies exhalative massive sulphide.

The K1 body has intermediate characteristicse.

The chloritic/silicifiéation alteration zone formed below the
K3 (and the K1) massive sulphide lens at the time of its forma-

tion has been metamorphosed to a quartz-cordierite rocke.

The manganese content in the wall rocks, as exhibited in the
garnet chemistry, is higher in the distal K6 area than the K3
and K1 areas, Narrow manganese haloes (~5 metres wide) surround

the massive sulphide lensese.

Mineralogical and metal zoning and the presence of alteration
zones in their hanging walls show the steeply dipping K3 and-
K1l sulphide bodies to be ovexrturned, The KB sulphide body is
steep;y dipping but the stratigraphy is not inverted.

The Copperton/Kielder district, when compared with typical massive
sulphide districts elsewhere, is shown to have the potential for

further base metal disccveries,



"Besides, what we are pleased to call the riches
of a mine are riches relatively to a distinction

which nature does not recognize".

John Playfair, 1802,

S0

"Go, my SOﬁs; buy stout shoes, climb the mountains,
-; search the valleys, the'deserts, the sea-shores and
the deep recesses of the earth. : Mark.mell the
Vafious kinds of minerals, ndte their properties

~and their mode of origih",

Petrus Severinus, 1571,
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1. INTROGUCTION .

lele Location

The Kielder properties cover 8568 hectares'in the digtrict'
of Prieska, Northern Cape Province and are situated lZ,kms
to the northwest of the operational (1 8500 tornes ore per
day) zinc-copper mine at Copperton (Fig. 1). g

Three massive sulphide bodies known as K3, Kl and K6 occur
in the extreme east and central part of Kielder, 2 ‘and 4.5
kms apart respectively (See Map. No. 4),

The peneplained surface corresponds to the Bushmanland
surface as defined by Mabbutt (1955) with the elevation
varying from 1040 to 1100 metres above sea level, Two
drainage systems, flowing to the north-east and 50uth—
-west respectively, form the lower elevations as broad,

sand choked, poorly defined "stream beds".  Ubiquitous
calcrete is developed to thicknesses of >»1m and this is
covered by ~30cms of red sandy soil (or 21.5m in the stream
"beds). Pebbles and cobbles of Dwyka Tillite derived erratics
are scattered over the sandy surface, In situ basal Dmyka’

. varved shales occur below the sand and calcrete in the

R

“extreme south-east of the K3 area, There is no surface
expression of the Karro Supergroup presence, and was dis-

covered by core drilling which intersected 30m of this
vellow shale, Prior to the discovery of the gossan by
Newmont South Africa Limited prospectors in 1976,n0
knomledgé of mineralization was known on the properties.
The area is sparsely populated and consists of monotonous,
undulating,barren, semi~desert ‘with the only agriéulture
possible being sheep and goat ranching. Water is obtained
from boreholes which yield feeble amounts (100-1000 lltres
per hour) of brackish water.

1,2, Aims

The aims of the present study are:-

(i) To establish a detailed stratigraphy of the three
sulphide bodies and their wall rocks by observation
of thin and polished sections of core and surface

rock specimens,



(ii) To attempt coxrrelations hetween the three areas
" hased an the ahove stratioraphy oand trnoce and
ma jor element geochemistiry in an area where
surface expoéure is minimal to nonexistent,
(iii) To detefmine the pre-metamorphic rock type using
' - trace and major element analyses of the amphibolites
_ and basic granulites, ' _

(iv) To determine the grade of metamorphism and P-T
gradients across the properties using varicus
mineral pairs as geothermometers and geobarcmeters
and the mineralogy and textural observations of the
thin sections,. ' | ' o

- (v) ~ To observe the effects of metamorphism on the
textures and mineralogy of the sulphide horizonsg

(Qi) "~ To establish a model for the origin of these base

: metal deposits and, using the model, to predict the
existence, likelihood,and location. of further such

deposits in the Copperton-Kielder region.

1,3, Apbroach

le3cle Surface Mapping

A surface geological map (See Map.No, 4) was completed by

the author during the last quarter of 18756 at a scale of
1:10000, Survey grid lines 400m apart were traversed across
the properties with two flanking field assistants to find the
. rare outcrops and any possible gossan float. Aerial photo-
graphs wefe empleyed but were of limited use because of poor
outcrop and lack of vegetation patterns, In many areas the
lithology below the ubiquitous calcrete and sand had to be
deduced from the cobble sized float,. OQutcrops were usually
less than lm across and with poorly-foliated gneisses and

- granulites, measurement of the foliation was very difficult.
The map therefore is of limited use but nevertheless does show
the regiocnal strike and dip of the stratigraphy and the gossan
occurrences, :

Detailed plane table mapping was initially done by P.G., Gresse
(Newmont company report 1978) of the three gossan areas and
these maps were later modified (See fMap Nos. 1, 2 and 3) by



the authox using informaiion obtained from trenching,
pitting, shallow percussion drillino and core drilling.
The plane table mapping obviously suffers from the same

"limitations ocutlined above,

1.3.2, Diamond=-drilling and Core Logging

From April 1977 to July 1979 thirty diamond-drill holes
totalling ~7500m of core were completed on the three\gqssan
- occurrences and their lateral pyritic extensions. The
bulk of the core was logged by the author exéept for the
early drilling which was done by P,G. Gresse (Newmont
company geologist) and the later drilling which was legged
by various geolecgists from Prieska Copper Mines Pty, Ltd.
However, all the core was relogged and sampiéd by the author
at a later date. . , ,

Because the weathering is deep (~100m),and the stratiform
sulphidé bodies are steeply dipping, inclined drill holes
had to be collared to intersect the sulphides below the
leached zone; this had the fortunate result of producing
extensive intersections of the hanging wall host rocks,
The mineralogy, foliation, mineralization, faults and
shear zones were logged and this information plotted on
cross-sections, All the drill-~holes were measured by the
author using a "Sperry-Sun Multishot" borehole instrument
to determine the exact inclination and "off-section" drift
of the holes. ) _ '
The cross-sections were all redrawn after the detziled
petrography was established by microscopic examination

and enabled Yhole to hole" correlations, (see cross-

sections 1 to 16).

loe3o3. Sampling

Specimens of 10-15cm of core were sampled in each drill

hole for thin sectioning’ih strategic places in each drilled
area, The locations of these specimens are marked on the
cross-sections except where sampling was too intensive.

Type specimens for each lithology used for core logging

were also thin sectioned.



targer (2 7 gy) Sprimcns vthich wera ysed for rhole reck
analyses (and thin sectioning) represented somé 2 metres

of core intersection. |

Intersections of sulphide horizons required for economic
metal analyses were sampled in lengths up to 1.5m split
lengthuwise; the half-core beihg retained for observation

and polished thin sections,

Ten kilogram surface specimens were also collected for
chemical analysis and thin sections, (The localities are
marked on the geological maps 1 to 4),

All samples from both core and surface were fresh and un-
weathered, '

285 samples of core were taken, 80 of which were bulk sampled
for analysis and 15 surface bulk samples were collected (See

Appendix V), e j

le3o.l, Petroqraphic Microscope Examination

Rll sections were cut normal to the foliation and specimens
with more than 1% opaque phases were cut into polished thin
sections to enable identification of the opaque minerals.
Mineral proportions were estimated,either using the visual
comparison system established by Terry et al, (1955), or by
point count analysis. _ _ o

Any minerals which were difficult fo identify or ambiguous
were analysed by X-ray diffraction if present in sufficient
quantities or by electron microprobe if single grains.,

The enigmatic textures of the granulites'and gneisses were
described according to the terminology established by Moore
(1870),which is strictly descriptive and devoid of any
genetic connotations, | o

The detailed petrographic descriptions of each rock unit

. and phqtomicrographs are contained in Appendix I,

le3s5, X-ray Diffractometry

The detailed methods of X-ray diffiaction are contained in
Appendix VI. ' ,
X-ray diffraction was particularly useful in the identification

" of the clay minerals and chlorites found in the gangue, the



finer grained amphibolites and some ot the ambiguou5'cblour;
less pyroxenes in the wall rocks, |
Hexagonal and monoclinic pyrrhotite were distinguished semi--
quantitatively after Arnold (1962 and 1966) and Graham (1969)
and confirmed by the magnetic colloid method after Scott

(1974) (See Appendix IV). The presence of the two polymorphs
‘were determined to allow the use of the sphalerite geobarometer
~and to detect possible zoning (with respect to the pyrrhotite

polymorphs) within the mineralized zones,

1.,3.6., Geochemistry

" The detailed X-ray fluorescence analytical and hicroprobe'
methods are contained in Appendices II and III.

It has been attempted to prove that certain elements renaln
immobile under the conditions of metamorphism attained here.
Variation trends, metal ratios,and ternary diagrams involving
_fhese elements have been used to distinguish between amphibo-'
lites and basic granulites of igneous and sedimentary parentage.
Secondly, it is attempted to distinguish between the different
stratigraphic units. Thirdly, it is proposed, after the
methods suggested by Pearce and Cann (1873) and Yinchester

and Floyd (1976) to identify the tectonic setting in which

. the -volcanics were formed, : ,

The bulk rock analyses for Cu, Zn, Pby, Ag and Au in the
sulphide zones have been used to indicate the metal zona-
tion. )

In addition to the qualitative analyses'of minerals, chalco-
_pyrlte, galena and sphalerite were analysed semlquantltatlvely
by microprobe for silver to find the host when no dlscrete_
silver minerals could be identified in the ore.,

Quantitative analyses of biotite, garnet, cordierite,
orthopyrokene and sphalerite were completed for geothermom-
etry and ‘geobarometry and in the latter case to determine

the impurities in the main ore mineral,

1.3:.7, ODpaque Mineral Etching

The isotropic sulphide minerals were etched to enable the



study of the grain size and interrnal textures, The results
are discussed in section 3.3. and the methods used are out-
lined in Appendix IV, The metamorphic gradient which is
present from the K3/Kl to K6 area provided an excellent
opportunity for studying the effects of .varying grades of
metamorphism on the sulphide grain size and texture,

lot, Previous Work

These relatively recent sulphide deposit discoveries by
Newmont South Africa Ltd.,, and subsequent core drilling

(1977 to 19280) have not been studied in any detzil grior

to this present :esearch. A company report by>P.G. Gresse
(1978) included the surface mapping and drilling up to that
date and subseguent brogress reports have been completed by
the author. Some limited petrographic (12 thin section
descriptions) work was completed under contract by Prof,

'J. McIvor of the University of the Witwatersrand, The

only published literature dealing specifically with Kielder
is a discussion by Gorton (1880) on a paper on metamorphism
north of the Kielder area by Botha et.al (1979). The latter
authors were cautioned for extrapolating metamorphic isograds
across éreas of rare outcrop and ignoring the presence of
retrograde metamorphism, Botha et.al's preference for
regional studies is not always feasible and detailed studies
of areas "exposed" by core drilling or mining will aluways be
more definitive, | .
Recent lead isotope work on the K6 banded iron formation by
D, Cornell (pers. comm,) suggests a similar origin to that

of the Copperton ore-body, Research on the 47 million

. tonne Cu-Zn massive sulphide deposit at Copperton has been

' published by Cornell (1975), Middleton (1976), Wagener (1980)
and Koeppel (1980). These provide excellent material ror
comparison.with'the Kielder ore bodies and it has become

" clear that they have similar origins and deformational
histories, » : '

- The only published regional map of the area (Niddleton, 1975)5
which was based largely on aeromagnetic and other geophysical datsa

- supported by . aerial and satellite photography, is incorrect,



Subccogusnt moppling Ly Neuwamont Zcuth ATrica Limited and
Prieska Copper Mines has proven the previous idea cof a
volcanic pile to be falacious. Wagener (1980) inter~
prets the stratigraphic sequence enclosing the Copperton
ore body as being predominantly meta-sediments wi uh

dacite in the footwall, '

Lead isotope data (Koeppel, 1980) and Rt/Sr data (Cornell,
1875) from the Copperton ore body and wall rocks respect-
ively,suggest an age of 1305me.y, and the lead isotope
~characteristics indicate a mantle origin, Notwithstanding_ﬁ'
the isotopic data, the age of the Copperton /Kielder rocks
and the entire Namaqua Metamorphic complex remain contro-
versial (Joubert, 1876; Kroner, 1976; Koeppel, 1980),

The relationships between the Marydale banded iron
formation and greenstonés dated at >2530 m;y.(Cornell

and Barton, 1979),the Haib Volcanics at 1980 mey. (Reid
1975), the Bushmanland sequence hosting the Gamsberg and
Rggeneys orebodies at 1300 mQy.(Koeppel, 1980), the Kaaien
quartzites, and the Namaqua Metamorphic rocks hosting the
Prieska and Kielder sulphide deposits remain unresolved,
Pressure/temperaﬁure conditions from wall rock geothermometers
and barometers are reported for the Copperton ore body as
680-720 °C and 4-6 Kbars (Cornell, 13875).

At present,a South African Geodynamics project to produce

a strip naa across the Kaapvaal-Namaqua metamorphic complex
close to the Copperton-~Kielder area,is in progress (Scott,

W,D, and Cornell, D.H.)e



2 STRATIGRAPHY

The dotails ofF thg i-rvaensictent, intzzfingerling notuzce of
the stratigraphy are best observed on the cross-sections
(Crosswsections 1 to 16); nevertheless, the macroscopic
features of the units are briefly described individually.
The detailed mineralcgy, textural features and hand speci-
men description for each unit are in Appendix 1.

2019 The K3 Area

201lcle The K3 Footwall Stratigraphy

The banded biotite-garnet gneiss (Unit 15),;and the felsic
sillimanite gneiss (Unit 1l4),form the bulk of the footwall,
The mineralogy of Unit 15 is variable and the rock has
characteristics intermediate between the diopside plagioclase
granulite (Unit 12) and the banded hypersthene granulites
(Unit 13). - Nevertheless,the unit is macroscopically very
distinct. The unit interfingers with other rock types with
individual bands varying from 10 to 60m thick,

The overlying felsic sillimanite gneiss (Unit 14) is petro-
graphically identical to its hanging wall equivalent (Unit 5)
and macroscopically it is similar in its interfingering nature.
It is found as bands varying from 5 - 50m in thickness inter-
bedded with the banded hypersthene granulite biotite garnet
gneiss (Unit 13). Except for the central section of K3
(ieee the well developed massive sulphide),there is a narrow
band of Unit 14 (5 - 1l0i wide) immediately below the sulphide
zZone, . , |

The banded hypersthene granulite (Unit 13) underlies the
diopside plagioclase granulite (Unit 12), varying in thick-
ness from 20 to 30m. In the central K3 area it is persis-
tent, but to the west this rock type is stratigraphically
lower in the footwall, is interbedded with felsic sillimanite'
gneiss,and the thickness here varies from 6 to 12m in three
distinct units (see Cross-section 3). '

In the eastern end of K3 (Cross-section S) this unit forms
the bulk of the footwall, 130m below the massive sulphide
is a 10-15m zone cf disseminated pyrite and pyrrhotite within
the banded hypersthene granulite,

The immediate footwall unit, the diopside plagioclase granu-
lite (Unit 12), reaches a maximum thickness of 15-20m immedi-
ately below the massive sulphide unit. The unit
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“unc.umomuty

Felsic pyritic gneiss.

Hypersthene - cordierite - pyritic

granulite

Sillimanite ~augen pyritic quartzite.

200m Banded biotite gneiss.

Amphibolite.

Felsic sillimanite gneiss.

Hypersthene quartz garnet granulite,

Porphyroblastic hypersthene biotite
granuhte

Amphibolite.

Quartz-cordierite-sillimanite granulite,

Massive suiphide with intercalated

A siliceous zones.

Diopside plagioclase granulite.

Banded hypersthene granulite.
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wedges out to the east (and douwndip) but reappears as a

thin hand £+22) on Section S57.,  This ihin “onZ is Inber-
bedded with the banded hypersthene granulite (Unit 13) 12m
below the sulphide zone on Section 56E,and 15m below the ore
on Section 54E, |

Where the diopside-plagioclase granulite is absent from the
vicinityvof the ore. horizon the suiphides are not massive,but
disseminatec within a quartz cofdierite-sillimanite gneiss,
Towards the west of the K3 area this unit is found deeper
down in the footwall. On Section 53t the unit occurs as two
. thin (~3m) bands interlayered with felsic gneiss,and on Section
52€ the unit is 22m thick, The contacts with adjaéent rocks

are sharp and conformable,

e Y The K3 Sulphide Unit

The unit has a maximum thickness of 18m (including thé inter-
calated 5-6m thick siliceous zone)in the central part of the

K3 area but thins to «6m along strike and down-dip. There

are sharp contacts with the footwall diopside plagioclase
granulite (Unit 12) and. the hanging wall quartz-cordierite-
sillimanite granulite (Unit 10), although the latter displays
more disseminated sulphides (mainly pyrite, minor pyrrhotite
and chalcopyrite) than the former, Where the ore zone is
thickest, an intercalated siliceous zone is present, the
contacts between the sulphide and felsic rock being sharp.
Along strike to the east and west the massive sulphides become
progressively less massive,until the unit is‘represented by
‘thin lenses (~30cm) of semi-massive pyrite, pyrrhotite,and
traces of chalcopyrite within the gquartz~ cordierite-
sillimanite unit (Unit 10),. This facies change takes place
over ~v50m, ’

The individual zones, with their corresponding metal contents
are illustrated in Fig. 5.7 Kizeme? |

The upper pyrrhotite zone varies in thickness from 0.5 to 5.5m,
and is directly below the quartz-cordierite-~sillimanite
granulite (Unit 10),or as in KDH 4,below an upper siliceous‘
zone lens,

The sphalerite zone varies in thickness from £0.5m to 5m thick,
and is either a discrete unit separated from the other sulphidesb

by lenses of siliceous rock,or it grades into the
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overlying pyrrhotite zone. _

‘The siliceous zone lenses vary in thickness from l0cm to Sm,
Rlthough usually free of sulphide it can contain stringers
of sulphides near its contacts and throughout the thinner
lenses,

The lower pyrite-pyrrhotite zone forms the base of the
sulphide unit and its thickness varies froem lm to 3m. The
unit usually grades upwards into the sphalerite zone (i.e.
in drillhole KDH2), or is in sharp contact with the overlying
siliceous zone (i.e. in drillhole KDH3), There is also a
similar sulphide unit interbedded within the quartz cordierite
sillimanite granulite (Unit 10) in one instance (see drill-
hole KDH3 ' Cross-section 1).

The major differences between the three massive sulphide -
sub-zones are tabulated below;

TOP BASE
" Pyrrhotite Zone (<5.5m) Sphalerite Pyrite-Phyrrhotite
Zone ($5m) Zone (Max. £5m)
(1) Py/po 0.15 3.0 2¢0
(ii) Sph/Cpy , 1 10 : ’ 2.5
(1ii) % Sulphide 85% 75-85% » 60~75%
(iv) Ag. (PPM) 3.5 5 B 6 ,
(v) Ma jor Gangue Phlogopite Chlorite Chlorite
Minerals Sericite Edenite Calcite
Quartz Barite Cordierite
Quartz Barite
Apatite Apatite

X-ray diffraction indicates a predominance (i.e. ~85~30%) of
~monoclinic pyrrhotite over thé hexagonal variety, In places
the hexagonal presence-is below the detectable value of 10%.
Sampling from each sub-unit within the massive sulphides failed
to reveal any zoning of pyrrhotite varieties, |

2¢1e30 The K3 Hanging-wall Stratiqraphy

The quartz-cordierite-sillimanite granulite (Unit 10) forms
the immediate hanging-wall to the sulphide unit,and varies in
thickness from 4 to 16m, The contact with the massive
sulphides is sharpe. The unit is persistent in areas where
semimassive lenses of sulphides are developed instead of
massive sulphide units,

There is a variation in the Py/Po ratio and sulphide/oxide
‘ratio along strike within Unit 10, In the central area of
K3 where the unit forms a discrete hanging-wall to massive



- 1] -

sulphides, the Py/Po ratic varies from 0.1 -~ 0.5 with traces

of chalcopyrite and minor sphalerite within 4cm of the massive.
sulphide, Towards the east,Py/Po varics frem 2 to 6, and
sulphide/oxide (magnetite) «#10, Towards the west of the
central massive sulphide occcurrence,Py/Po varies from 10 to 2
and sulphide /foxide &1, ' '

The cordierite-hypersthene~quariz granulite (Unit 9) occurs
above the thickest development of massiye sulphide (i.e, central
‘K3 area) and varies in thickness’ from 5 to-20m., UWhere the under-
lying sulphides thin and become less massive the unit pinches
out;or alternatively,the sulphides occur as disseminated pods
within this unit. ‘ |

The porphyroblastic hypersthene biotite granulite {(Unit 8)
reaches a maximum thickness of 30-35m on Section 54E in the
central area of K3, It appears to pinch out to the west

(i.e; 15m on Section 53E and 8m on Section 52E) and east (i.e.
zero on S55E and 20m on 56E), The unit also interfingers with
the overlying hypersthene-quartz-garnet granulite‘(Unit 6) and &
underlying hypersthene-cordierite granulite (Unit 8); the con-
tacts with both these units are gradaticnal, -

Amphibolite (Unit 7) forms two marker units in the hanging
wall, The upper unit is usually 5-10m thick and is developed
at the contact between the banded biotite gneiss (Unit 4) and
the hypersthene-garnet-quartz granulite .(Unit 6), The lower
unit is found 10-40m above the ore horizon. ‘Both units are
best developed in the western K3 area (Cross-sectiong 528 and
53£) and lens out towards the east}althodgh the upper unit is
more persistent, Both units appear to wedge out rapidly
downdip. | v

Hypersthene-quartz-garnet granulite (Unit 6) occurs as two

well defined bodies, The upper body reaches its maximum
thickness (55m) on Section 52€ in the extreme west of K3.

The lower unit is 5m thick on this section, The units inter-
finger with the felsic sillimanite gneiss (Unit S) towards the
east, Neither unit was encountered on Section 55Z but both
reappear in the extreme east on Section 56& where they are 15m
and 5m thick, The upper unit is banded (50cm wide bands)s
with felsic and intermediate layers., Some felsic,coarse bands
~contain up to 75% quartz with biotite and plagioclase making up
the remainder.

The felsic sillimanite gneiss (Unit 5) has a variable thickness

yet it is ubiquitous. A similar unit (Unit 14),in the foot-



- 12 -
wall of the sulphide unit has been discussed separately.
On Section 54E the unit reaches its maximum thickness of
110m but decreases in thickness down-dip and towards the
east, where it becomes interlayered with other units.
Towards the west it thins to a unit 30m thick with a sub-
ordinate layer (~10m thick) locwer down in the sequence,
At a depth of 440m on Section 54E the unit increases in

thickness (~60m), : .
Numercous pegmatite lenses and bodies occur within the gneliss;

up to 40% of its mass consisting of pegmatite. The contacts
between gneiss and pegmatite are gradationzal, There is a

gradual increase in grain size from the gnesiss to a massive
pegmatite in which the sillimanite content is generally less

" than in the adjacent sillimanite gneiss,., Large amounts of
pegmatite lenses were intersected in drillhole KDH 4 (Section
1) within the banded biotite gneiss (Uniﬁ 4). These are
thought to represent lit-par-lit intrusions of pegmatités
emanating from the adjacent interfingering felsic sillimanite
gneiss, '

The banded biotite gneiss (Unit 4) has a variable thickness
(average 200m) but is ubiquitous in the Kielder area..

In the eastern end of K3 the unit is interlayered with the
felsic sillimanite gneiss,but towards the west the latter

unit predominates, On cross-section 54E thes interfingering
of these units is most pronounced, Pégmatites are found in
the banded biotite gneiss on Section S4E,

- The sillimanite-augen pyritic quartzite (Unit_B) has a minimum
thickness of 15m,but the true thickness is unknown.because the
lower contact is with the intrusive granodiorite, The ‘,
hypersthene-cordierite-pyritic granulite (Unit 2) has a thick-
ness of 15m,although it was intersected only on Section 54E,
The underlying sillimanite-augen pyritic quartzite (Unit 3)
has a sharp contact with this unit. |

The true thickness of the felsic pyritic gneiss (Unit 1) is
not known as it is unconformably overlain by Owyka Group
shales. The lower contact with hypersthene-cordierite pyritic
gneiss is gradational, The minimum thickness is 25m, Near
surface the rock is highly weathered to a clayey gneiss.

The upper pyritic units (Units 1, 2 and 3) are aSsumgd to be
stratigraphic equivalents of the Kl massive sulphides which

occur 2km to the west; poor outcrop prevents positive
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correlation (See Map 4). However, geophysical survevs,
in particular around mannetics and resistivity/TP, tend

to support a correlation,

2:1.4, The K3 Intrusives

A coarse grained granite (Unit 17) was enccuntered in only

one drill hole (i.e. KDH4 on Section 54E), where it exists
below a major fault breccia zone, The breccia zone is

l1.5m wide and consists of highly fractured quartz and feldspar
(altered to clay minerals) with extensive ($30%) quartz énd_
calcite veining. The granite body is 15m wide,and its basal
contact is sheared., The rock has no preferred orientation

of minerais and is a post-tectonic Qranife.'-

A granodiorite sill (Uhit 18) ié best developed on Section

S4E and dips to the north-east. h
Consequently)the rock is not encountered on Secticns 53E and
52, A second sill is seen only on Section 54E (as no other
section had diamond drill holes in this southern area). The
contacts are always sheared and there has been considerable
displacement {~100m) aldng this contact, The upper granodiorite
contact is well preserved and sharp and can be observed in a
single thin section (RKG 88) over a distance of ~5mm, The
contact cross-cuts the foliated diopside granulite and from
this it is estimated that the granodiorite sill dips shallowly

to the north-east,

2:.26 The K1 Area . - ¢

2.2.1. The K1 Footwall Stratigraphy

Quartz-cordierite-garnet gneiss (Unit 10) forms one of the
lower units in this area and is interbedded with the diopside
-amphibolite (Unit 9) and reaches a maximum thickness of 30m.
In the extreme north-east the unit is underlain by a quartz-
biotite gneiss (Unit 3) with a gradational contact betuween
them. I

Diopside amphibolite (Unit 9) forms the bulk of the footwall,
with the thickness varying greatly from 2100m in the south-
west to €15m in the north-east. The change in thickness is
accompanied by a slight minesralogiczl change)i.e. a mineor
amount of quartz is found in the north-eastern unit,whereas

it is absent. in the souths Towards .the base of the unit in
the south the diopside content increases from <5% to ~20%,

The diopside content in the north (only the upper unit is



ALLUVIUM, SANG , CALSRETE.

> >
v v v
9
< <
A A
> 7
Y

TA9V>“

YRR 4
bl‘ll

Unconfomitly

Banded biotite gneiss.

Amphibole quartz granulite,

“Quariz - biotite gneiss.

Hypersthene - cordierite - biotite
gneiss,

Quartz- plagioclase - garnet gneiss.

Quartz - cordierite granulite.

Sulphide zone.

Felsic sillimanite gneiss.

Diopside amphibolite.

Quartz - cordierite - garnet gneiss.

Diopside amphibolite,

5 -

THE K1 AREA STRATIGRAPHY

 CONSTITUENTS

Lg o o

Quartz, plagioclase, orthoclase,
biotite.

Edenite, hornbilende, quar iz,
labradorite, cordierite, garnet,
‘diopside. -

Quartz, plagioclase, { labradorite )
biotite, hypersthene £ garnet

Hypersthene, cordierite, biotite,
quartz, piagiociase.

0y

Quartz, plagioclase, biotite, garnet.

Quartz, cordierite, plagioclase, ;
hypersthene, biotite, =~ - ]
Pyrite, quartz, chalcopyrite, sphalerite,

cordierite.

Quartz, plagioclase, orthoclase,
biotite, siilimanite.

Hornblende fabradorite, diopside,
quartz.

Quartz, cordierite, plagiociase,
perthite, garnet, biotite.

Hornblende, labradorite, diopside,
quartz.

FIG 4.

(4] 10, 20 kI AY)

0m 2121




le/¢

S 7 4 | 9.
Esemo 1 ] ¢
S 9ld
. ( ZL HOY HAO) : FRERAT,
ANOZ 3AlHdINS ¥ 3HL L\
VAVaVaVv/
. RV aVaVaV
. VAV VeV
. . : ,A/L\
_ “apuTwns \/\/m\/\
- ‘asejscyiio ‘asedoibeid ‘zyseny NS 3
AV NN/
. VAVAVAW,
[ 6S1IND ILINVYWITHS u_m,_mn__ VAV AVA N/
|
“FU3I|ED pue
; SIYOUIIAD ( 2)ti01ud B ) ‘aibuninyy
“311IATO31EUS ' ase)doibe|d “a3uatpiod 1
3711191€Uds ‘21!dobolyd *zysenb 'STIIAg ¢
\ ’ . *a11101q ' 3uayissadhy
‘ase)doibeld ‘ajtiaipiod - Zlienh 9
{ 3L1IINNYYD 311YII0Y0D - ZLYvND |
MOl s8L9SYE T Lot s o SO L 9 s ye vrjor st o ¢
(3/6) by °/e Qd -*le 1D ° UZ B
SIN3LINQD TVI3W 3OVIGW3SSY T1VYHINIW




- 1% -

intersected) is onlv pressnt in mino™ auantities, The
plagioclase composition varies randomly within the unit
(particulariy in the scuthern unit) from bytownite (AbZBAn72)
through labradorite to andesine (Ab52An48).

Felsic sillimanite gneiss (Unit 8) is similar to the gneiss
(Unit 14) found in the K3 area and the intercalated cosarse
pegmatitic rock is also present, with the same relationships
as described before, _ _

A maximum thickness of 30m is attained in the south-west, with
thinning to the north and east to a minimum of 4m, In all
five (K1) sulphide intersections this unit forms the immediate
footwall, In the extreme west this unit is found in the
hanging wall of the ore and has a thickness of 2.5m, Minor
bands (<8m wide) of this lithology are found lower in the
footmall'interbedded with the diopside amphibolite and the
guartz cordierite garnet gneiss (Units 8 and 10),

2.2¢24 The K1l Sulphide Unit

N

The massive sulphide unit (Unit 7) varies in thickness from
4~5m in the south-uwest to 1-2m in the north-east. The
contact with the underlying felsic sillimanite gneiss is
sharp and appears sheared in places, ‘

The thickness of the sulphide unit may be dependent upon the
location within the synform (See Cross-sections 6 to 10),
with the thickest development expected in the fold closure
(as yet unproven). ‘

In the extreme north-east (drill-hole KDH 23, Cross-section 10)
:the sulphide unit changes its character.  There are two thin
sub-units (~2m each) interbedded with amphibolite, although
‘the lower has the characteristic sillimanite gneiss as foot-
wall, The sulphides here are similar to those in the south-
east, except the total sulphide content is generally lower
(€¢45%) and minor galena is present,

The possibility that the north and south "limbs" as discussed
above could be different stratigraphic units does exist.
However, as in the other areas (K6 and K3) the impersistent
nature of individual stratigraphic units is typiczal, Conse-
guently,the thinning of the amphibolite (Unit 9) and the
vsulphide unit in the north,together with some minor migﬁealo—
gical differences is not sufficient evidence to postulate

separate stratigraphic units,. Structural evidence (See Map 2)
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exists at surfece to indicate a fold closure.  Nevertheless,
conclusive evidence can  only be obtained by coredrill

probing dcun plunge ot the fold axis,.

2e2e34 The Kl Hanaoing-—-wall Stratigraphy

The quartz-cordierite granulite (Unit 6) forms the immediate
hanging wall to the sulphide unit,and varies in thickness from
3 to 15m; towards north and north-east the unit is absent.

It appears that the thicknesses of this unit and the sulphides
vary sympathetically, The contacts with the adjacent units
are sharpe

The gquartz-plagioclase-garnet gneiss (Unit 5) has an average
thickness of 25m, and is fairly consistent in the K1 area (see
Cross~-sections 6-~10). The gradational contact with Unit 3
"is manifested in a gradual decrease in garnet content. The
contact with the more mafic amphibole~quartz granulite is
sharpe '

The hypersthene-cordierite~biotite gneiss (Unit 4) is
impersistent and is found on the south-west of the K1l only,
with a maximum thickness of 25m thinning rapidly to/the east
and north (See Cross-section 6). The contact with the over-
lying quartz-biotite gneiss is sharp but it grades into the
underlying quartz plagioclase garnet gneiss (Unit 5),

The thickness of the quartz-biotite gneiss (Unit 3) is vari-
able from 15 to 30m, ,

The amphibole-quartz~granulite (Unit 2) consists of two
similar rock types; a more felsic edenite~quartz litholoagy

is interbedded with a mafic amphibolite, the contacts being
gradational, The thickness of this unit is variable because
of its presence\in a fold hinge, the true thickness in the
west of K1 is 12-~16m. |

The unit changes towards the east in that the overall thick-
ness increases (£30m), it becomes interbedded with guartz-
plagioclase~garnet gneiss (Unit 5) and the amphibolite
variety predominates over the edenite-quartz granulite which
is 4m thick. '

The banded biotite gneiss (Unit 1) has not been sufficiently
cored by drilling to provide a true thickness, however it
‘has a minimum thickness of 20m. The rock is similar to the

banded biotite gneiss of the K3 area.
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2e2sbt0 The K1 Intrusive Rocks

Apazt from the numerous pegmatitic lenses within the felsic
sillimanite gneiss, minor amounts of thin (< 1m) quartz-
orthoclase pegmatites cut the various rock units,

Zade The KB Area

2e3ele The K6 Footwall Stratiqraphy

Biotite garnet gneiss (Unit 2) forms the bulk of the foot~
wall (and the hanglng wall) of the sulphide unit and all
cther units are intercalated within it. In the footwall
there is at least 80m of this gneiss containing 1ntercalateo
amnhlbollte and felsic sillimanite oneiss,

Variations in quartz and plagioclacse contents are random

and not related to proximity to major amphibolite-units,
massive sulphides,or any other lithologies, Neither can
any systematic mineralegical variation with depth or strike
be established. '

The amphibole-hypersthene granulite (Unit 6) is more common-
ly found in the hanging wall, however, minor bands (<15m
thick) are found within the biotite garnet gneiss of the
footwall, ‘

Minor bands of amphibolite (Unit 4) usually < 5m thick occur
within the biotite garnet gneiss below the sulphide zones,
Magnetite~Ilmenite porphyritic amphibolite (Unit 8) is found
within 10m of the massive sulphide unit,usually in the
immediate'f‘ootmallo It is always intercalated with the
biotite garnet gneiss, except where ferming the immediate
base to the massive sulphides, and has well defined contacts,

263026 The K6 Sulphide Units

The felsic stringer-sulphide unit (Unit 8) is a nazrow (<2m),
impersistent zone,which underlies the massive sulphides in
places; its upper and lower contacts, with garnet gneisses,
are always sharp,

The sulphide unit (Unit 7) is composed of two distinct rock
types; a massive sulphide zone (sulphide »65%) and a semi-
massive micaceous sulphide zone (~50% sulphldes) The
overall thickness of the unit varies considerably from 0.3
to 5m, and appears to vary randomly, although a thicker ore
shoot may plunge to the south (as yet unproven).

The unit has a sharp contact with the hanging wall gneisses
with a narrow halo (<2m) of sulphide minerals extending
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upwards; the underlying felsic stringer ore also has sharp
suntacts wille the Curner madbsive osulpinide. Tiie contace
relaticnship between the massive and semi-massive varieties
is gradational; and usually occur in equal preportions,

2eJele The K6 Hanainng~wall Stratigraphy

The felsic sillimanite gneiss (Unit 5), mineralogically
identical to the units found in K1l and K3, is found as
impersistent bands throughout the sequence,varying from

<lm to 25m, The thickest development is in the'hanging

wall in the north of K6, intercalated with the biotite-

garnet gneiss (Unit 2).

A narrow (~5m) band of this rock foyms thé immediate hanging
wall to the massive sulphides, in places. The contact is
sharp, However, extending ~2m from the sulphide contact

the felsic gneiss contains up to 5% disseminated magnetite,
pyrrhotite, chalcopyrite and rarely galena.’

Biotite garnet gneiss (Unit 2) forms the bulk of the hanging
wall and is identical to the gneiss in the footwall. Two
major bands exist above the massive sulphide and banded iron
formation (60m-and 150m respectively),

The amphibole~hypersthene granulite (Unit 6) is impexrsistent
but uswally occurs below the amphibolite (Urnit 4) horizon,

and minor bands occur in immediate hanging and footwall of

the massive sulphides (see Cross-section 12). The thickness
varies from 3 to 25m. The mineralogy is also variable as.
can be seen in Appendix l. ‘

Amphibolite (Unit 4) is found in the hanging-wall within the
garnet-biotite gneiss (Unit 2) and at its thickest is 80m in
the south but thins rapidly to the north to only Sm (See Cross-
sections 14 and 15). The unit is found midway between the
banded iron formation (Unit 3) and the massive sulphides (Unit
7).

A narrow band (42m) usually separates twc banded iron forma-
tion units (see Fige 7 )

The banded iron formation (Unit 3) cccurs as two distinctv
units within the biotite garnet gneiss, Between the two
iron formation bands is amphibolite and minor felsic sillimapntte
gneiss, Their relationships can be seen on Cross~sections 11,
12, 13, 14 and 16;, Both units vary in thickness from 0.1 to
lm)with the upper being consistently thicker at 0,75m, Minor



- 18 -

lenses of B,I.F. (~1 - 2cms) oécasionally occur within the
intercalated amphibolite,

This unit is persistent throughout the K6 area and serveé
as a valuable marker horizon consistently 135m above the
massive sulphides. }

Quartz-feldspar gneiss (Unit 1) exists as intercalated
bands ( 10 - 2Cm thick) within biotite~garnet gneiss and
felsic sillimanite gneiss (Units 2 and 5 respectively).

It has gradational contacts with the former gneiss,

203040 The K& Intrusive Rocks

Acid'pegmatites occur throughout the K6 area as narrow
(<3m) lenses, usually concordant with the foliation. The
felsic sillimanite gneiss, as was the case in the K1 and

K3 areas, contains frequent pegmatite lenses.

204, The Southern Granulite

Due to lack of exposure and no drilling in this area a
minimum thickness of this uhit, a pyroxene granulite, can
only be obtained, The widest outcreop in the south-cast of
the property (see Map. Mo, 4) is approximately 100 metres,
The enclosing rock types can only be described as felsic
gheisses, However, this unit, by virtue of its resistant
nature, does form one of the few marker horizons on the
property. It strikes easterly in the south-east portion
of the area and wraps éround in a reqional structure to
'strike northerly west of the K6 area (see fMap. No, 4).
Petrographic examination of chip samples along its strike
do not reveal facies changes in the mineralogy. To date
geochemical and geophysical exploration methods do not
indicate sulphide mineralization associéted with the pyroxene

granulite,

2+5, The Northern Granulite

This unit outcrops between co-ordinates 32 east/ 1 south and.
40 east/base line (see Map. No. 4). The minimum thickness
of this unit is ~50m and is enclosed by undifferentiated
felsic gneiss, These pyroxene granulitesappear as strike
extensions of the K3 area stratigraphy. VPoor exposure,
particuleriy to the west where thick sand cbscures all outcrop,

prevents positive correlation,
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2.0, Overall Stratigraphy Summary

Employing Lhe regional strike trends obtained from the rare
outcrops and the detailed stratigrapby which has been pro-
vided by the core drilling in the areas of sulphide minerali-
zation,a comparison, and possible correlation; is made

between the three areas cof mineralization and two areas of
pyroxene oranulite outcrop,

The wall rock-sequences of the three sulphide bodies have

only the broadest similarity to each other. The most
noticeable fzatures of the K3 mineralization are the presence
of purﬁhyroblastic hypersthene granulites in the hanging-wall,
lack of significant amphibolite units,and the presence of large
granodiorite dykes and sills, In the case of K1 the presence
of up to 150m thick amphibolite unit in the footwall,and a
more felsic edenite (amphibole) quartz granulite in the
hanging-wall)make it unique. In the Kb area a significant.
(¢p to 80m thick) amphibolite occurs in the hanging-wall,

The stratigraphy is relatively uncomplicated with the pre-
dominant wall rock being a biotite~garnet gneiss and 135m
stratigraphically above the sulphide zone, theres is a thin

but persistent banded iron formatione.

However, in a broad sense the stratigraphies are similar:

the predominant rock types is a banded biotite gneiss with

or without garnet, ubiquitous lenses of felsic sillimanite
gneiss and, naturally, the presence of massive sulphide
lenses, |

The stratigraphy of the massive sulphide units can also be
compared in this broad sense.

The general widths are comparable, varying from 1 to 8m,

the 'sulphide mineralogy is relatively simple with precdomin-
antly pyrite, sphalerite, minor pyrrhotite and very minor
chalcopyrite and galena, there are thin impersistent siliceous
zenes within the sulphide, the gangue usually consists of
chlorite and earthy hematite and cordierite~bearing granulites
are ubiquitous,

However, each'sulphide unit has its unique features. The

K3 area is typified by the presence of significant amounts

of pyrrhotite (po/py %1), there is strong mineralogical zon-
ing with a pyrrhotite~rich top and sphalerite~rich base and
the sulphide unit is thicker than in the other (K1 énd KE)
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areas,

ihe Ki avea isvtypified by & much thinner (1 = 2m wide) zone,
the sulphides are less massive in a micaceous gangue, the
copper/zinc ratio is higher than that of the K3 area and
galena is present in minor quantities. The K6 area is
unique,with its felsic siliceous chalcopyrite and calena
stringer zcne below the massive sulphides, the minor guanti-
ties of pyrrhotite in the massive ore, the ubiquitous pre-
sence of galena,and the higher precious metal contents of

the ore)and the presence of both massive and micaceous types
of ore,. _ ,

These features of the sulphide zones will be discuésed at
greater depth in Section 5 (see p. 54). From the above
summary it can be seen that differences between the sulphide
zones and their wall rocks do exist. \
Surface mapping indicates that the three sulphide units do
occupy different stratigraphic horizons. The pyritic
horizons intsrsected in the hanging-wall of K3 area (séé
Cross=-section No,l) are the strike extensions of the north
limb of the K1 sulphide 2 kilometres to the west (see Map
No«4)e o ‘ | -
The northern granulites are possible strike extensions.of the
granulites associated with the K3 sulphide mineralization,
Although the mineralogy is slightly different (less hypersthene
and cordierite than the K3 granulites) the major and trace
element geochemistry does indicate some affinity. This will
be discussed at length in Section 4.2.4. (see page 51 ).

The banded iron formation,which serves as a marker in the K6
area,is also seen to outcrop at co-~ordinates 32 east/13.5
south (see Map No, 4),‘4 kms east of K6 and 700m south of the
K1 area, | _ |

It is therefore tentatively suggested that the sulphide horizons
occupy three different stratigraphic levels within the sequence
.of gneisses, granulites and amphibeolites, However, the
stratigraphic "distance" between them does not appear to be
more than 500m,
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Ss_ METANORPHISM

3¢l GGecharometry and Geothermometry

3elole Garnet-biotite Geothermometry

"The iron éhd magnesium partitioning between almandine
garnet and biotite is temperature dependent and inde-
pendent of the volatile elements present at the time

of crystallisation, '

Since the earlier work of Albee (1965), Saxena (1969)
and Thompson (1976),the garnet-biotite thermometer has
been used successfully by various workers (Weaver et.al
1977, Plimer 1876, Mocre, Kartun and waters 1878 and
Ghent et.,al 1979). |

- Ferry and Spear (1379) experimentally cal brated the
Fe-Mg partitioning between garnet and biotite and their
results produced the following equation:

12454~4;662T (°K) + 0.057P (bars) + 3RTlRK = O

_ ygar biot
where K = xFe . Xm -
xgar A Xbiot

Mg ‘ Fe

These results are used to calculate peak temperaturas of
"metamorphism in the wall rocks of the Kielder sulphide
bodies,

GCarnet-biotite pairs (from ten core specimens) uwere
analysed by eléctron microprobe, Traverses across garnet
and biotite grains did not reveal zoning,. Nevertheless,

- mineral cores were probed in case some showed retrograde
zoning effects, In some instances the biotite edges

could be seen to have altered to chlorite. The petro-
graphy of the various rock units from which these specimens
came are described in Appendix 1, (K3 area - Unit 8, 13;

K1 area - Unit 6, 10; K6 area - Unit 2, 5 and 6).

In all cases where this method was employed the biotite

formed a major constituent of the thin section (i.e. >10%
biotite), and in direct contact with the almandine.

The manganese content of the garnet is variable, containing

up to 14,50% Mn0, but did not seem to have any marked effect
on the K values, Work done by Albee (1965) and Dougan (1874)



‘suggests a decrease in KD by 0,006 to 0,007 per atom

percent of U 2 B garnete

Mn+Fe+Mo

From the data obtained

in this study the effect appears to be the reverse or

‘to have very little effect.

- The manganese content is

therefore not corrected for, when calculating KD here.

The results are as follows:

Specimen/Thin Section No.| Footwall or Hanging % MnD in| T ¢
Wall of Ore Zone Garnet
AREA K33
RKG 10 (Pair 1) hw (Unit 8) 2,43 711
RKG 10 (Pair 2) hw (Unit 8) 2,46 709
RKG 111 (Pair 1) fv (Unit 13) 2.985 686
RKG 111 (Pair 2) fu (Unit 13) 2.75 678
RKG 71 (Pair 1) hw . (Unit 8) 252 689
RKG 71 (Pair 2) hw {Unit 8) 2.24 702
- N (n=6)
X = 695°C
(S = 13.4)
ARER Kl:
RKG 179 (Pair .1) hw (Unit 6) 2,53 634
RKG 179 (Pair 2) hw (Unit 6) 2.71 687
RKG 190 (Pair 1) fw (Unit 10) - 2,91 706
RKG 190 (Pair 2) fu (Unit 10) 2,80 693
RKG 208 (Pair 1) immediate huw 4,48 711
- (Unit 6) (n=5)
X = 686°C
(s = 30.7)
AREA KG:
RKG. 217 (Pair 1) hw (Unit &) 3.5 587
RKG 217 (Pair 2) hw (Unit 8) 3.6 558
RKG 288 (Pair 1) hu (Unit 5) 14,5 588
RKG 298 (Pair 1) fu (Unit 2) 9.8 585
RKG 298 (Pair 2)- “fw (Unit 2) 7.91 557
RKG 255 (Pair 1) hw (Unit 2) 7637 632
RKG 255 (Pair 2) hw (Unit 2) 7¢37 627
' o (n=17)
(& = 38%5¢)
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3.1,2,> Garnet-Cordierite Geothermometry/Geobarometry

Iron and magnesium partitioning between garnet and cordierite
(assuming equilibrium) is temperature dependent and indepen-
dent of the volatile elements at the time of crystallisation,
The early work on this geothermometer (Currie 1871, Hensen

and Green 1971 and Wood 1973) produced contradictory results

where the KD {(i.e, KD = Xg: . X;grd ) was found by Currie
' ga cord
“mg  Xre

increase with temperature,whereas Hensen and Green found the
opposite effect. Subsequent work, experimental and theoret-~
ical, (Thompson 1976, Hensen and Green 1973 and Holdaway and
Lee 1877) has proved conclusively that the KD is inversely
proportional to temperature, Subsequent use of this geo-
thermometer has been extensive and successful (Moore et.al
1978, Selverstone 1880, Ghent et.al 1979 and Weaver et.al
1978). ' '

In this study the equation from Holdaway and Lee (op-cit)

has been used to calculate the equilibrium temperatures:

ln KD = 3095 + 0,0152 (P(K bars) = 1) = 1,35
o T ()

(vhere KD is defined as above)
For the micrdprobe analyses only the fresh unweathered
specimens were chosen and in all cases the garnet-cordierite
pairs were in direct contact with each other. Garnet and
. cordierite are major (i.e. >7%) constituents of the rock,
It was found that garnet and cordierite grain centres gave
the most consistent results, the cordierite edges gave
erratic results and the temperatures calculéted from the
latter tended to be lower, probably reflectlng retrograde'
metamorphism (at 530-560°C),
Rocks with the appropriate mineralogy, and in particular
garnet and cordierite in direct contact, could only be
found in the K1 area, in beth the hanging and feootwall of
the ore zone, (For petrography of these rock units see
Appendix 1 - Units 6 and 10 respectively)e.
The temperatures were not corrected for manganese content
in the carnet because at 2 - 4% Mn8 the correction is

insignificant,
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The results ars: Kl Arca
. }
Specimen/Thin Section No. | Stratiqranhic | % M0 in | T°r
| position wer.t. yarnet
Oore zone ! :
RKG 208 (Pair 1) immediate hu 4,70 596
RKG ‘208 (Pair 2) . " f 4,80 | 643
RKG 190 (Pair 1) footwall 2,80 654
) (n=3)
= o
-X = 631°C
(s = 30.8)

It is possible to use Hensen and Greens' (1873) garnet-
cordierite-~sillimanite~quartz geobarometer which gives; in
spite of an absence of sillimanite, a maximum préssure
value, Hensen .and Greeng‘isopleths were determined Tor
higher temperatures and therefore at 631°C an extrapolated
curve gives a maximum pressure of 5.8 Kbars, This figure,
in spite of the above limitations,agrees well with other =

methods.,

Jelede Garnet-hypersthene Geobarometry

The solubility of Al in orthopyroxene,in equilibrium with
garnet,decreases with increasing pressure at constant temp-
‘ature. B.J. Wood (1974) has experimentally developed a
geobarometer using ( XR% opx) over a range oflpressures
(8-30 Kbars) and temperatures (800-1250°C). Garnet and
hypersthene exists. in equilibrium commonly in the K3 and K1l
assemblages and rarely in the K6 areae. waEVEr, the

pressure-temperature conditions do not allow the quantita-

ive use of Wood's (op cit) barometer. Nevertheless, the
Xgi for the hypersthene in equilibrium with almandine have

been calculated and can give relative pressure conditions.

The results are:

K3 Area: X zi = 0.280 (mean, n=6 s= 0,034)
‘ (P~ K1»KE)

Kl Area: x M - 0,269 (mean, n=5 s= 0,005)
) , (PR K3»KB)

K6 Area: X j = D.669 (mean, n=3 s= 0,004)

(P& K3arK1)

The K3 and K1 garnet-hypersthene assemblages have equilibrated
at pressures which are in the same range. This agrees with

other results (See 3¢le2e and 3olebe)e
The pressure at K6 appears to be lower than in the other



SPHALERITE WITH PYRITE AND

HEXAGONAL FYRRHOTITE ONLY , .o
x=13,79{s=0,61) ‘
{ (n=16) : ALL SPHALERITE
70 v 3
65 | . N - e e
60 4
55 | )
H ke
K 6 =2 0 :
4 %1411 (521,08 )
. + " (n=3s)
T 40 40 j
A 35] 35
Frequency T
8 304 4 30
254 *le 25
201 Frequfzncy 20
15 3 15 § |
10 10
54 ST
16 1% 12 10 '8 . R
Mol s FeS in Sphalerite Mol */s FeS in Spalerite
ASSEMBLAGE NOT PRESENT IN AREA K1 S
o : 7;1318( 52182
. _ s
,: K 1% : A3° -+ n
4 25
% 20 ] <
%x=12,86(s=017) requency ’
) (n=9) r 15 |
60 10 -
55 . 5 J
50
K3 e=p 45 |
' x=1329 (s=163)
40 | 45 | {n=36)
? 35 | 40 | N
M 30 A 35
Frequency
25 o, 30 ]
20 | Frequency 25 .
15 | 20 4
10 15
5 | > 5 i}
¥ g v z - . !Q’(
14 12 10 16 14 12 10 8

Mol *% FeS in Spalerite ]
lFm 8




- 25 =

areas (the X E{ - pressure relationship is not lineat)which is
i Ggrecment with aesulte from Lho sphaleslille gecbaruttare.
The presence of hypersthene in the K6 area is rare and

the above figures were calculated from one garnet-ortho-

pyroxene pair Tound ir specimen RKG 217,

3el.4, Sphalerite GCeobarometry

The FeS content of sphalerite has been recognized as an
indication of pressure and temperature since the pioneering
work of Kullerud (1953); Experimental work subsequently
(Scott and Barnes 1971, Boorman 1867 and Boorman, Sutherland
and Chernystev 18971) has disproved its use as a gecthermom-
eter, However, the FeS content of sphalerite is a useful
geobarometer, One criterion essential for geobarometry

is that sphalerite must have equilibrated with pyrite and
hexagonal pyrrhotite, Scott (op cit 1973) and Kissin
(1874) showed that the iron content in sphalerite couid
reequilibrate when hexagonal pyrrhotite inverted to the
monoclinic form below 254°C. Consequently, the sphalerite
grains chosen for analysis must be in direct contact with
‘hexagonél pyrrhotite and pyritee. This was shown to be
effective in the Ruttan Mine, Manitoba (Briséol 1979).,

This method remains controversial, but it is generally
agreed that for metamorphic conditions above lower green-
schist facies, where sphalerite and iron sulphide phases
have equilibrated, pressures agree with silicate geobaro-
meter minerals in the host rocks, This is confirmed for
the Kielder sphalerites,

In two studies of sphalerite geobarometry (Campbell et.al
1968 at the Quemont Mine, Norandajand Ethier et.,al 1976

at the Sullivan Mine, British Columbia) the method was
found to diéagree with the silicate geobarometers. In
both cases the FeS content of sphalerite was highly vari-
able and because of lower greenschist facies metamorpnic
conditions it 1s unlikely that equilibrium was reached,

In a recent publication (Stumpfl 1980) the author dis-
cards the sphalerite geobarometer as unreliable;'homevef,
the weight of evidence from other workeré does not agre&;
The method was applied successfully on ores from the Ruttan
Mine, Manitoba (Bristol 1979); Bodenais Ore, Bavaria (Boctor

7
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1877); Anvil Ore Body, British Columbia (Campbell and
Ethier 1974) and in the Balmat-Edwards Disirict, New

York (Brown et al, 1878),

The rresence of Cadmium, copper and manganese in sphslerite
can lead to erroneous results (Brown et al.l1878)., However,
with contents less than 1% Mn0, Cd0 (as is found in Kielder
sphalerites) the gecbarometer is not affected, The
presence of copper within the sphalerite,and as chalco-
pyrite exsolution blebs and rims,has an insignificant
effect on the'pressure determinations (Hutchinson and

Scott 1978; Wiggins and Craig 1980). |

Hutcheon (1978) has calculated P-T~X relations of the
pyrite-pyrrhotite-sphalerite assem:lage frem pyrite-
pyrrhotite equilibrium, molar volumes and activities

from sphalerite solution models,. These calculatesd iso-

" bars agree well with Bristols(1974) and Sdotﬁs(1973)
experimental'work. In this study the isobars published

by Hutcheon (1978) have been used to calculate the meta-
morphic pressure., v A‘

In the present study, samples of massive sulphide were
analysed by X-ray diffraction (methods described Appendix
.IV -) to detect the presence of hexagonal pyrrhotite,
Polished sections of these specimens were studied micro-
scopically and the magnetic colloid method a&s described

by Scott (Scott S.D. 1974 Sulfide Mineralogy: Short

course notes) was used to identify hexagonal hyrrhotite.
Sphalerite grains in direct contact with hexagonal and
monoclinic pyrrhotite (usually intimately intergrown) and with
pyrite were analysed by microprobe (See Appendix III),.

The overall sphalerite and pyrrhotite mineralogy is
described in Sections 2, 3.3.,and Appendix I.

The pyrite-pyrrhotite-sphalerite assemblage appear to be

in equilibrium because of intimate intergrowth of sulphides
and uniform unzoned sphalerite grainsyusually with a vari-
ation of <0,1% Fe within grains,

The results, together with the cverall mol.% FeS content

of sphalerite compositions are shown on the histograms in
Figure 3. The narrow distribution of the mol.% FeS of
sphalerite in the limiting assemblage-in the K6 and K3 areas
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(X = 13,79 s8=0,61 and X = 12,86 s= 0,17) contrasts
markedly witn the oroad distributien eof the overall mole%
FeS (standard deviations for the K6, Kl, K3 aresas being
1.08; 1.82; 1.63 respectively). |

These resulis are plotted on the working curve (Fig. 4)
established by Hutcheon (op c1t), using temperaturee
given by the ga;netmb10t1*ﬁ geothermometer. Because of
the absence of pyrrhotlte in the K1l area;the sphalerite
gecbarometer was not employed there., It is of interest
that if the mean Mol.% FeS in the K1 sphalerites is used,
the pressure is approximately equal to the K3 area (this
agreeswith the silicate indicators) but the range is too
large to enable a confident pressure prediction (the
range ‘is from 3 to 8.5 Kbars). '

3,1,5. Results

Although the garnetwbiotite and garnet-cordierite methods
 disagree by only 50°C in the K1 area,the garnet-biotite
geothermometer results are quoted because:

(i) The garnet=biotite pairs are in all three areas

in sufficient abundance to allow perxfect pairs to be’
selected; whereas garnet-cordierite pa:rs are rare and
only found in the K1 area,

(ii) There was no zoning in either mineral, this with
the petrographic observation suggests an‘equilihrium
assemblage; whereas zonad cordierite introduces uncertainty
as to the equilibrium and retrograde effects, |
(iii) The results agree with the metamorphic mineral
assemblage for the given temperatures and pressures
(Winkler 1874).

(iv) water in the cordierite lattice has an unknown
effect on the analyses,

The results are:

AREA K3 . AREA K1 ‘ AREA K6
682 ~ 708°C , 856 - 716°C 560 -~ 620°C
- (mean 695°C) (mean 686°C) {mean 580°C)
5.9 - 6.1 Kbars 5.8 Kbars . 4.9 - 644 Kbars

(mean B.0 Kbars) (maximum) o (mean'S.B Kbars)



~ Fig. 10;
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The four divisions of metamorphic grade:
very-low, low, medium, and high grade. Pressure
condition for the graphically shown PT data
is that Ps = PH0, showing positions of
the Kielder assemblages. (After Winkler, 1976.)
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3024 Metamorphic Petroloqy

36201, Metamorphic Minerat Nssemblages

- Thz minecral assemblages and metémorphic textures (described
in detail in Appendix I) of all three areas of mineraliza-
tion are consistent with the results of the geothermometry
“and geobarometry and place the grade of metamorphism uin-
equivocally in the Regional Hypersthene or Granolite¥

High grade zone as defined by Winkler (1974)., These
assemblages and P~T conditions agree also with the observ-
ations of other workers (Ghent et.,al 1879, Selverstone 1980
and Mehnert 1972). '

The conditions of pressure and temperature of the three
~areas are plotted on Fig.l0. An assumption is made that
the load pressure is greater than the water pressure and
the anhydrous minerals were formed under medium to high
pressures (v6 Kbars). However, as is found in most cother
granulite terrains the parageneses are.complicated by
hornblende and biotite in the more "amphibolitic”'rocks
(Turner, 1968, De Waard 1967, Dougan 1974). The slight
decrease in P-T conditions revealed by geothermometry/
barometry from east (K3) to west (KB) is reflected in the
mineral assemblages, o

(i) Abundant hypersthene in the K3 area; rare hypersthene
with occasional cummingtonite in the K6 area (the retro-
gression of hypersthene to cummingtonite;also noted by
Himmelberg and Phinney 1867). .

(i1) The K6 almandine-garnet has a higher spessartine
component than elsewhere, o

(iii) The presence of sphene in the K6 area.

The diagnos%ic granulite minerals with the pexrtinent
characteristics are listed belou, These can be seen to
match the mineralogical features listed by Winkler (1874,
pe 256) in the definition of the Granolite high grade zone,
(i) Alkali feldspar - is typically perthitic with a high
percentage of the albite component, plagioclase lamellae
making up  40-45% of the mineral.,

AN
¥ The term granulite is used here in preference, because.

of its more universal usage,
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(ii)  plagioclase = which is usually andesine and
labradorite (occasionally oligoclase) also exhibits
exsolution phenomena, However, the lameilae form

only 5-10% of the mineral, The more Ca=-rich plagioclase
is found in the more basic rocks (i.e. amphibolites),
indicating that the plagioclase composition isvcontroiled
largely by the bulk chemistry of the lithology rather
than by P=T conditions, _

(iii) orthopyroxene -~ is nearly always hypersthene, -
strongly pleochroic with Al,0, varying from 6=12%(See
Appendix IV).,  Bronzite is occasionally intergrown

with hypersthene (Sse Plate D Appendix I).

©(iv) clinopyroxene -« usually a pale green hedenbergitic
variety (low in Fe3+); the Al,0, content, however, is not
knowne : o
(v) ‘garnet - usually almandine with the pyrope and

grossularite components varying inversely (Mg0 1-6%,

Cal 1-5%)(See Appendix III), The spessartine component

was significantly higher in the K6 area, varying betuween

3 and 14% Mn0 (MnO in K3/Kl area was 1-3%). The garnet
grains were not significantly zoned, in contrast with
Turnerfs (1868) observations. _

(vi) hornblende -~ is usually green to olive-green and
rarely brown, Green hornblende from the K8 area (specimen
RKG 298,See Appendix III) proved to be iron-rich. Heinrich
(1265) observes that green hornblende is characterized by
high 5i0 low Al,0 Na,0, K

2? 2°3° 2 2
Winkler, however, granulite grade hornblende usually has

0 and TiUza According to

higher Ti02,~and therefore would be a brown colour,

(vii) biotite = uswually rich in Mg and Ti (Mg0 B8-16%

- and Ti0 1-5% See Appendix III) varies in colour from green
to brown, The colour is not characteristic of metamorphic
grade and often biotite of different colours occur in the
same rock (See Plate AH,Appendix I). The bioctite also
appears to be of two generations; the first as intergrowths
with hypersthene (See Plates A and C, Appendix 1) and the
-second as skeletal intergfowths with quartz and feldspar,
(viii) AlZSiO5 polymorph - is almost invariably sillim=nite;
however, in one thin section (RKG 53) a single grain of

andalusite was observed (confirmed by microprobe analysis),
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In addition, hercynite, which is commonly found in
metamorphic argillaceous sediments. somewhat richer

in iren than thecse yielding pleonas%e {(Deer et.al 1988),
is a common accessory in most of the Kielder wall rocks.
The occurrence of hercynite with iron-rich cordierite
(See Plate AJ, Appendix 1) is common and is a probable
metamorphic product of chlorite rich rocks (at 675°C

and 7 Kbars chloritoid breaks down to form ircn~rich
cordierite + hercynite + vapour, Winkler 1974). Hercynite
and magnetife snlid solution intergrowths are ubiquitous,
Cordierite; a common mineral in the wall rocks of all
three mineralized zones,also occurs in the sulphide

units and has been shown to be highly magnesian rich}
but._the cordierite in the wall rock is slightly more
iron-rich, This is presumably due to its recrystalli-
zing with the iron-rich sulphides which have "captured"
most of the iron, v

A typical wall rock cordierite (150m below the suiphide
zone) and a cordierite oécurring within the sulphide

zone are compared below:

Element | Wall Rock Cordierite| Sulphide Zone| Scottish
- (RKG 190) Cordierite .. Hornfels
, ' (RKG 211) Cordierite
(DeeryHowie
and Zussmann)
3102 47.6 47,7 47,689
Tio, 0.0 ’ 0.0 ' tr
Al'203 . 33@4 _ 3301 32052
FeO : Gl | a0,70 8,50
Mmn0 , Del7 ' 0,30 0.04
MgO0 8,96 13,57 7.56
Ca0 0,0 v 0.0 052
‘NaZD 0,14 0,86 0,53
K50 : 0,015 i 0.21 ' 0.42
H20+ Noda Nede 1,85
TOTAL 96,82 ' 86,44 99,63

The magnesian cordierite found in the sulphides {(and their
immediate wall rocks) are cphsidered to be metamorphic pro-

ducts of the chlorite alteration zone,typically associated
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with massive sulphide deposits of this nature; whereas
Liwe relabively sron-rich cerdierite is typical of mcta-
morphosed,argillaceous,iron~rich sediments,

The element partitiuvning between almandine and cordierite
- has been discussed at length in Section 39102.,where it
was shown that pressure is a controlling factor in the
cordierite-garnet paragenesis., The presence of garnet-
cordierite pairs, found only in the K1 area, also reflect
the higher MgO0/Fe0 and 1lower Ca0 than in the K3 and K6,
The garnet chemistry and overall mineralogy also supports
this observation,i.e. the K1 pelitic rocks were magnesium
rich and lower in calcium,

The tendency to more soda-rich amphiboles (edenite as
found in K1 hanging wail and southern and.horthern granu-
lites) is often found in granulite grade rocks (e.g.
Marydale metabasites, Cornmell, 1975), . The reaction can

be seen as follouws:

378
albite actinolite © edenite

NaRlSi, 0, + Caz(Mg,Fe)SSiBUZ (OH)Zf?NaCaz(Mg,Fe)s(Al,Si7)

0,, (DH)2 + 45i0,

'quartz

| (after Cornell 1975)
Retrograde metamorphism has overprinted the assemblages,
leading to the presence of more hydrous minerals such as
hornblende and biotite. The replacement of optically uni-
form,coarse~grained diopside by hornblende, is common. (See
Plates AQ, AR and AS, Appendix I). Although ilmenite and
rutile are the common titanium-~bearing accessory minerals,
sphene, which is rarely found in granulite grade rocks
(Turner 1868) has replaced ilmenite in some of the Kielder
rocks (See Plate BQ, Appendix I). Zoning in the cordierite
grains probably reflects retrogréde temperatures of 530-560°C
(See Section 3.1.2.). Consequently: these retrograde over-.
prints obscure many of the high grade assemblages with
virtually ubiquitous hornblende and biotite,
The Kielder hornblendes,which have lower Ti0, contents than:
generally reported (Heinrich 1965, Winkler 1974) for granu-:
lite grade rocks>also suggest a retrogradé origin,
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.3a2.2. Parent Lithologies

Turner (1.968) quotes some typical granulite grade assemblages

and their probable parent litnologies;

some

found at. Kielder and are listed below:

Granulite Assemblage”

Parent Lithology

of these are

Equivalent Kielder

garnet-plagioclase
+ (perthite)

Unit

(i) quartz-perthite- aluminous Kl=unit 8
plagioclase sediment K3-units 5 & 14

sillimanite +(garnet) : K6-unit 5

(ii)quartz-hypersthene- sedimentary Kl-unit 3

(arkose) or
igneous rocks

K3-units 6,8 & 13
K8~unit &

(iii)plagioclase-hypersthene
diopside (quartz =
orthoclase)

noritic
igneous
rock

Kémunit 12
KB=-unit 9

Assemblages quoted by Winkler, 1974, which have formed under

granulite grade conditions are listed below:

Granulite Assemblage. Parent Lithology Equivalent Kieldex
Unit
* In all cases add
(Quartz+K-feldspar+
plagioclase+magnetite)
(i) almandine-cordierite pelitic rocks Kl-units 2,6 & 10
biotite and greywacke _
(ii)almandine-biotite- pelitic rocks | K3-units 6,15
hypersthene ' and greywacke Kleunits 6,10
. K6~units 2,6 )
(iii)cordierite~hypersthene pelitic rocks | K3-units 2,8
biotite and greywacke Kl-units 10,6 & 4 |

The major and trace elesment evidence for the

igneous and

sedimentary parentacge of the amphibolite units and some of

the granulites will be discussed under Section 4.2.1.

Table I incorporates the geochemistry and the foregoing

discussion on metamorphic mineral assemblages to give the

original lithologies of each area.

30203.

Metamorphic Textures of the Wall Rocks

The textures observed in the petrographic study and described

in Appendix I are generally very similar across the three

areas. However,

in the K6 area the presence of mortar

texture was observed (See Plates AU and BB, Appendix I),

usually accompanied by severely strained quartz grains,



TABLE 1.

KIELDER METAMDRDHITES

ARCA KJ:

SUGGESTEDG PARENTAGE OF THE

Unit No. Namec Premetamorphic Lithology
1 Felsic pyrltlc Gneiss Pyritic qu°rt71t9
2 Hypersthene—cordlerlte— Chlorite alteration zone
\ pyritic granulite _with disseminated pyrite
3 Sillimanite~augen Disseminatec¢ pyrite miner-
» pyritic gneiss alization in aluminous
quaritzite
4 Banded biotite gneiss Arkosic sediment
| 5 Felsic Sillimanite fQuartzite minor aithFBGs"m
) (14) gneiss ~ component B
| 6 Hypersthene-quartz Dacite or pelitic rock
. garnet granulite o
7 !~Amphibolite Tholelltic basalt
8 } Porphyraﬁiastic- Semi—pelltlc sedlment
hypersthene-biotite (supported by gecchemical
granulite data) o
l 9 Cordierite-hypersthene ! Chlorite alteration zone
| quartz granulite ¢ (minor disseminated Py)
| 10 dﬂértzncordierite- i Chlorite alteration zone
| sillimanite granulite with disseminated sulphide
(Py) B
11 Massive Sulphide and Massive sulphide with
intercalated siliceous chert lenses
zones b
| 12 ! Diopside plagioclase | Noritic basic igneous rock
granulite S
13 Banded hypersthene Pelitic greywacke
granulite . e
15 Banded biotite gneiss -Pelitic greywacke
!
AREA K1:
Pl Banded biotite gneiss | Pelitic greywacke
2 Amphibole quartz Pelitic rock
granulite
3 Quartz~biotite gneiss Arkeosic quaru21te
(or possibly dacite)
4 Hypersfﬁéﬁgwcordlerlte Pelite
biotite gneiss
5 Quértz;plagioclase— Greywacke
garnet gneiss
6 Quar{z-cordierite Chlorite alteration zone
granulite
7. Massive Sulphide Massive sulph:de “mineral-
ization in strongly
chloritized rocks




TABLE T,

SUGGESTED PARENTAGE OF

THE KIELDER METAMORPHITES

AREA K]

CONTTHNIIED ¢

nit No. Name Premetamorphiic Lithology
8 Felsic Sillimanite gneiss Quartzite (arkosic)
: ’ with aluminous component
9 Amphibolite | Tholeiltlc basaJt
710 | qQuartz-cordierite- N'"Pellte
' garnet gneiss :
AREA KB:
1 Quartz-feldspar gneiss Arkosic meta sediment
2 Biotiteugérnet gnigé Greywacke
3 Bancded iron formation ‘Banded iron formatlon
4 Amphibolite Tholeiitic basalt
5 Felsic 51111manlta gneiss Arkosic quartilté"mi¥aw
_ some chloritic alteration
5 Amphlbole-hypersthenp Pelitic greywacke or gacite
granulite
7 Massive sulphlde Massive qulhhide o
8 Felsic stringer sulphide R Cherty rock”wlfaﬂﬁwwﬁwww
zone ' disseminated sulphide
pyrite and galena,
chalcopyrite
8 Magnetite porphyritic Tholeiitic basalt i
_ amphibolite
2 .Biotite-garnet gneiss Greywacke e
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The broken crystals are often accompanied by chemical de-
gradatinn to hictite, Fxamples of shattersd garnet ars
observed in the K6 area (See Plates AV and BE, Appendix

1) only. Harker (1939) explained the presence of shatiered
garnet as a product of revived stress after the mineral had
lost its power of rejuvenation because of lowered tempera-
ture, _

.The presence of fine myrmekitic intergrowths eof quartz

and feldspar is common in the more acidic granulites.
Numerous pegmatitic lenses and veins are characteriétic of
the felsic sillimanite gneiss unit, the contacts are grada=-
tional, and in places the felsic gneisé and pegmatite are
dgifficult to distinguisn. The partial melting of the

more acidic rocks is to be expected at these P-T conditions
(Barth, 1862; Chappel and White, 1977; Fershatter, 1877).
The aligned platy and acicular minerals, ribbon like grains
of quartzrand twinning in the hypersthene (See Plate H,
Appendix I) indicate that most of the metamorphic minerals
crystallised during a period of deformational stress,
However, some stress was present after the main prograde
metamorphic'éuent, The weakly foliated amphibolites (retro~
grade products) and strained quartz grains illustrate this.

Jde2elte Isochemical Metamorphism

Considefing the emphasis placed upon trace and major element
interpretation to determine the genesis and parentage of

these granulites and amphibolites in the following section
(see Section 4.2.))it is ihportant to consider the question

of isochemical metamorphism, The process of metamorphism
forming granulite grade assemblages is essentially one of
almost complete dehydration, The presence of hornblende

(and biotite) is explained either by water trapped in the
system (i.e; isochemical metamorphism) or by retrograde |
conditions subsequent to the P-T conditions necessary for
granulites, From the previous discussion of the chemistry
and petrography of the hornblende and other minerals,it is
apparent that a lower grade overprint exists on these rockse. -
Isochemica! metamorphism cannot therefore be éssumad, although
certain elements (See Section 4.2?) may'have remained immobile

notwithstanding the movement of water,and the more mobile



elements,

Jed, Erfects of tvietamorphism

3:.3.1e  Massive Sulphides

The slight hetamorphic gradient is not sufficient to.
account for all the different features of the three
sulphide bodies and most are primary characteristics.
However some, in particular, sulphide grain sizes and
the iron content of sphalerite are due to different P-T
conditions.

The behaviour of massive sulphides under hetamorphic.
conditions has been studied extensively (Stanton, 1959;
Gilmour, 1965; McDonald, 1967; Vokes, 1971; Sangster,
1872; Mikkola and Vaisanen, 1972; Roctkingham and »
Hutchinson, 1980) and the Kielder bodies provide further

excellent examples,

363210l Mobilization

The Kielder sulphide horizons have remained essentially
stratabound and support Vokes (1971) observations that
mobilization of the sulphide elements involve distances

of 1 - 3 meters, if any at all, In both cases;where
mobilizaticon appears to have occurred,it is difficult to
prove that a primary halo was not present prior to meta-
morphisme. In the K3 area disseminated iron sulphides

form a halo 15m into the hanging wall granulites.

The pyrite and pyrrhotite (Py/PbcuO.lD) reach a maximum .

of 10% (by volume) up to 2m from the ore zone and gradually
decrease to 1-2% at 15m from the massive sulphide contact,
with a Py/Po ratio of ~ 2.0, The change in the Py/Po
ratio possibly reflects the more mobile nature of the
pyrrhotite. Fine chalcopyrite and sphalerite occur in

the hanging wall up to 4cm from the massive sulphide
contacte. v ‘ _
In the K6 area galena occurs as veinlets and fine dissem-
inations (See Plates BN, BON, Appendix I) in the felsic
stringer zone (Unit 8, Appendix I)e The silver content

is. not higher in the "mobilised" galena as was observed

by Vokes (1871) for massive sulphides in general.

Galena is rare in the other wall rocks and it seems probable



+ minor pyrrhotite

TABLE 11, _ SPHALERITE COMPOSITIONS .
1 aRen k3  AREA K1 | AREA X6
l (n = 38) (n = 37) 3' (n = 36)
Mean % ZIn X = 584399 X = 58.88% | ¥ = 58.33%
: (S = l.44) (5 = 1.34) (5 = 0.80)
Mean % Fe X = 7.63% X = 7.610% X = 8.18%
(S = 0.94) (5 = 1.10) (5 = 0.70)
Mean % S X = 33,05% X = 32.45% X = 32.63%
(5 = 0.53) (5 = 0.88) (5 = D.41)
Mean Mol.%FeS X = 13.29% X = 13.18% X = 14,11%
D » (S = 1.63) (5 = 1.82) (5 =1,08)
Mol.% FeS in X = 12,86% Assemblage X = 13.79%
sphalerite with (5 = 0.17) not present (S = 0.61)
pyritesmonoclinici(n = 9) (n = 16)
and hexagonal
pyrrhotite _ ,
Mol.% FeS in X = 13.73% Assemblage Assemblage
sphalerite with gs = 0o41) not present not present
pyrite+monoclinic|{(n = 8)
pyrrhotite _
1Mol.% FeS in X = 13,11% X = 12,13% X = 15.81%
sphalerite with gs = 2,87) és = 2.05) gs = 0,37)
pyrite only n = 10) n = 18) n = 4) |
flol.% FeS in X = 13,35% ¥ = 14,05% ¥ = 14.14%}
sphalerite with (s = 1,35) (s = 0.82) (S = 1.20)
pyrite+chalcopyrite (n = 4) (n = 19) (n = 16) i
{




that the felsic stringer zone contained galena prior to
metamorphism, Consequently, the veins and disseminations
Weie uniy wouilised cenuvimeties ratiwel than wmetres. The
chalcopyrite which occurs with the galena has been affected

similarly,

3030leZe Mineraloaical/Chemical Effects

An important cﬁemical effect that metamorphism has had on
the sulphide zones is the variation in the iron content

of sphalerite (discussed fully under Section 3.1.4, Sphalerite
Geobarometry).

The results of microprobe analyses of 109 sphalerite grains
can be seen in Table II. The colour of the sphalerite in
transmitted light is dependent upon the iron content and
varies from a deeb red-brown to pale "biscuity™ yellow.
Homever)becauée it is critical to the colour variation in

. thin section,thickness precludes any quantitative measure-
" ments, The sphalerite colour/iron content relationship
has been researched extensively and in only one case

" (Roedder and Dwornick, 1968) was the relationship repcried
to behave unsystematically, In one thin section (RKG 99)
two types of sphalerite occurred within 0.,5mm of each other.
A pale yellow sphalerite (4.56% Fe) was in contact with
pyrite_only)while a deep red sphalerite (8947% Fe) was

in contact with pyrite and monoclinic pyrrhotite, Unless
the sphalerite recrystallizes in equilibrium with pyrite
and hexagonal pyrrhotite (which buffers the iron) the
sphalerite composition does not vary systematically with
metamorphic pressure,

Flamelike lamellae of monoclinic pyrrhotite in a grain of
hexagonal pyrrhotite is illustrated in Plate L (Appendix
I)e The reverse (i.e. hexagonal lamellae) is also seene.
Because the monoclinic variety is not stable above 260°¢
and reverts upon cooling to the hexagonal variety)this
texture formed during thé cooling frcm higher temperaturas.
Pyrrhotite polymorph ratios have been used to reveal latent.
mineralogical zoning (Hutchinson, 1978) in the Tasmanian
tin deposits, Using X-ray diffraction methods described
by Graham (1969) and Arnold (1966) (See Appendix VI) a
similar study was attempted on the Kielder bodies. No
zoning (vertical oxr lateral) of the pyrrhotite polymorphs
was observed in the K3 or K6 bodies. However, in the K&



area hexagqonal pyrrhdtite was more often present than in

K3, where the hexagonal/monoclinic ratio appeared to vary
randomly,

The desulphurization of pyrife to pyrrhotite, (Fesz-w»FelmxS

+ S ) and magnetite under these P-T conditions is to be
expected, The alteration of pyrite to magnetite was ob-
served in the K3 area (See Plate K, Appendix I). However,
because of an overprint of marcasite on pyrrhotite (See

Plate BG, BL, Appendix I) the pyrite —-= Dyrrhotite reaction’
could not be readily observed. It is not possible to
distinguish between primary and secondary pyrrhotite and
assuming that the metamorphic pressure.gradient between

K6 and K3 was not sufficient to produce significantly
different Py/Po ratios,then it is suggested that the K3

area may have had considerable pyrrhotite prior to meta-
morphism, This will be discussed in Section 5.

Rutile occurs as discrete grains,'occasionally with pyrrhotite,
within the massive sulphides and the immediate wall rocks
which contain 229 disseminated sulphide in the.KZ and K§
areas, Rutile has been used as an indicator of sulphur
fugacify (ilmenite + %82 = pyrrhotite + rutile + %02) and
indirectly as an indicator of the width of the sulphide

zones (Nesbitt and Kelly, 1980),

The presence of rutile has been detected <3m from the

massive sulphides,although there 1is no correlation between
the zone thickness and the rutile presence, However, the
absence of rutile from K1, the least well develbped minerali-
zation, may be significant. The rutile-pyrrhotite zone in
the Ducktown massive sulphides has also been reported to be
discontinuous (Nesbitt and Kelly, 1980)., It is also signifi-
cant that the ilmenite rich footwall (magnetite-ilmenite
porphyritic amphibolite Unit 8) of the K6 massive sulphides
does not contain rutile but sphene, which occurs as halos
around euvhedral maonetite (not the ilmenite/magnetite grain;:.)°
(see Appendix 1), These observations suggest a low sulphur
fugacity around the Kielder sulphide zones,

Gahnite, which is found as fine inclusions in sphalerite in the
most zinc richportions of the sulphide zones,is typical of
rmetamorphosed zinc deposits (e.g. Broken Hill, N.S.W.) and has

been ascribed as a reaction product of sphalerite and aluminous
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sllicates, , .
The presence of phleogopite in the sulphide zones and

immediate wall rocks alsc sugg

i
-

a2zt a veaction between.

ganque and sulphides cduring metamorgphism, The génern

ation of "new pyrite" (Sangster and Scott, 1976) has

been noted in North American ores and in the Kielder
sulphides two generaticns of pyrite have been observed

(See Appendix I, Plate BK). In the Ducktown ores
Kalliokoski (1965) noted euhedral pyrite in finer grained
pyrrhotite and interpreted it as being pbrphyroblastic

growth of pyrite at the expense of pyrrhotite.

Poikiloblastic grains of pyrite occur in the Kielder

massive sulphides and enclose cther sulphide minerals

and gangue, A similar phenomenon was observed in the

Geco ore (Suffel, et.al, 1871) and was taken as evidence

for the pfemetamorphic presence of sulphide, An epigenet-
ically introduced sulphide phase would not enclose both
primary silicates and "later sulphides",

The sulphides (if massive) are totally oxidized to gossan
"down to depths of 90-100m as is the case in other massive
sulphide bodies below the Bushmanland surface, namely
Camsberg (Rozendaal, 1980) and Copperton (Blain and Andreuw
1977), | |

Partial oxidation is present between 100-150m below surface.
Pyrrhotite is altering to marcasite (See Plate BL)S
~sphalerite, pyrite and chalcopyrite to limonite;'chalco—
pyrite has intergrown covellite,and the magnetite euhedra

are altering to hematite (See Plate BA).

The process from fresh sulphide to gossan is not studied

in detail here because ofvlack of specimens; the core drilling
obviously avoided the zone of weatheringe. The process is
unlikely to be different from that at Copperton which has .
been adequately dealt with by Blain and Andrew (1877).
Hydration of the silicate minerals has proceeded preferentially
around the massive sulphides, presumably because of increased
access of meteoric water by the more permeable sulphide/gossan
ZONES, The minerals which are affected are hypersthene

(to antigsrite, Plate G, F), cordierite (to pinite), biotite
(to chlorite) and plagioclase (to clay minerals),



TABLE III, _COMPARISON OF THE PYRRHOTITE GRAIN SIZES

SULPHIDE DEPOSIT METAP1bRPHIC GRADE ' PYRRHOTITE GRAIN
__SIZE (mm)
Kidd Creek¥ ' lower éreen—schist X = 0.031
(s = 0,03)
‘(R = 1/4,0) .
Lake Dufault* = | greenschist- X = 012
amphibolite gs = 0,062)
o= SDD)
Hood River¥ | lower amphibclite X = 0,12
gs = 0,055)
n =v515)
Geco* | amphibolite ¥ = 0.53
gs = 0.255)
n = 505)
K6 N granulite grade X = 0,84
(590°C; 5.6 Kbars) (S = 0.34)
(n = 15)
K3 granglite grade ¥ = 1.05
' (695 C; 6.0 Kbars) (8§ = 0.55)
' (n = 121)

(* Data after Rockingham and Hutchinson
(1380)).,
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J3edolad, Textural EFFects-

- The study by Rockingnam and iiuccihiinsun (438G) of ithe
textural features of metamorbhosed sulphide deposits

has provided excellent comparative data for this study,
The sulphide grain sizes provided the most reliable
textural/metamorphic grade relationship. The other
textural features (grain intergrowths, grain boundaries)
are not sensitive encugh to reflect the P-T variation
between K3, K1 and K&, Pyrrhotite, because of its
anisotropic nature was the most useful mineral, The
grain‘size was measured by point count analysis, with

the largest dimension being measured of grains occurring
in a monoclinic area of the thin section {in order to
~overcecme crystalloblastic effects), The sample size
therefore was not large (a total of 136 grains) due to

the selective nature of the test. The concomitant
increase in grain size with metamorphic grade is accom-
panied by an increase in the variation of grain sizes

(See the standard deviation, see Table III),

. The other minerals (pyrite, chalcopyrite and sphalerite)
were not measured because of diﬁficulty in standardising
the etch effects. The grain size,nevertheless, is
qualitatively observed to increase fram K3 to KG,

At this grade of metamorphism the sulphide minerals

have totally recrystallised and no relict primary textures
were observed,b

Triple junctions in polygonal masses of pyrrhotite were
~measured and found to be a very uniform 120° - {See Plate
BM). This was found %o be the case for all metamorphosed
sulphide deposits of higher rank than greenschist facies
(Rockingham and Hutchinson, 1980§ Sangster 'and Scott, 1876).
The exsolution features and intergrowths between the major
sulphide minerals are typical‘of high grade metamorphic
facies, Chalcopyrite exsolution blebs in sphalerite are
very commen {(See Appendix I); the exsolution is more marked
in zones of higher overall copper content, This effect
could also be observed on a microscepic scale where the
sphalerite grain abulting chalcopyrite carries a heavier
concentration of chalcopyrite (See Plate BG, Appendix I).
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This effect has alsc been noted in the Normetal Mihe,
Gucbee {Zabzi steal, 1874) ancd is cluassiTicl os a type

of latent zoning effect. This latent zoning is evident
in K3 sulphide body but not in the K1 and K&, The
,chalcopyrite.blebs are relatively coarse (<€ 0.04mm), and
as in other sulphide deposits of this metamorphic grade
are rod like and. in pnlaces contlnuous (1llustrated in
Plates S and BF).,

Pyrrhotite exsolution blebs in sphalerite are relatively
rare and tend to occur in grains of sphalerite free of
chalcopyrite, Rockingham and Hutchinson,(1880), observe
a tendency for the pyrrhotite to chalcopyrite (blebs in
"sphalerite) ratic to increase with metamo:phic rank,
They postulate that this may be due to more pyrrhotite
being available in higher metamorphosed sulphides and,
conversely, the minor pyrrhotite blebs in lower grade

- sphalerites represent primary interstitial pyrrhotite.
The three Kielder bodies, all higher rank than those v
studied by the above authors, contain very few sphalerite
grains with pyrrhotite exsolution blebs, The Kielder
sphalerites therefore refute the above authors’ claim that
the.pr/Po bleb ratio reflects the metamorphic.grade.
However, it is interesting to note that pyrrhotite blebs
occurrihg in sphalerite occur.ohly in the K3 area, which
supports the earlier speculation that the K3 had pre-
metamorphic pyrrhotite (See Section 3e3ele2,)

The distribution and grein shape of chaluopyrlto (and
pyrrhotite) blebs in sphalerite are controlled by twin .
-planes and grain boundaries (See Plates S, B?, Appendix
I) within the host sphalerite,

Other sulphide mineral intergrowths are not as common,
although sphalerite in pyrite (Piate N) chalcopyrlte in
pyrite (Plate BH) are found, A

The alteration of pyrite and pyrrhotite to marcasite occurs
in the ores closer to surface. The subsequent increase in
density causes a pitted surface (Stanton, 1972); the re=-
sulting cellular marcasite grains preserve the polyqgonal
grain shape (120° ) of the parental pyrrhotite (See Plate
BL).
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ttehing of the peolished thin sections reveals strongly

tuinned sphalerite and galenagagain typical of strained

sulphide bodies (Ramdohr, 1989),

The apnarent order of crystallisation of the chelcopyrite-

pyrite-sphalerite varies according to the relative abundances,

Where sphalerite forms a minor phase it occurs between the
euhedral pyrite and chalcopyrite (Sece Plates BG; BH and AM),

'_whereas where chalcopyrite is a minor component it occurs

as an intergranular phase bLetween pyiite and sphalerité

(See Plates 0 and Q). This effect has been noted by

Stanton (1972) who ascribes it to different interfacial

free energy ratios altering the idiomorphism of a particular

mineral, This effect necresitates a great deal of caution

when attempting to unravel a paragenctic sequence within a

~metamorphosed massive sulphide sectioh.

The mineral zoning seen in the sulphide zones cannot be

taken (when primary textures have been destroyed) as a

simple paragenetic seguence (Large, 1977) as there is over-
lap in the precipitation of the different layers, Certainly

at this grade of metamorphism speculation regarding para-
geneses on micro-and mesoscopic scales is questionable,

The magnetite-ilmenite exsolution relationship in the footwall

of K6 (See Plate BP) is considered by Ramdohr {(1969) to be

a Fairly common high temperature phenaomenon, ‘

The durchbewegt "kneaded" texture described by Vokes (1962)

and seen elsewhere in metamorphosed sulphide deposits (Geco Mine,
Suffel et.,al, 1971) is common in the Kielder sulphide deposits,
These "balled up" silicate-rich patches are, enclaosed in coarse
grained grancblastic éulphides\and tend to have irregular

corroded rims (See Plate AL, Appendix I). These silicate

balls in the massive sulphide are typically 1l-5mm across and

generally rounded in shape; usually consist.éf chlorite (giving

a green speckled colour to the ore) or earthy hematite (a red

speckled appearance). Larger fragments described by Suffel

et,al, 1971, were not seen on Kielder,possibly due to insuf-

ficient exposure and drilling. Vokes interprets this texture

as being formed by deformation of previously stratiform ores

in which the more plastic sulphide acted as a lubricant,

The fragmental sulphide described from numerous other deposits
(Heath Steele, New Brunswick;Oswiacki and McAllister, 1979;
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Kuroko deposits, Japan,ito et.al, 1874) and ascribed to
primary slumping of unconsolidated sulphide sediment is
unlikely to have been preserved here and no texturce of
this description have been noted. , ‘

The effects of deformation on the macroscopic form of

the sulphide zones cannot be accurately judged due to
insufficient drillinga In the‘Copperton ore body, rapid
pinch and swell of the ore zone is very common (pers,
COmMe. Coppert0n>mine geologists),although the ore reméins
within one stratigraphic horizon. It is assumed that
the Kielder ore bodies are similarly affected(as described
by Sangster and Scott, 1976, p. 190). |

363426 Banded Iron Formation

In the banded iron formation units of Broken Hill (N.5.u.),
- the garnet compositions remain remarkably consistent within
individual fine (1 - 2mm) beds, but change significantly
across the bedding over distances of 5 - 15mm (Stanton

and Williams, 1978). These authors postulate that the
variations are not a result of metamorphic redistribution
of elements because of the strong bedding control. The
original chemical compositions of the individual bands have
been preserved,ndtuithstanding that upper amphibolite facies
conditions were attained at Broken Hill,

A similar phenomenom has been observed in the K6 banded
iron formaticn,. The garnet grains analysed (Table IV)
were of a uniform size‘(DelSmm); were not zoned and had
circular clusters of opagqgue inclusions in their centres
(See Plates AW, AX and BAZ). '

TABLE IV, GARNET COMPOSITIONS IN B.I.F, (PT/S No.RKG 24C
' PLATES AW, AX)

LAYER 1 | " LAYER 2
Grain 1 | 2 3 w0 o1 o2 3 4
510, | 36.27 |36.28 | 30.22 35,35; 38,38 136,52 | 56,26 | 36.44
ALy0; | 1831 | 19,09 | 19.19 | 18,62 ;19.29 520.07 18,18 | 20,12
Fed 15.34 | 15.51 | 15.68 | 15.44 [15,29 | 14,63 | 14,97 ; 15,05
M0 | 21.51 | 21.96 | 21.63 | 21.72 | 21.65 | 21.50 | 21.83 22,12
Mgo 1034 | 157 | 1,50 ) 1.21 i 1.59 f 1,431 1,550 1.40
Ca0 5,41 | 4,85 | 5,19 ! 5,36 5,29 | 5.44' 5.48! 4,87
] !

- TOTAL 99,22 é 898,21 89,59 | 99,72 i 89,55 | 99,83 | 99.555108.02




"
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TABLE IV, GARNEY COMPOSITIONS IN B.I.F, (PT/S No,RKG 240
(CONT. ) PLATES AW, AX)
LAYER 3 : LAYER &
Grain 1| 2 | 3 | 4 | 1 | 2 3
$i0, 36,74 {36.85 | 36.67 138,95; 36,69 | 36,87 36,72
Al,04 19.41 118,55 118,92 [18.85) 19,26 | 19.91| 18,78
FeO 131,49 113,12 {12.07 | 11.97| 15,86 | 15,17| 15,52
MnO 22.64 (21,32 | 22,27 | 22,18 21,74 21,92 21.80
Mg | 0.50 | 0,57 | 0,55 | 0.461 1,56 1.23] 1.43
cao | 9,01 | 9,56 | 8,47 ! 9,84 3.63] 5,731 s5.89
" TOTAL % 100.00 199.97 199,94 %00g295100.61 100.85 (100,93
! ! i ;

The "inbed" veriaticn is illustrated in Fig. 8B, and the across

bed variation.in

and Fe show a greater variation

garnet compositicn in Fig. BA,

The Ca
than does the Mn and Mg,

probably representing an original fine (1-2mm) bedding.

Coarser bedding (0.5m)

exists in the B.,I.F,

unit with

guartz rich bands alternating with quartz poor rhodonite

bearing bands (See Appendix I).

Distance across bedding (mm)-™
Fig. 1ll. Garnet analyses across

. ) A, . 8.
: Bed 1 Bed 2 Bed 3 - Bed 4 (Bed 3)
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) \ 3 T - o xCa
' ,_/’/ “XCa
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— *x Mg :
P ——— —
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Distance along bedding (mm )~
and along bedding.
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Within the B.I.F, units (See Plate AX) larger garnet grains
(0o4=GoBmim) have a siightiy oifferent eppearance in that
they'have no inclusiocn-packed centre and there is more size
variation than for the smaller grains associated with the
magnetite, These grains show a variation in composition
(Cab 2,67 6.65%; Mgl 212> 3,97%; Fe0 17.9->16,34% and
Mn 17.45-»17.32),although no zoning could be detected.
These garnets were not used in the above study because they
usually occur in different assemblages, including biotite,
and Fe-Mg partitioning efrects probably add a further vari-
able, Although Sﬁanton (1872, 1978) states that the "well
known" zonal variation of garnet composition with'respect to
Mn0 and Fel0 is common in metamorphic rocks, this was found
not to be in the case of Kielder gneisses or B,I.F,
Yardley, 1977, established that garnets within metamorphic
rocks which have suffered temperatures >700°C have undergone
diffusion and any zoning has been obliterated, Retrogression
may impart a "zoned" edge to the garnet, This confirms the
geothermometry results (See Section 3ele5. ) (This woulg
agree with Stumpfl's (1979) findings that at higher grades
of metamorphism zoning ingarnets is rare).
The sulphide minerals in the B,I.F. (See Appendix I) Ethblt
the same textures as in the major sulphide horizons,
The original iron-rich sediment probably consisted. of quartz,
iron?oxides, rhodocrosite, siderite, mangeniferous septechlorite;
other clay minerals, minnesotaite, calcite and sulphide (Fe,Cu,
Zn) minerals,  (cf., Stanton,1976 at Broken Hill).,
The present minerals have been produced from the following
reactions; (after Klein 1973, Stanton, 1976)

lYlnCD3 + 5i0, = mn8103 + 002

rhodocrosite rhodonite

quartz

The petrography supports this, with the inverse abundance
relationship between rhodonite and quartz and when the

former is present it is accompanied by calcite veins,

(Fe, Mg)3 Si, olU(UH)2 = (Fe,Mg)7518022(DH)2 + 4510, + 4H,0
minnesotaite actinolite quartz
The amphibole contains significant amounts of MnO.

The garnet was derived in situ from impure manganiferous



chlorite of chamesite type and the tiotite from glauconite.

- It would appear that the garnet composition in particular,

and the overall mineral assemblage,have been influenced by
‘the original fine banding in the parent reck and that dif-
fusion of elements has taken place only over minute dis—
tances (<5mm)e '

It is unlikely that this conclusion could be applied to the
other mineral assemblages considering the refractory nature
of the B.I,F,
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4,  BULK RNCK GFOCHEMISTRY

—

4,1, Introduction

Major and trace element compésitionsbof amphibolites and

pyroxene granulites were cbtained as a further attempt

to identify parent lithologies and in the case of igneous

varieties, to predict the premetamorphic tectonic setting.,

Furthermore, trace element geochemistry will be used to

evaluate a possible correlation between pyroxene granulites

associated and not associated; with mineralization, .

Any successful interpretation using geochemistry depends

on the degree of element mobility during metamorphism,

A consensus of opinion favours the immobility of certain

elements, in particular Ti, Al P, Mn, Y, Zr, Cr, Co, Wi,

Nb, Mg and the rare-earth elements (Doétél and Capedri,

1879; Davies et.al., 1879; Brooks and Coles, 1980),

Past research (Orville, 1869; Armbrustmacher, 1977; Beach

and Tarney, 1978) and the present work (See Section 3)

suggest that isochemical metamorphism, per se, is seldom

attained, particularly at granulite grade conditions,

In addition hydration of granulites during retrograde

metamorphism may compound the problem of chemical mobility

(Beach, 19743 Plimer, 1975 and Condie et al., 1877).

Conﬁerning this important issue of the chemical mobility,

technigues devised by Beswick and Soucie (1378) and Davies

et al. (1879) have been evaluated. These authors have
used a series of cartesian plotslof immobile/mouile element
ratios to demonstrate the behaviour of various (both major
and trace) elements in a particular rock assemblags which
has undergone metamorphism, Fo: example, a plot of

A1203/K20 Versus SiDZ/KZO for é series of samples from a

single amphibolite body should produce a straight line

- passing through the origin, assuming:

(i) | that primary variation is small (i.e. the body is
strongly differentiated)'and the specimens were
from the same parent magma,

(ii) the wide variation in a mobile element (in this
case K) used in the ratios is due to metasomatic

redistribution’and
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(iii) the alternative that supposedly immobile elements
were modified by metasomatism in a highly systematic

manner is unlikely.

Successful identification of precursors to ortho- and para-
amphibolites and basic granulites by comparison of various
compositional trends with those displayed by igneous and
sedimentary rocks has been claimed by numercus authors

(eeg. Van de Kamp, 1869; Geringer, 18739; and Stephenson,
1880) using the techniques of Leake (1864).

Following the identificatiocon of basic orthognéisses'using
‘the Leake diagrams, these rocks were subsequently evaluated
using discriminant diagrams of Pearce and Cann (1873}, andg
others in order to predict the tectonic setting of their
igneous precursors, Jensen (1976) used the A(NaZU + KZU)"
F(Total Fe as Feo)-M(Mgo) plot to distinguish magma types:
Winchester and Floyd (1976) used immobile elements (Ti, P,

Y, Zr and Nb) to distinguish magma types.

Pearce and Cann (1973) established a set of criteria based

on Ti, Zr and Y using ~ 200 basaltic rocks from known tectonic
settings; this method has produced inconsistent results
(Cornell, 1875 énd Stephenson, 1883) in other areas, Davies
et -al, (1979) point out the advantages of using a (Zr%Y)-Ti-Cr
ternary diagram to classify Archean magma types and plot
volcanic .rocks from the Yilgarn block, W. Australia, and

~the Timmins Area, Ontario to develop distinguishing criteria.
Pearce, Gorman and Birkett (1977) produced a discriminatory
diagram using Fe, Mg and Al contents in 8400 samples of basic
and intermediate volcanic rocks from different tectonic set-
tingse. They used rocks with 51-56% 5102 (recalculated
‘anhydrous) and found that increasing this parameter did not
significantly alter the fields., - This range of chemical
compositions effectively includes all the Kielder ortho-
amphibdlites with their’SiD2 content (recalculated anhydrous)
ranging from 47,9 to 55.3%.

Finally, lithostratigraphic correlaticns between the southern
granulites, northern granulites and those granulites which
occur as the immediate wall rocks to the mineralization, are
attempted in a similar way %to Davies, Grant and Whitehead,

- 1978,
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4,2, Results and Interpretation

Bulk chemical and modal compositiohs of ten amphibolites and
ten pyroxene grénulites are contained in Table V., - Four
analyses of amphibolite from the Copperton mine reported by
Geringer (1879) have also been includéd. Analytical methods
are described in Appendix 11, together with the calculations
used to determine the Niggli. Values, | | |

b4e26), Tdentification of Immobile Elements

Data for five amphibolite (Unit 9) specimens from Ki'mere

used for the immobile/mobile element diagrams and to calculate
correlation coefficients between the various ratios. _
Inspection of Fig. 12 reveals.a good correlation (r= 0.8505)
between TiOZ/KZD and AlZOE/KZU' This relationship is inter-
preted as showing TiDz/A1203 to be constant,with the variation
in_K20 being ascribed to metamorphic mobility. A constant
Ti02/A1203
were not affected by metamorphism,

Other plots, not includéd to save space, have shown that fin,
Y, Fe, Si, Zr, Cr, Ni, P, Co, Nb .are. relatively immobile,

is furthermore taken to indicate these elements

and the appropriate correlation coefficients are listed below.
-The results agree with the eiemehts regarded as immobile by
most recent researchers (e.g. Gray, 1977; Elliot and Harvey,
1980 and Stephenson, 1980). ‘

Ratios - ' . Correlation Coefficient (r)
TiOZ/K 0 vs Al,0 /K 0 | « 9505
TiUZ/KZO Vs 5102/ K20 | .9405
03/K20 Vs Si02/K20 o .9988
NnU/K20 Vs 5102/K 0 9884
Y/K20 vs Al,04/K,0 . ¢ 7863
Zr/KZU vs Al 03/K 0 ¢ 8255
Cx/K,0 vs Al 503/K50 : » ~ .3518
: Ni/KZO vs Al 03/K 0 .6181
Mg0/K,0 vs Al 03/K 0 ' ' .9150

Co/Kzo vs Al 03/K o o .8780



TAGLE Vs SHEMICAL AMALYSCS -~ WHGLE ANCK ANPHIRDLITES AMD PYROXENE GRANNL TTES
LOCALLTY K1 __AREA
ROCK TYPE UNIT 9 UNIT 9} UEIT G u#iT of  GNIT af  URIT 2| UNIT 2 \ UNIT 2
] l H
~———Zampie No. s RIG RKG RK G RES Il KK RKG RKT
Clenents o =——_ 150 185 198 260 266 | %30 206 192
Sip ! 47,35 - 27,28 54,32 - 4G, 6L, 48,6 t 538,53 53.G67 45,68
Tig, C.80 1,28 3,83 0,08 1,25 1 .35 0.58 0.62
A1267 14,67 14,45 13.88 13.56 13,06 | 12,41 1o 5 15,69
Fe g 12.12 14,08 11,77 16,92 13,68 B.75 10,97 13,61
Moo 0.20 0.23 0.20 0,17 0.22 i 0.22 0.20. 0.27
Mgt 3.61 7456 le3L 11.88 8.07 : 3466 7.12 8.04
Cal 12,90 12,50 .06 12,27 9,97 | 15,59 9.G8 11,58
Na, 0 1.52 2.10 1,73 1,26 2.05 i 0.54 2.65 1,83
K?a 0,27 .24 1.03 0.4083 0,63 0.33 0.65 1.13
PéUS G.0 0,12 0,09 0.05 0,10 0,10 0,13 .13
LeOTT. .82 Cabit 1,04 1,48 C.92 0.54 0,45 1,65
HZO" 0.05 0.086 0,08 0.08 5,10 C.1i3 .06 0,11
TOTAL 100.44 100,45 i 100,40 88,45 93,35 100,16 180,90 1C0,25
"NIGGLTI VALUES i Ty
al . 18,07 18.35 . 20.85 168,34 18,79 20,57 21,11 26,03
fm 0.56 47,75 51,00 53,59 51.62 30,27 46,44 83.45
o] . ) 28.93 29,17 . 22,05 26,94 24,03 47,10 25.18 3.50
alk . A 4,71 6.08 3.13 5.8 2.07 7.25 7.0}
mg 0,81 0,51 ¢ C.55 0.66 0.3 0.51 06,56 0.54
K 0,11 0,07 0,28 0,206 .12 0.29. 0,14 C.29
al-alk 14,63 13.65 14,76 13,21 13,63 15,50 13.86 13,02
alpl "~
10C F5foimg 59,39 | ©6B.38 : 65,11 | 51.60 | 66.78 || 88.11 | 64.11 56.25
TRACL i
ELEMENTS (PPM)
Co &0 54 Uoa3 &5 - 54 19 32 52
'Cr 314 85 {9l 516 146 13 179 51
EV 275 381 1 254 222 357 133 230 354
.ICu 32 140 ' ‘68 80 62 3 6S 29
N 121 65 ;44 188 68 14 57 57 i
1 Zn 88 86 120 62 205 52 S5 133 ‘
iY 16 25 23 13 34 33 24 14 :
iZr 3G . 49 50 .28 57 85 i B7 22
CPh 2 2 10 6 12 5 T 12 :
! 1 =1 1" <] 1 2 2 1 :
i Th <1 1 2 <1 2 8 4 2 !
1 Nb <1 2 1 <l 2 4 3 1
, ST 145 ' 156 165 138 i68 148 318 1683
{ Ab 9 6 56 13 12 8 19 18
| Ho 1 2 1 2 1 2 1 1 o
i : WMODAL TTALYSES T )
{Quartz 1.8 14,9 23.2 40,3 30,2
‘Plagioclass
“labradorite 40,2 35,2 32,7 34,3 12.7 17.7 22,1 40,1
;bytounite
;andcsine
:K~feldspar
i+ perthite
j Amphibole 26,1 44,8
hornblende 44,8 - 48,3 65,1 42,8 4,0 33.0
Rioctite Green tr
Biotite “rown - 5.0
Cordierite 3.9 i
Carbonate ' i
Diopside : 13,8 19,7 5.3 i 15,2 .
Garnet ﬂ !
Hypersthene . i
Spihene 2.1 tr !
fMagnetite 1.1 1.9 :
Ilmenite ’ H
fipatite 1.0 tr |
Pyrite 1.2 lkr 2,1 tr 0.9 1.1 { ;
Horcynite ) i i i
Lazulite % i E



TAR T Y CHTRINAL LUALYSES  "0LE RBUCKR AMPHIDDLITTS AR PYIANACNT GRAMUILTITES
{Tart,.)
Loy NG 1 KB
ROCK TYPE: UNTT 8 UNIT 7 UNIT 8 URIT 12 ! UNTIT 4. HHIT & UNTT ©
—' i
RIKG GG [ HKG i AKS i KRG RKG G
e 71 L7 i = X i " nie 204
T T H
66,08 49,88 66,09 46,61 51,18 47,99 50,13
0,52 C.32 0,63 C.G2 c.97 330 .70
12,75 12,08 12.29 18,57 14,20 14,48 17.41
9,04 11.56 10,37 12,14 13,43 13,29 17.84
0.23 0.27 0.26 0,20 0,21 0,21 0.27
6.4 10,69 8,54 5,55 7.05 2,16 6.24
0,87 11.36 D.44 12.89 9.96 10,54 8,59
1,74 1.84 0,30 2,21 2.08 2.28 1.20
1.69 0.16 1.02 0,51 C,35 0.62 0.91
0,07 0.08 013 0.10 0.08 c,08 0,16
0,75 0.15 0.95 0,93 G.77 1,30 0,85
0,08 0,10 0,05 0.08 0,25 0.10 0,15
TOTAL 100,89 102,15 101,07 177100,21 ¢ 150.32 i01.22 101,25 -
NIGGLT VALUES i ]
al 27.30 17.08 24,55 24,38 19,84 18,39 18,83
fr 58,92 52,92 10,65 39,28 49,48 51.58 54,29
c 3.78 25,83 1.6 30.83 25,35 24,41 22,17
alk 10,01 4,18 3,17 5.50 5.33 5.62 4420
my 0,57 0,64 0.E2 0,47 0,51 z,58 0.4l
k N.,38 o, 05 0,62 0.13 .10 - GelS 0,33
al-alk 17,30 12.88 21,38 18,88 14,51 13.27 14,03
160 F%oﬂ"‘g 63.06 55,64 58.50 | 71,73 68.71 62,72 | 76.54
TRACE 1
ELERMENTS (PPM {
Co 14 50 14 51 53 62 | 53
Cr 4 g55 Q 40 55 228 ¢ a7
v 31 22E 30 217 318 317 3489
Cu 17 S 12 i 72 116 141 i 49
N3 5 116 5 i 30 50 101 Lo42
Zn 150 €4 245 ) 85 163 82 ;142
Y 22 8 18 ©.10 27 22 g
Zr 54 10 45 ! 13 50 ¢ L8 79
Pb 5 2 1 ! 8 8 P4 oo
U <1 <1 el o<l < 1 oo 2
Th 4 2 P2 o2 2 1 2
Nb -3 1 i 2 <] 3 . 1 . 2
Sr 85 188 15 354 187 . 195 1238
Rb 36 2 a ¢ 15 9 ©o18 ]
| Mo <1 1 <1 : 1 2 ;o2 r2 ‘
MODAL ANALYSES R o
Quartz 23.5 26.2 | 4,5 ¢ 5,2
Plagioclase ° - ;
Jabradorite 25,2 P 31,0
bytownite 44,0 i
Andesine 20,5 27.1 39,2 49,5
K-feldspar
+ perthite 2.7
Rmphibole ‘ 51.5 49,5 + 50,5
horntlende 36.2 i 16,1
Biotite Creen
fliotite Brouwn 13,8 11.1 8.5
i Cordierite )
| Carbonate
' Diopside 16.9 40,8
Garnet 7.2
Hypersthene 24,2 2441 29.8
Sphene
flagnetite 1.9 tr 2.2 tr 4.8
Ilmenite
Apatite
Pyrite 4,0 3.9 2.2 1.0
Hercynite 1.2 tr
lazulite tr !
I




CUFMICAL AMALYSES . WHE

TABLT V GLE 70cy senurnnl 1705 AMND DYPONEND SOANULETTES
(Taont,) -
| NitnL Ty SOUTLRH COANHLTTES i COPPERTON®
\-.‘.AE"""""“ ~ MAa, ! pvn ovn neo el =i i c 3 G
Elsr:cnts"‘fz\\]L 318 321 523 | 324 327 | %9 90 o 26
JiUP l 6252 68,59 n.25 ﬁ 44,38 47.36 | 63.G3 47,30 52.94 84,55
Ti0 0,58 M, 40 UaalZ p B.54 a4,52 % C.53 0.87 1,5¢€ Le50
/-\1283 25,31 iz.01 13,47 i 16,74 165.26 |, 14,86 15.65 13,71 12,84
Fesl3 B8.28 4,82 4,80 & 11,67 2,05} 7.46 13,18 14,75 17.02
1nd 0,22 G40 0.03 j 0,35 (.30 0,11 . 0,23 0,22 G.27
fig0 1,42 1.08 1,85 3.51 5,74 ! 2.95 7.63 2,95 4,91
CaC 21,32 10,73 5,02 22439 22,23 3.83 8,77 6.06 G,.B4
Na, 0 G.60 0,62 2.54 0,37 .50 2.85 2.12 3,60 2.75
K?é .05 0,38 3.03 | 0.b4 0.20 2.01 0.93 0.48 0,63
Péﬂs 0,18 0,17 C,14 ¢ 0,12 .20 0,14 0,09 0.39 0,34
LJOVI. G.58 1.04 0.45 0,15 C.58 1,85 2.27 1,22 0,70
H?G— G413 0.11 0,1} 0.82 0,12 0,56 0,66 - 1,47 J.29
TOTAL . 151,05 100,34 100,69 100,43 111,086 100,04 98,78 98,28 © 102,55
NTGGLT VALUES T T = =
at 31.85 28,28 35.47 20,26 20,51 32.40 21.80 22.%0 21,0
fm 18.24 22.33 20.82 29,45 27.11 37,40 50.3 48,30 52.3
c 42,02 46,01 24,05 49,37 51,06 15,2 22.0 18,32 18,8
alk 0.89 3.38 19,686 0,73 1,32 15,0 6.2 10.6 7.9
mg 0.25 0,23 0.34 0,37 C.b4 0.40 0.5 C.4 3.5
k G.08 0,29, .4 c.2C c.22 2,30 C.2 0.1 0,1
al-alk 30.05 24,90 15.81 19.53 13,19 17.4 15.4 12.1 13,1
100 Fory o mg 87.14 83,77 43,85 | 79,42 73,74 — - - -
TRACE [— e e ]
ELEMENTS (PPM) .
Co 15 10 10 34 24 27 39 356 43
Cr 4 5 5 29 115 14 3 1 43
\ 64 44 50 241 169 76 -+ - 93 184 137
Cu 3 20 6 4 87 ND ND ND ND
Ni 2 4 4 8 200 18 65 17 72
Zn 2 59 32 : 74 63 ND ND ND R0
Y 35 . 27 30 11 17 34 25 32 32
it 125 73 164 12 24 113 39 ga 55
Ph “l4 6 23 1y 7 5] nD ND NN 2]
u’ <1 <1 <l ,o«l 3 ND - NO Y] {7
Th [ 5 15 I 4 2 ND ND N0 ne
Mb 7 5 <) i 3 <1 | 1 - D D pa
St ae2 236 354 318 348 236 189 227 220
Rb <1 15. 15 | 18 3 58 38 - 5
Mo 3 3 1 Pl
MODAL ANALYSES
Quartz 34,3 54,6 tr 6.4 10-20 10-2¢ - <3
Plagioclase ' ]
labradorite 59.6 25.7 35,3 35.2
bytownite :
andesine 19.¢ $20-50 10-20 2050 272-G7
K-feldspar
+ perthite
Amphibole 35.0
hornolende 9.9 5.2 9,8 20--50 5-10 23-50 o i
Biotite. 10-20 20-50 - <5 .
GCreen
Brown
Cprdierite 3,1
Carbonate 2.1 6.9 - 10-20 - -
NDiopside 25.4 2449 15.7 39,7 -
Garnet 15,0 23.5 <5 - 5-172 5-~10
Hyparsthene 6.9
Sphene 0.8 1,2
Magnetite 3.0 2.9
Ilmenite tr
Apatite tr
Pyrite
Hercynite ‘
Lezulite
(* After; Geringer - §.,Y, (12879))
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Ratios ' Correlation Coefficient (r)
e, 05/K,0 vs - . .8823
‘“203/“20 v AlZDZCKZD | 3
- 0 9 o 75
pZGS’KZG Vs “1203(n20 8( 2
Nb/KZO Vs A1203/K20 . «6575

Since the metamorphic conditions in the K3 and southern
ancd northern granulite areas are similar to those at K1,
these elements are inferred to be immobile in those areas

-
s

as well,
The following discriminant diagrams display data from all

the areas on Kielder.

8e2e2¢ Ortho and Para-~Basic Metamogphites

Results obtained from the Leake diagrams are presented
below, bearing in mind such limitations as the potential
mobility of certain elements, Inspection of Fig. 13,
which shows the igneous differentiaticn trend, pelite
field, dolomite field anc the field of various'pelitc«
limestone mixtures with respect to the Niggli c and mg,
reveals a strong correlation of the amphibolites (K3, K1,
K6 and Copperton) with the igneous trend. The northern
and southern granulites plot as pelite-~limestone mixtures

"and the K3 hypersthene granulites plot in the pelite field.

Amphibolite data from the Kielder areas of mineralization
plot on the igneocus trend on Fig, 14, but at the dolomite-
pelite tie=line intersecticn. The granulites tend to be
ecattered around the igheous trend and pelite-limestone tiém
line, so no confident interpretation can be made.
Hypersthene granulites of the K3 area fall on the mg side

of the dolomite-pelite tie line,which 1is interpreted as
magnesium metasomatism of the "chlorite alteration" pipe,
associated with the footwall of exhalative massive sulphide
mineralization,. '

The inconclusive results from this plot (i.e. Fige. 14) may
reflect the probable mobility of Ca and the alkali elements,
which will have a prcfound effect on the Niggli c and Alk
values,

Amphibolites show & strong positive correlation between Niggii
mg and Cr (Fig. 15) and which is very close to the typical

igneous trend.
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The southern granulites appear to extend the trend to lower

mg values, | ' "

(Other granulites are scattered and further data are required
to confirm any affinity with shale-carbonate mixtures, An
analagous relationship is shown in the Niggli mgo-Ni plot
(Fig. 16) with the amphibolites and southern granulites
showing an igneous~type trend.

Scrutiny of Figs. 17 and 18,which show the Niggli mg vz Cu

and Co respeutive*yjshow the southern granulites and northern
granulites to be within the pelite field cr just beyond, and
the other granulites separated with lower Co and Cu contents
from the amphibolites. '

Further variation diagrams reflecting magmétic differentiation
involuingveiements least affected by metasomatism (i.e. Ni,
Cr, Ti and Mg) plotted against 100 x ?ggﬁa (Cornell, 1875) are
presented below, Figs. 18 and 20 show the amphibolites to
have well defined igneous type compositibnal trendsswhile

the granulites show very little change ih Ti; Mg, Ni and Cr
with differentiation. o

The K1 amphibolites fall within the basic igneous field in
Fig. 21 while the socuthern granulites correspond to a 80:20
shale-carbonate mixture, The K3 granulites plot in an in-
determirant high Fe4+Mg+Mn field.

On the basis of the evidence presented above,it is concluded
that the amphibolites are meta-igneous rocks and the basic
granulites are metasediments.

Parent rock types deduced for all samples analysed are listed

in Table VI summarised below.

TABLE VI, BASIC METAMORPHITES AND THEIR PARENT LITHOLOGIES

Name and Rock g Parent

Unit No. Present Mineral Assemblaqge ' Rock

j

Amphibolite, K1 Labradorite, nhornblende, diopside: basic
Unit 8 and quartz 1 igneous rock
"KEBHEBEiEtéjkj”*" Labrédorite, hornktlende, diopside:
Units 7, 12 and hypersthene { "
mﬁﬁphibolite,kﬁ Labradorite, hornblende, quartz ; n
Units 4, 9 3 i ' . L o

Amphibolite, Andesine, hornblende, quartz, n

Copperton biotite and garnet _ |
(cf.Geringer }9791 '

—— a7
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Name and Rock Parent

PSS

LAndit Noe o Present Mineral Assemblage | Rock
| t
"Amghibolite-quartz i Labradorite, hornblende, r marly pelit:
granulite, K1 Unit 2 | edenite, quartz, diopside ;*onk
i and COIdlEIlte [ -
Hypersthene grdnulltesf Quartz, andesnne, horn- Emagne51um
K3, Units 6, 8 i blende, hypersthene and Ienriched
garnet _pelitigﬁyock
“Southern Granu11te } Labrador;te, quartz, "icarbonate
- ‘hoernblende, diopside, pelites
hypersthene, carbonate -
Northern Granulites i Labradorite, hornblende, §marly pelite
i cordierite, garnet, diopside
: carbonate + quartz -

4.2.3, Tectonic Setting of the Ortho-amphibolites

Thaoleiitic affinities of most of the amphibolites are illustratec
on the AFM plot in Fig. 22, ‘Tholeiitic affinities are conficme:
for the Kielder ortho-amphibolites on the diagrams using Zr, P,
_Ti shown in Figs., 23 and 24, |
Ampﬁibolites plotted on Figse. 25 and 26 fall within or very closi
to the low-K tholeiite field, and in the case of Fig. 28, there
is some suggestion of oceanic affinities. :
Inspection of the Davies (1978) YTC diagram (See Fig. 27)
shows the orthc—-amphibolites to correspond to an Archean
tholeiite trend, although two samples plot close to the Cr
apex and suggest an affinity with the Archean magnesian trend,
- a feature not supported by actual Mg contents, The granulites
("para-amphibolites") show considerable scatter.
The discriminant diagram of Pearce et al. 1977 shouws the
Kiedler ortho-amphibolites to plot within the ocean island
field (See Fig. 28).
To summarise, it is concluded that the Kielder ortho~amphibolites
are derived from low potash tholeiites with ocean island affini-
“ties,
An interesting feature of Figs. 22, 23, 24, 25, 26, 27 and in
particular 28, is that the four samples of Copperton amphibolite
display erratic behaviour and no confident interpretation could

be attempted using them alone,
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4,240, Stratiqgraphic Correlation

Discraminant diagrams of Davies et al. (1878) are illustrated
in Figures 28 to 32 with the Kielder basic metamorphites |
shown, The southern granulites are consistently separated
from the northern granulites which cluster with the amphibo-
lites and granulites occurring with sulphide mineralization.
While the TiO, vs Cr plot illustrated in Fig., 32 separates
the ortho and para-amphibclites, no distinction within the

~latter group is achieved,

403, Discussion

Arguments againct using chemiczl trends to distinguish para
and ortho-amphibolites have been put forward by Orville (1989),
who suggest that amphibolites could be: {

(i) meta~igneous rock; produced by recrystailisation_of a
basic igneous sill, dyke or flow,.

(ii) metasediment; by recrystallisation of marl or carbonaté
shale with a change only in the wvolatiles.,

(iii) metasomatic rock; by recrystallisation of some parent
material combined with addition .and/or subtractions of,

significant non-volatiles.

orville (1969) points out that any amphibolite (i.e. hornblende-
plagioclase rock) will plot in the igneous field because %he
plot of pure hornblende overlaps with the igneous Tield. The
results will show that the K1 amphibolites which‘are diopside~
plagioclase~hornblende-edenite rocks, plot in the igneous field
and do not correspond to the hornblende field. tost of the
amphibolites studied by Orville (1268) are thin layered variet-
ies occurring with calc-silicates; marbles and gneisses,whereas
the K1 and K6 amphibolites are wide {(up to 100m) bodies, with
gracdual variations in mineralogical composition, if any at all,
with no banding present.
Evidence for metasomatic origin of amphibolites is listed by
Orville (1969) as
(i) systematic compositional relationship between interlayered
martle, calc-~silicate, amphibolite and pelitic schist.

(ii) calc-silicate layers within amphibolite.
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(iii) increase in Ca content of the country rock adjacent

te the amphibolite.
(iv) decrease in total Mg and Fe adjacent to the amphibolite,

Because none of these features areobserved, in fact the
opposite is the case with (iii) and (iv) (See Section 3.2.1.),
‘a metasomatic origin for the amphibolites is rejected,

The amphibolites identified to be of ignecus origin are inter-
preted as basaltic flows. '

Their chemistry shows a simiiarity to ocean island tholeii tes,
Since the K1 amphibolite body is a relatively homogeneous Mmass,
the specimens are likely to satisfy the assumption that they
are comag. matice Howevery, if the K6 and Coppertcn amphibolites
are includeds the correlation coefficient is only slightly re-
duced, suggesting a common parent magma for all the basic
igneous rocks in the Copperton-Kielder district.

There appears to be some basic differences between Archean
"greenstones® and Cenozoic data on which the tectonic fields
of Pearce, Gorman and Birkett (1877) (See Fig. 28) were based, .
apart from the tendency for the older rocks to have suffered
more 'alteration', : They conclude that modern day island arcs
are not comparable to those systems which formed the Archean
.greenstone belts, Bearing in mind the association of these
amphibolites with stratabound massive sulphidesy and horizons
of banded ircon formationsa case for an oceanic setting is con-
siderably strengthened., The suggestion of Geringer {1379)
that the Namacgua metamorphic complex is divisible into an
Eastern domain (which includes the Copperton-Kielder area)

of calc-alkaline type magmatism and a Central domain of
continental type tholeiitic magmatism (which includes the
Gamsherg—~Aggeneys deposits),is not supported by the data pre-~
sented here, Geringer's Eastern Domain has been shown in
this study to contain a well defined intra-marine volcano-
sedimentary succession,and evidence for a continental margin
andesitic province is entirely lacking,

The lithostratigraphic correlation of the K3 hanging wall
granulites uwith the Northern granulites confirms the earlier
conclusion in Section 2.6 that these are stratigraphic equi-
valents, It is thnerefore postulated that the stratigraphic

horizons hosting massive sulphide mineralization in the K3



area continue tou the west in the area of the base line (See
Map. No. 4, from 32E to 40E) into an ‘area of sand cover.
Further sampling and analyses would be required to establish
stratigraphic suitability for associated mineralization of
the other outcropping byroxene.granulites (i.e. at 40E/11N,"
26E/11N and 45/14%; See Map No. 4). | |

The southern granulites are chemically distinct from the
Northern granulites and sulphide associated granulite horizons,
which also confirms conclusions reached in Section 2.6

The controversy regarding‘the presence of a fold closure or
twc separate sulphide horizons in the K1 area (See Section
2.2.2.) may be solved using this approach; ideally, more
analyses are required,; but the north and south intersections
of the Kl Unit 9 amphibolite cannot be distinguished geo-
chemically, suggesting that they represent a single horizon

repeated in the sequénce by folding.
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S | GENESTIS OF THE KILLDER MASSTVE SULBHIDE DEPOSITS

‘The primary depositional features used in the interpretation
of the genesis of the Kielder deposits have been partially
obscured by the high grade metamorphism; as in the cases cof
Copperton (Midcdleton, 1976; Wagener, 1980), Broken Hill, N,S.W,
(Stanton, 1972) and the Scandinavian deposits (Vokes, 1976),
In spite of'the steeply-dipping and complex naﬁure of the
regional siructure (not discussed in detail for lack of data)
the stratigraphic "way-up" was determined using metal and
~mineralogical zoning within the massive sulphides and recog-
nition of an alteration ione. \

‘Some caution is nebessary in the classification of these
deposits based on metal ratios and associated wall rocks
because these parameters may vary on regional and global
scales., The regional variation of metal ratios has been
documented by Stanton (1972} and the variation in the host
rock association outlined by Hutchinson (1979) and Sangster
(1879).

All the classification schemes and penetic models for massive
base metal sulphide deposits are based on occurrences in
North America, Japan, Europe and Australia. Nevertheless,
it will be seen in the following secticns that the Kielder
deposits can be classified as exhalative stratabound massive
sulphides, as defined by tLarge, (1977), Plimer (1978) and

Sangster (1979). .
5.1, Characteristic Features of the Mineralization
5.1.1, Vertical WMineralogical and Metal Zoning

The K3 massive sulphide unit (See Fig. 3, Section 2.1) has a
pyrrhotite-rich top, barite toward the bottom and a zinc-rich
base. Lead is vaquely concentrated toward the top and silver
appears to vary randomly throughout the sulphide unit., Copper,
although present in minor quantities, shows an increase (from
0.2% to 0.5%) toward the base of the sulphide zone. Within
the K1 massive sulphide mineralogical zoning has nol been
detected but the zinc tends to increase toward the base; the
lead and silver contents are higher in the top. of the unit

(See Fine 5, Section 2.2.). The massive sulphide-of the K6
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area lacks any mineralogical or metal zoning buf the felsic
stringer zono vith galenz and chalcopyrite (Leoth rich in
silvef) underlies the massive sulphide,

The usual zoning pattern in exhalative massive sulphides

according to Large (1977) and Sangster (1979) is:

(1) Primary pyrrhotite is usually found in the footwall
and base of the massive sulphide,

(ii) Magnetite is found in the footwall rocks usually with
chalcopyrite., '

(iii) Galena is usuvally found towards the top of massive
sulphide, _ ,

(iv) Barite and Sphalérite are concentrated toward the top

of the massive sulphide lens,

Assuming this zoning is universal, the K3 stratigraphy is
inverted and this is supported by the presence of an alteration
zone presently overiying the massive sulphide (i.e. hanging
wall Unit 9)._ The Subtlé'métal zoning in the K1 sulphides
also suggests inversion of the stratigraphy and is similariy
supﬁorted by evidence of an alteration zone in the hanging
wall, whereas in K6 the felsic stringer zone below the
massive sulphide and'the B.I.F. in the hanging wall rocks
suggest a nofmal stratigraphic sequence., = lLarge (1877) states
that, except for the cupreous pyrite type deposits, no reverse
zonation has been reported in exhalative massive sulphides,

' The metal/mineralogical zoning was used to establish the
stratigraphic "way-up™ in the Geco deposit (Suffel, et al,
1971). S :

Sele2, Lateral Mineralqgjcal and Metal Zoning

Lateral metal zoning within the massive sulphide units of
Kielder is not observed. In the case af the K3 massive
sulphide lens the Cu/Zn ratio varies randomly from .06 to
.10, The absolute abundances of the individual sulphide
species do rot appear to vary laterally within any of the
three occurrences, The massive sulphide lens in the K3
area changes laterally in all directions into disseminated
iron sulphides uwithin a quartz—cordieritevrock (Unit 10,
Appendix I) which also contains occasional massivé sulphide

pods varying in thickness from 10cm to 1.0 metre. This
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disseminated halo shows marked mineralogical 2oning; the
Py/Fu ratio increases Trom 2 to 10 and from 2 to & away
from the edge of the massive sulphide to the west and east
respectively. The decrease in the pyrrhdtite content is
accompanied by . * an increase in the magnetite con-
tent from a pyrrhotite/magnetite ratio of 10 near the massive
sulphide to~1 mcre than 50m Ffom the ore zone,
The vertical (ieee perpendicular to bedding) mineralcoical/
metal zoning (See Section 5.,1.1l.) and the lateral zoning
producing the concentric mineralogical halo described above
has been explained by Large (1977). These effects are
caused by the miXing of the hydrothermal solutions, which
supply the metals and sulphur, with sea water as they move
cut onto the sea floor with a consequent decrease in tempera-
ture and simultaneous increase in pH, f0, and £S5,  The
envisaged temperature contours surrounding.the "hydrothermal
system" and the resulting mineralogical zoning (vertical and

lateral) are shown in Fig, 33,

C o ' banded py-sp gal ore
Pyritic cher? /A\
. Vi - .
- VO o
massive

// cpy-sp ore
cpy-po-py imag
£

\ stringer ore

N

Fic. 33.Idealized temperature regime during the formation of a proximal
massive sulfide deposit. Contours in degrees Centigrade.

(aftor, lLarge 19771

ey -

The distal &2 km) facies equivalents of the K1 mineralization
(i.es Units 1, 2 and 3 in Appendix I) found in the upper units
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of the K3 area contain up to 12% pyrite and pyrrhotite with
Mo accompanying base or precious meial mineralization,
These distal extensions differ from the disseminated sulphide

halo closer to the massive sulphides in the Tollowing ways:

<150m from massive sulphide >2 “ms from massive sulphide
(i) Py/Po~2 (up to 10 nearer the ~ 1
p ore )
(iiY sillimanite cantent ~15-25% ' A 0-20%
(3ii) cordierite 18-40% | 0 0-25%
Tfsj_“gggééignalw;assive sulphide fine-grained evenly distri-

pods buted pyrite and pyrrhotite

PR RE W

The "within. deposit" variation in the Py/Po ratio was discussed
in Section 5.1.1., but the regional variation in the pyrrhotite
‘présence remains to be explained.,. There is an almost total
absence of pyrrhotite from Kl and only sporadic minor pyrrhotite
in the K6 massive sulphide, The traces of pyrrhotite in the
K1 and KO usually occur as fine blebs within coarser pyrite
grains. This phenomenon together with the marked pyrrhotite
zoning seen in K3 show that primary pyrrhotite was present in
the premetamorphic massive sulphides, The pyrrhotite has not
- been produced solely from the metamorphism of pyrite, It has
been suggested (Gehrish, 1975; Plimer and Finlow-Bates, 1878)
that primary pyrrhotite records the depositional history,
pyrrheotite forming in deeper water more distal from the exhala-
tive centre supplying the metals, On the other hand, Large
(1977), supported by evidence in the New Brunswick deposits
(Jambor 1978), uses the presence of pyrrhotite as an indicator
of proximal deposits (See Section 5.1.5.), based on the minerazl-
solution equilibria in the Fe~5-0 system, There is convincing
evidence (Sec Section 5.1.5.) that the K3 and K1 are oroximal
deposits as opposed to the KB thch has the characteristics of
more distal deposition.

Therefore froﬁ the evidence pfovided by pyrrhotite, the K3 and
K1 proximal deposits appear to differ in the depth cof water.
during exhalation, the K3 forming in deeper water than the

K1 massive sulphides,

The commonly occurring feature{Plimer and Finlow-Bates, 1278)
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of barite occurring with pyrite-rich deposits wihich suppusedly
reflects the relative abundance of sulphur in the system was
not found in the Kielder deposits. . Barite occurs in signifi-
cant guantilies (3% 5a50,, Suhalerite,/Barite ~3) in the X3
massive sulphide which contains the larger amount of pyrrhotite
(Py/Pc ratio in K3 < K6 << K1). A higher ratio of hexagonal
pyrrhotite to monoclinic pyrrhotite polymorphs occurs in the

K6 area which also has a higher pyrite content than at K3,

This relationship has been noted elsewhere by Plimer (1978).

5.1.3. The "Footwall' Alteration Zone¥

In the Kielder deposits the éiliéeous, Mg-rich cordierife~
bearing rock (K3 area; Units 9 and 10 and K1 area Unit &,

See Appendix I) is interpreted to be the metamorphosed equiva-
lent of the chlorite alteration zone normally found adjacent

to massive sulphide deposits (Sangster, 1872 and Large, 1877).
These rocks can roughly be compared tc the dalmatianite of the
Noranda Area.- Sangster has noted that the exhalative massive
sulphides develcped in sedimentary sequences are usually under-
lain by zones of silicification, and less often a zone of
magnesium enrichment (more often asswociated with volcanic
hosted sulphides).

Sillimanite-bearing rocks occur persistently as footwall (in
the K3 and K1 areas) and hanging wall (K6 area ) units,. This
felsic sillimanite gneiss is basically indistinguishable from
its eduivalents elsewhere in the sequence. Stanteon (1972)
attributed the alumincus material found in the footwall of

- Broken Hill deposit (N,.S.%.) to be formerly hydrothermal
kaolinitee. In the K6 area minor cordierite is found in the
footwall and hanging wall rocks; the felsic stringer zone and
felsic sillimanite gneiss, respectively, Although rare, some
cases of chlorite alteration have been reported to occur above
the massive sulphide horizon (e.g. Amulet'A', Quebec, Sangster,
1872). The cordierite-~rich zones stratigraphically below the
massive sulphide in the K3 area contain disseminated pyrite and
pyrrhotite with little Cu-Pb-Zn mineralization although the Cu/

Zn ratio is higher than in the massive sulphide unit. In the

K

* The term '"Footwall"7altération zone! is used here following
Sangsferls (1872) terminology whereby it refers to the alteration
zone underlying the massive sulphides at the tiwme of their forma-
tion and does not imply the alteration zone to be physically below

the massive sulphide in the present configuratione.
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K1 area the quartz—cordierite rich rock {Unit 6, See e 4.
Section 2.2.) containc only dissemirated pyrite and pyrrhotite.
The present shape of the alterstion zone in the K3 area is not
knoun exactly because of the wide spacing of the drill holes,
but it varies in thickness concomitantly with the massive
sulphide unit thickness. In drillhole KDH 3 (See Cross~Section
1, S54E) the thickest intersection of sulphide was overlzin {(n.b.
stfatigraphically below) by the thickest iﬁterse;tion (~15m) of
"footwall" alteration zone (Unit 8).  Up-dip, in drillhole KOH
2, the alteration zone is much thinner (~6m) and down«dip in
drillhole KDH 5 it has pinched out. The alteration zone there-
fore overlies the massivec sulphides asymmetrically. he
possibility that the alteration zone has a funnel shape pointing
upward (i.e. inverted Fig, 34 (A)) between drillholes KDH 3 and
KDH 4 is considered unlikely in view of the extent of deforma-
tion of the country rock and sheared massive sulphide/wall rock
contacts, The KDH & sulphide intersection has been cut off

by a fault zone (See Secticn 54E) and the central section of

the K3 massive sulphide lens remains somewhat unknouwn.

" Massive ore

Stringer ore

(A)
. o eI Red TR SO
Massive ore { _pemee B o "
< 178" e e — - —
, ,/‘_);_2 — e _“ -
Ll . ’
Stringer ore ~> L 4 :‘_,—-:_:-’ q—,ﬂ% 2?” >
,,/’1:‘:.7- pru—, dz;j,/'
’,,/ ’,,,// <«
l’/ prdd .
,,I o7 .
7’ b7’ . - Alteratlon pipe
i 2 . .
, , .
/’/ yd - age— ' . (B)
Y4 o . L

Figure 3%. (A} Schematic diagram illustrating main geological features of an
undeformed volcanogenic massive sulphide deposit,
{B) Szme deposit as (A) but modified by shearing in the sense
shown by heavy arrows above and helow the orebody.
-lafter,Sangsler 1972

The hypothetical cross~-section probosed by Sangster (1972, 1979)
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ts gxriain the °°’T“P+T1P“1 shear=d altoration pipes undor..
lylng many of the Canadian deposits and the Cubar deposit

irn New South Wales is considered partially applicctle here
(See Fig. 34 {(B))., The K3 geometry is probably intermediate
between (A) and (B) in Fig. 34. | :

The paucity of drilling in the Kl area prevents similar
interpretation of the geometry of the alteration zone in -
this area. The distal K6 massive quphxde does not have

"a "footwall alteration zone.

5.1.4. Tourmaline Distribution

AN

Tourmaline (dravite) is found .in minor guantities witﬁin the
cordierite-rich alteration zone (Unit 8) in the K3 area but
not in the massive sulphide, In the K1 and K6 areas zoaoned
tourmaline (with a schorl-riph.core) is found within the
.massive sulphides, A metamorphic origin for the zonation

does not explain the distribution in the K3 and K1/K6 arceas.

In an explanation of the tourmaline footwall-alteration pipe

at the Sullivan Mine B.C.,, Sangster (1972) envisaged the
hydrothermal solutions, rich in Na, Ca, Al, Fe, Mg and Bo to
have precipitated tourmaline below the ore horizon but upon
reaching the cooler-environment above and within the sulphide
horizon the solutions would predipitate albite and chlorite

with boron being lost to the sea-water. ~This explanation

fits the facts as observed in the K3 area. However in the

mere distal K6 (and possibly K1) where the massive sulphides

may have been transported in a type of ﬁurbidity current the
presence of zoned tourmaline may be explained differently.

The tourmaline, as part of the massive sulphide gel, continued
to crystallize as the mass slid cown the slope under changing
temperature {and pH and Eh) conditions, thereby becom+ﬂg zoned
with an iron=-poor Tim. .’ '

This process of turbidity currents was envisaged by Jawbor
(1979) in the genesis of the New Brunswick "distal allocthanous
massive sulphides" which were depositec "distant from the hydro-
thermal conduits", The abundant textural evidence of transport-
ation of partlculate sulphides in the New BIUHleCk ores wgoulcg

not have survived the Kielder metamorphism, -
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The fellowing diagrammatic representation (Fig. 35)

of the

wall rocks expressed as pre-metamorphic equivalents is based

on interpretations discussed in Sections 3.2.2. and 4,2.1.
The correct stratigraphiC‘sequence or "way-up" is deduced
from the mineralogical and metal zoning and "footwall™

alteration zones discussed in Sections 5.1l.1l. and 5.1.2,
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The transitional heost rocks bhetweson tho fol-ic/Intc ncdiuie

volcanic Noranca-type mineralization and the entirely
sedimentary assocliation of the Sullivan depusit are des-—
cribed by Sangster and Scott (1976) as typically being
volcanic sediments, sedimented volcanics, slightly reworked
tuffs and tuffwackes, At the grade of metamorphism attained
at Kielder the recognition of these ﬂsediments" by trace or
ma jor element geochemistry would be difficult, However, in
the Kielder wall rocks the geochemical data have indicated
probable igneous rocks (amphibolites) and sedimentary rocks
(hypersthene granulites). Other rock types such as the
8,1.F. and felsic siilimanite gneiss are assumed to be
sedimentary from thei: mineralogy. A spectrum of inter-
mediate rock types exists in the Kielder wall rocks which

is likely to have a similar origin to those described above
as volcanic sediments (Sangster and Scott, 1878).

It is important to note in the more recent publications
(Sangster; 1879; Hutchinson,1879; Jambor, 15738) that the
application of exhalative massive sulphide genetic thecry

is applied acronss the entire spectrum of volcanic to
sedimentary host rocks (e.g. Sullivan Mine, Cobar Mine,
Tasmanian tin and base metal daposits). ,

The position of massive sulphide mineralization within the
Kielder sequence of pelites, greywacke, arkose, qguartzite

and basalt appears unrelated to any stratigraphic marker
indicating an hiatus or change in depositiénai style, The
K3 sulphide is underlain by a narrow basal? hdrizon,vthe K1l
sulphide is overlain by a significant thickness of basalt

and the K6 has a thin basaltic base and a unit of basalt in
the hanging wall of variable thickness, A correlation
between the K1 and K6 basalts is possible based on geochemical
similarity and outcrop evidence. The mineralization appears
then to "migrate" laterally and vertically within the host
sequence and to be controlled by'ﬁhe position of the exhala-
tive centre, which is not restricted in time and/or space,
and to be independent of the basalt outpourings.

Large (1977) used thetfollowing scheme to classify the distal

and proximal types of exhalative deposits:
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Reitnria lined . Proximal Ores Djic+r) NOwne
1. Metal Content Cu=tich (with Au); Zn | Pb-Zn rich.Cu poer.
: may be present in -1 (KB)
economic quantities
Pb generally low
(K3 and K1)

2. RAlteration " Underlain by a. No distinct foot-
distinct alteration wall alteration
zone (pipe) (K8)

(X3 and Klg
de Tron Sulphides Pyrite and Pyrrhotite Pyrite dominant,
and Oxides dominant, Sulphides, (Ki?). Pyrrhotite
ffagnetite in footwall absent, Magnetite
(K3) v may be in hanging
' wall (KB)

4, Form Pipe like or mushroom Well banded, strati-
shaped, generally form and blanket
massive and cross shaped (K6%?)
cutting.

Banding only in hang-
_ ing wall. v

5. Zoning Good zoning, Cu toward ! General lack of
footwall., Zn/Cu increases zoninge
upward. (K3) (K8)

Massive sulphide deposits formed in more distal environments
are likely to be less "massive"™ (Jambor, 19738), the less dense
K6 and K1 massive sulphide units can therefore be taken as
further evidence of their distal nature, ‘

The diagrammatic representation shoun in Fig. 36 summarises
the depositionzl environment envisaged for the K3, K1 and K6

massive sulphide units,

DISTAL F1-Zn RICH ORE VOLCANOGENIC SEDIMENT PROXIMAL Cu-Zn ORE
BANDED PYRITIC TYPE (chert, jesper, D, groph shcves) MASSIVE AND STRINGER TYPES

= MIXED SEDIMENTARY - > ; VOLCANG PLE-WITH MASSME LAVAS —p»
VOLCANC PILE . .

F16.36. Schematic representation of the geological setting of proximal ores,
distal ores, and volcanogenic sediments.
' : lafter,Large 1977]
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The K8 is placed between the proximal and distal types
because of its intermediate characteristics., Jambor,

- (1979) envisages a complete spectrum between targefs (13877)
two end memberéfand this type of gradational change appears
to be present between the Kielder deposits, Conflicting
evidence exists for the relative depth of water during
deposition of the three massive sulphide bodies.

The deeper water depositicn from the K3 to the K6 area
shown in Fige 36 is supported by the higher cocpper content
of the latter area (K3 Cu <0,45%, KG Cu £1.5%) in that the
greater pressure of the deeper water prevents boiling GF:
the hydrothermal solutions and resulting precipitation

of éhalcopyrite in the hydrothermal feeder zone ' (Large,
1877; Plimer and Finlow-Bates, 1978). |

‘The evidence provided by pyrrhotite (See Section 5.1.2,),

5 - using Plimer's (1878) postulation that pyrrhotite

is formed in deeper waters; does not fit the picture pre~
sented here. However it should be noted that Fig. 36
represents a diagrammatic comparison between the areas of
mineralization and does not imply that the thfee bodies
formed from_the.same exhalative vent, In fact it has
already been shown that the zones are not stratigraphically‘
equivalent. Consequently the K3 massive sulphides may

well;have formed in deeper water as .opposed to K1 and K&,

S5.1.6, The Manoanese Halo -

"The higher manganese content of the K6 wall rocks (See
Appendix III) as reflected in the MnD‘COHtentgoF the garnet
is in accordance with the distal nature of KE massive sulphide
environment, The ability of a manganese halo to 'survive'!
the granulite conditions attained at Kielder can be deduced
from the Secticns 3.3. and 4.2. and has been shown to exist
around other metamorphosed massive sulphide deposits (e.g.
Gamsberg, M. Cape; Stumpfl, 1878, Broken Hill, N.,S.W.; Plimer
1977) . ‘ ' . ' '

There is a symmetrical manganese-rich halo surrounding the K1
ore body (See Fig. 37 and Table VII).
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Fig. 37 Variation in the manganese content in garnets
approaching the K1 massive sulphide unit.

Insufficiént data exist for the K3 and K6 areas but a similar
situation is suggested. The halo is restricted to within 5m

of the massive sulphide, is narrower than that found at Gamsberqg
or Broken Hill, N.S.W., and probably reflects the smaller size
of the Kielder bodies. |

TABLE VII, The Mangaﬁesé Content of thé Wall Rdbk Garnets.
A ‘

AREA K3 AREA K1 AREA K5
Sample | % Mn0 |Distance®| Sample| % MnO Distance®Sample| % MnG|Dist.’
No. from ore |} No. from ore |No, from |
~ {RKG) (m) (RKG) (m) (RKG) ore(m
111 2.95 +15 130 2.87 | +180 288 4,49 | -4
111 2,75 +15 190 2.82 +160 . 288 14,16 -4
71 | 2,30 -33 190 | 2.81 | +160 288 |13.08 | -4
71 2434 -33 1380 2,91 4160 255 7636 +1
71 2.14 -33 180 . 2.95 +160 255 Teltd +1
71 2.51 -33 130 2.84 +1E60 - 298 9,82 +25
71 2.24 ~33 208 4,69 -2 298 7,91 +25
10 2,43 -50 208 4,80 -2 298 9.24 +25
10 2.46 -50 209 4.41 -2 217 3,37 -27
' ’ 209 5,16 | =2 217 | 3.42 | =27
209 4,48 -2 217 3.53 -27
*( - refers to 199 | 1.78 +20 %( + refers to
distance 1389 1.75 +20 - distance into
into 178 2.53 -5 fOOtwalle)
hanging wall) | j7g 2,71 | =B




The manganese halo as an exploratior tool (as suyncectad by
Stumpfl, 1878) should be used with caution in view of:

(i) its narrowness (i.,e, <5m wide)

(ii) the trend of distal deposits to te more Mn-rich.,

~

5.1.7. Associated Intrusives

The granodiorite bodies which cross—cut the stratigraphy in
the K3 area (See Cross-section 1, 54E) are definitely intru-
sive . (See Section 2.1.4.). The poorly«foliated texture
suggests a late—tectonic intrusion or possibly a pretectonic
intrusion which because of its mineralogy did not become
strongly~foliated. These intrusives are only present in

the proximal K3 area, ' '

The presence of granitic to basic intrusions has been loosely
linked, genetically, with massive.sulphide mineralization
(e.ge Geco depesit; Suffel et al. 1871 and the Sullivan
deposit, pers. comm, mine'geologists). . Sangster and Scott
(1876) state "Within many regions of massive sulphide deposits
it is not uncommon to find major intrusions of ultramafics,
gabbro, diorite,'granodiorite and even granite, Felsic
intrusions aré usually found as large stocks at or near the
centre of the volcanic pile. Rs such they may represent

part of the magmatic hearth which originally spawned volcanism
and later moved upward to intrude its Qwh daughter products',
The presence of more ultrabasic—tending amphibolite (with
disseminated pyrite and pyrrhotite and nickel contents«10C0~
1500ppm) are known to occur in the extreme North-east of the
Kielder area, 1000-~-1200 meters below the massive sulphide
‘mineralization. These may correspond to the ultra-basic
sills which are postulated in the model proposed by Suffel

et al, (1971), for the Manitouwadge massive sulphide deposits.

Delo COMPARISON WITH EXHALATIVE MASSIVE SULPHIDE MODELS

5.2  Stanton's (1972) Model

In Stanton's (1859, 1872) descriptions of this ore type the .
following features typified massive sulphide deposits: |
(1) Form: usually lensoid with the two larger dimensions
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approximately the same with the lesser dimension an'order

ef magnitude smaller., |

The shape of K3 {insufficient drilling on KS'and K1 prevent

a shape prediction) fits these dimensions (i.e., 200 x 250 x
15m) The more irregularly shaped rods, plates and 'boddinaged
bodies described at Broken Hill (Stanton, 1972), Scandinavian
deposits (Vokes, 1978) and Copperton (pers. comm., Wagenexr)
were not identified at Kielder. However these hay be _
detected if more detailed drilling were completed, Stanton
(1872) noted a freguently=cccurring phenomenon of semi-
continuous en echelon arrangement of sulphide bodies as a
particular facies "migrates laterally up the csequence®,

~The en echelon arrangement of K3, Kl and K6 massive sulphide

lenses has been described in Section 2.6, and 5061654

(ii) Setting: a broad associetion of massive sulphides
with volcanic and sedimentary rocks of marine origin, This
feature fits the KielderAsetting.and has been diScussed in

Section 4.

(iii) Metal Constitution: the following subdivisions were
established: )

a) Fe

b) Fe~Cu
. c) Fe=Cu-ZIn

d) Fe~Cu-Zn-Pb _
The K1 and K3 correspond to c) and K8 possibly to d).-

(iv) Mineralogical'Constitutioh: is typically simple with
the common sulphides: being pyrite,; pyrrhotite, sphalerite,
galena and chalcoupyrite with minor marcasite, arsenopyrite,
tetrahedrite, bismuth minerals and the non-sulphide minerals

are magnetite, carbonate, barite, apatite and fluorite.

Except for arsenopyrite, tetrahedrite and fluorite the Kielder
sulphidescontain the typical sﬁite as listed ‘above. The.
trend for increasing mineralogical complexitybwith metamorphic
grade (McDonald, 1867 and Stanton 1872) has not been found in
the Kielder deposits which agrees with Sangster's (1872)
_findings in other deposits, '

In the Kielder deposits no cassiterite or discrete silver

minarals were detected and in the silver~beéring portions of
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the ore zones semi-quantitative microprobe anmalysis showed
galena to hold silver in solid soluticn and chalcopyrite

to occasionally contain minute blebs (~10 microns) of silvers

5.2.2, Sangster _and Scott's (1875) Model

This model empirically divides the massive sulphides into
three groups based on host rock asscciation withcut any

genetic implication. The host rock associations are:

e

(3 predominantly volcanic rocks
(

(iii).mixed volcanic and sedimentary lithologies

[N

i} predominantly sedimentary rocks .

This simple classification scheme is based upon the exhalative

concept with a common genesis for all three types, and that

the differences in the lithology (of the footwall rocks) cause

relatively minor "second order perturbations® on the resulting

massive sulphide deposit,' The Kielder deposits are classified

in this system as type (iii).

5.2e3¢ Solomon's (1976) Model

This system is based on the volcanic rock type in the footwall
with further subdivisions into metal ratio typese. The classi=
fication scheme is shown on Fige 38, and the Kielder deposits
fall into the Zn=Cu type. Here a mafic sedimentary association

is rare (at least in Solomon's sample of 50 depecsits) but never-

theless does occur, The tholeiitic basalts of cceanic origin
Zn-Pb-Cu o © Zn-Cu
Fetsic | maric [seoiment | - [ FeLsic | maFic [seoment |-
L D 6 @ m 10@%. ’
. 2 T 4
1 .. K
) PSSt 5
—— 33— 3 ‘m1
1 1
1 i
A . )
Cu

FeLsiC | maFic | seoimeny

s 5 rend

L

Fig.38 Diigram to illustratc the nature of the footwall rocks to massive salphides, from a study of
’ - 50dcposits:  [aftor:Solomon, 1276 1
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of the Kieider wall rocks (Section 4.2.2.) agree with
Solomorls composition for the associated basic rock,

Solomon postulated that the tholeiitic basaltic mégmatism
associated with Cu~Zn massive sulphides and clastic sedi-
mentary types (Besshi Type) which are found in the arc "front"
of the Kuroko deposits proper may be a forerunner to the
Kuroko-type ore-forming event, _

The Kielder dep051ts are plotted on a Cu-~Pb-ZIn ternary

diagram with other deposits to show their composition with

respect to previously described bodies, (See Fig. 39).

5,244, _ Hutchinson (1973, 1378)

Hutchinson (1973) defined volcanogenic massive sulphide
deposits as: M"stratabound, lenticular bodies of massive
pyritic mineralization containing variable amcunts of
chalcopyrite, sphalerite and galena in,layered‘vdlcanic
rocks", '

He subdivided the group into three varieties based on their
elemental and mineralogical composition, relative and absclute
ages, and their host rock association,

The three subdivisions are:

Type 1, Pyrite~sphalerité-chalcopyrite in mafic to felsic
volcanic rocks, found in Archean greenstone belts,

Type 2. Pyrite~galena-sphalerite-chalcopyrite in more
felsic calc-alkaline volcanics in Proterozoic
sequences, '

Type 3. Pyr1te~chalccpyr1te in mafic ophiolites of Phanerozoic

age.,

Hutthinson (1973) explained the differences between the three
types in terms of evolution of the eai‘th‘s.‘crustal'tECtonisrn°
The earliest type (Type 1) formed under primitive "proto-
crustal® conditions, with the associated volcanics forming

from a thick undifferentiated mantle. This produced the

thick mafic platform with felsic domes around which the massive
sulphides formed, In the Proterozoic when eruptive volcanism
became more rare with increésiﬁg crustal thickness, epiclastic

sedimentation became more extensive, However in deeper
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| basins (eugeosynclines, rift controlled basins) volcanism
from the differentiated mantle produced tholeiitic and
basaltic lavas. Locally; in shallower shelves flanking
these basins more felsic eruptive centres developed, around
which massive sulphides were deposited. The third type,
(cuorcous-pyrlte) dmveloged in Dhanﬂr0201c time under plate
tectonic activity similar to the present day.

‘"The reappearance of types 1 and 2 in later tlmeAis explained
by Hutchinson as a "recreation of the Archean type proto-crust®
in the vicinity of subduction zones producing felsic domes on
basic platforms, In the later "regenerated type 1 deposit"
the associated precious metal appears to be pold and not
silver and gold. "

In later publlcatlonb (hutchlnson, 1878) expanded on the
presence of "massive sulphides" (as described above) existing
" with predeominantly sedimentary sequences in which volcanic
rocks are not essential, The exhalative sedimentary massive
sulphide concept and termihology were pioneered'by Uftedahl
(1858) and Ridler (1971). The massive sulphide is envisaged
to have been deposited as a gel-like precipitate on the sea
floor from heated exhaled metalliferous brines which uere
probably produced from convection of sea water in sub~sszafloor
rocks (sediments and/or lavas)., The exhalative fumaroles
are observed in the present day in the Pacific Galfpagos

rift (Corliss, 1879) and Red Sea (Degens and Ross, 1863).

In view of this simplified model of the origin of exhalative
massive sulphides it can be seen that the divisions between
sedimentary and volcanic "types" is arbitrary and a uwhole
spectrum of host rocks may be present, The Kielder deposits,
which are compared with a list of characteristics for massive
base metal sulphide deposits (Table VYIII) (from Hutchinson,
1978) appear to have an intermediate position,

The age of the Kielder host rccks is conitroversial (Sce Section
le4.) with isotopic data indicating ages of 1300 meye. The
Kielder depesits are not considered to be part of a "regenerated
Archean tectonic condition" because of the large size of the
related Copperton deposit (47 millicn tonnes) and the high Ag/Au

ratio of both Copperton and Kielder.
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CHARACTERYSTICS OF MAGSTYE RASE METAL SULPHYNF NEPACTTE (apwop dpTruragns 1000l
IN(META) SEDIMENTARY IN(META) VDLCANIC |THE K2 THE X1 THE K&
: ROCKS ROCKS ARER¥ AREA* AREA
FORM LENTICULAR "MASSIVE™ |LENTICULAR LENTICULAR | LEMTICULAR| LENTICU-
BCDIES STRATABOUND "MASSIVE" BODIES |STRATABOUND| STRATABOUND LAR
AMD STRATIFORNM STRATABOUND  STRATA~
BOUND
[IETALS
~-BASE Zin AND Pb Cu # Zn £ Pb Zn>Cu Zn>Cu»Pb Zn>Cu>Pb
-PRECIDUS Ag Ag AND Au TRACE Ag TRACE Ag |MIMOR Ag
NSSOCIATED ROCKS MAJOR: THICK MINOR OR BASALTIC
-UOLCANIC MIKOR OR NCNE, SEQUENCES NONE HANGING BASALTS
" . . WALL WITH |IN
~SEDIMENTARY {"AJOR: THICK MINOR, BUT PRESENT!MAJOR: PREDOMIN- | PELITIC
SEGUENCE ~VOLCANBCLASTIC, ARGILLITES,| o'y P -
~ARGILLITES, MIRON FORMATICNS" |PELITIC PELITIC ARKOSIC
TURBIDITES RELATIVELY MORE GRRYWACKS FOOTWALL Gﬂgyuncv
PREDOMINANT ABUNDANT NG 8,I.7, RATwALS
~"IRON FORMATIONS™
PRESENT
!
STRATAGRAPHIC L il IRON FORMATIONS . IRON FORMATIONS MASSIVE MASSTVE 1BLILF,
RELATIONSHIPS ' i| {ASSIVE BODY MASSIVE BODY SULPHIDE SULPHIDE MASSIVE
SULFIDE-IMPREGNATED SULFIDE~INPRE G~ BARREN BARREN SULPHIDE
ALTERATION "PIPE"M NATED ALTERATION | ALTERATION|NO
i ALTERATION "PIPE" |PIPE PIPE ALTERA~
BASE || TION
MINERAL ZONING PYRITIC TOP - PYRITIC TOP PYRITIC TOPI POCR . POOR
ToP{l MASSIVE SPH-GALENA MASSIVE SPH OR SPHALERITE ZONING P ZONING
A ORE SPH-GAL ORE ORE POSSIELE
i5ASSIVE PYRRAROTITE MASSIVE PYRRHGTITE Zn RICH
{ DISSEM, PYRRHOTITE CHALCOPYRITE ORE |BASE BASE
| (SULLIVAN) "{DISSEM, ‘CHALCO-~
BASE |} B PYRITE ORE
PRIMARY TEXTURES VERY REGULAR BANDING, | IRREGULAR BANDING INOT NOT {oNOT
BEODING 170 MASSIVE RECOGNIZED | RECGGMIZED| RECOG-
SEDIMENTARY STRUCTURES! SEDIMENTARY i NIZED
CoMMON STRUCTURES =
BRECCIATION PRESENT PRESENT
BRECCIATION COMMON
| ATER WIDELY VARIABLE JWIDELY VARIABLE GRANULITE GRANULITE SRANU~
FULDING, RECRYSTALLI- FOLDING, FACIES FACIES LITE
[ME TAMORPHISH ZATION ETC. RECRYSTALLIZATION . FACIES
CF, SULLIVAN, BROKEN [ETC.
HItL. CF. KIDD CREEK,
GECO,
AGE LATER PROTEROZOIC ARCHEAN, EARLY CONTRO- CONTRC~ CONTRO-
CIRCA 1.8 B.Y. (?) PROTEROZOIC, VERSIAL VERSIAL VERSIAL ~
PHANERDZDIC - : .
BROKEN HILL (1.8 B.Y.) 7 la?g)M.Y. 1303)m.¥. 1502)M.Y.
SULLIVAN (1.3 B,Y,) NORAMDA, TIMMINS : ¢
FARO~DYNASTY{CAMBRIAN?} ETC. { 2.5 a.v.ﬁ
. : VERMILION,ERRINGTOL
(1.8 B.Y.)
UNITED VERDE, E7C.
(1.8 B.Y.)
MT. ISA, "LOWER

PROTERUZOICY (?)

NEW BRUNSWICK
(CRDOVICIAN)

We SHASTA (DEVONIAN
£, SHASTA (TRIASSIC

m e v e 1y s g A i | ety

CYPRUS(CRETACENUS)
JAPAN (TERTIARY) l

)

(* THE KL AND K3 HAVE AN
OVERTURNED STRATIGRAPHY)
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The Copperton/Kielder deposits correspond to the Sullivan

and EBrcken Hill {N,S.W,.) deposits in their wall rnck associ-
ations and their isotepic ages. These deposits (Sullivan,
Broken Hill and Kielder/Copperton) fit into an era (0,7-> 1.8
beyo) significantly free of volcanic hosted massive sulphide
deposits (Hutchinson; 1973).

96205 Other Models

The above classifications and theories on the genesis are
complementad by Large'!s (1977) review and further subdivision,
based on mineral solution equilibria, in which the exhalative
massive sulphide deposits were classified in terms of their
proximity (or distality) to the exhalative centre, Large
envisaged a massive sulphide deposit as proximal when it
‘overlies an alteration pipe rehresented by chlorite alteration
(Mg metasomatism), silicification and pyrite/pyrrhotite and
chalcopyrite stringer mineralization. Frequently deposits,
particularly of Hutchinson's type 2 (i.e. Pynga»sph-pr in
voleanic terrains), have no underlying altefation pipe and
these were interpreted by Large as chemical precigitates in
shallow depressions in the sea floor far away from the ex—.
halative vent, and in this group he included layered and

isolated ore bodies in mixed sedimentary-volcanic sequences.

Large (1877) stressed that the terms distal and proximal
should refer to the exhalative centre and not necessérily ]
volcanic centre, Plimer (1878) argued that the terms should
be used relative to a volcanic centre because it is easier to
recognize. The Kielder deposits would support lLarge's classi-
fication because although the K3 body has the least amount of
“volcanism associated with the mineralization, it has all the
features of a proximal deposit; whereas K6 has meta-basaltic
rocks in both - hanging and fbotwall and yet appears'to be a
. more distal type. |
Large (1877) alsoc pointed out that the Kuroko deposits have
considerable barite and gypsum (no pyrrhotite or magnetite)
compared with the Archean ores, possibly due to increased
oxygen fugacity in the later environment. The Kielder deposits

. have minor barite within the massive sulphide units and primary
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pyrrhotite and magnetite are present, No massive barite
horizons have been discovered along strikc from the massive
sulphide horizons on Kielder as was found in the Gamsberg
deposit (Rozendaal, 1980). '

5.3 REGIONAL DEPOSITIONAL SETTING OF THE KIELDER/COPPERTON
' REGION

The Copperton ore-body, like the K3 sulphide deposit, is
probably a proximal exhalative massive sulphide using the
same lines of evidence used for ‘the Kielder deposits (i.e.
metal and mineralogical zoning, alteration zones etc.).

These proximal deposits were probably formed from separate
exhalative vents, In addition the presence of primary
pyrrhotite at Copperton also indicates that, like the K3
‘.sulphide, the sulphides were deposited at shallower depths
than Kl, ) | ‘ |
The interpretation by Wagener (1980) of the Copperton foot-
wall intermediate gneisses to be dacites based on the bulk
chemistry and mineralogy is considered inconclusive at |
grénulite grade conditions, particularly when the common
lithologies associated with exﬁalative massive. sulphides

are described as volcanic sediments, tuffuwackes, etce.,

(see Section 5:1.5.). Like the Kielder stratigraphy,
Copperton has definite igneous (tholeiitic basalts) end
sedimentary lithologies and a whole spectrum of intermediate
typese.

The deposition of the sediments (arkose, greywackes, tuffuackes,
" tuffs, quartzites and pelites) continued at a steady pace inter=—
spersed with tholeiitic basalt and possibly dacite (Wagener,
1980) extrusions with only brief pauses of deposition at the
time of hydrothermal exhalations, These were not spatially
related to volcanism, but.perhaps to zones of greater perme-
ability enabling the rise of the brines.

The resulting pods and lenses of massivée sulphide and pyritic
lateral extensions were‘not all formed simultaneously but
rather at different times during continuing host rock deposi-
tion in the succession,giving the observed lateral and vertical
distribution,

,



More important perhaps is to take cognizance of the proximal/
distal features and the indicated water depth of each deposit
and ‘construct a regional picture from that, Unfortunately
any regional interpretation is obscured by the complex j
structure which is littlevunderstobd. Nevertheless it
appears that the KJ and Copperton deposits developed over
their own exhalative plumes (i;e. proximal deposits) on an
oceanic ridge. Towards the south-west of this south-~east
striking ridge on the flanks of the ridge are formsd the
Annex (Middleton, 1975) and K1 ore bodies, and further

away to the north-west the distal KB sulphides and associated
‘ B.I.Fs were deposited, v '
Whether the tholeiitic basalt volcanism initiated an island
arc type felsic volcanism as in the Kuroko deposits (Solomoh,
11876 -; Horikoshi, 1875 is not known and remains speculation
for lack of Furthér regional study.,
The Kielder/Copperton reqion has five known (published)
massive sulphide deposits with the Copperton ore body becing
“the largest (at 47 million tonnes; l.7% Cu§ 3.8% Zn) and
four sub~economic smaller déposits with unpublished tonnages
and grades. (K3, K1, K5 and the Annex ore body), These five
depecsits cover an area with a minimum diameter of 20kms. - In
a quantitative study of eight provinces in Canada and Japan
(Sangster, 1980),the size, metal content and number of deposits
within each province were measured and led to the establishment

of a statistical model for a clasgical volcanogenic massive

sulphide province, . The statistical review revealed that:
(i) each district has an average diameter of 32 kms

(ii) the districts contain 4 to 20 deposits each, with an
average of 12 deposits , '

(iii) the average total base metal content per district is
4,6 million tonnes with a coefficient cf variation of

- 32%. '

(iv) ranked in order of size the largest deposit in each
‘district contains, on average, 67% of the total metal
and the second largest about 13%. The remaining

‘'deposits range downward in decreasing proportionse.
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points are:

a minimum diameter of 20 kms, although the shape in
the original study is a complicating factor,

the number of published deposits to date is 5.

the average total metal content has not been published
for the district but the Coppexton deposit contains
apprdximately 2.5 million tonnes metal,

the tonnages and grades of the smaller deposits have

not been published,

Sangster's (1980) model is based on felsic/intermediate
ic associated mineralization some caution should be used
rapolating to the sedimentary/volcanic hosted Kielder/
ton deposits. Nevertheless considering the similar

tive genesis for both types it may>mell be applicable,
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Mineralogical genthermometry and geobarometry indicated that
the Kielder massive sulphides and their wall rocks have under-
gone granulite grade metamorphism. There is a gradient in

the P-~T conditicns of metamorphism between the three areas;

K3 Area : 685°C and 6.0 kbars
K1 Area : 688°C and 5.8 kbars
K6 Area : 5380YC and 5.8 kbars

These figures indicate a depth of burisl for the K3/Kl area

to be approximately 25 kms and in the Kb area to be 20 kms,

and the metamorphic conditions straddle the "anatexis in gneisgh®
line (See Fig, 10), The numerous pegmatites and partial melt-
ing textures in the more felsic gneisses, in particular the
felsic sillimanite gneiss, are obvious conseqguences of these
high grade P-T conditions, The sphalerite geobarcmeter if
used correctly (i.e. buffered by direct contact with pyrite

and hexagonal pyrrhotite grains) gives reliable results which
agree with the silicate geobarcmeters. Retrograde metamorph-
ism, reflected in the zoned cordierite grains and uralitized
pyroxene granulites, occurred at lower temperature conditions
of 530-560°C., The precursor iithologies of the Kielder wall-
rocks as suggested by the metamorphic mineral assemblages are
similar to the predictions of the bulk reck geochemical data,
(i.e. tholeiitic basalt,‘pelites, peclitic greywackes and Mg

enriched pelite),

The range in sulphide graim sizes, in particular the pyrrhotite,
reflects the decreasing metamorphic gradient from the K3 to the
K6 sulphide bodies, The mean grain size of the sulphides at
this grade of metamorphism is relatively coarse (i.e. > 0.,85mm) .
The textural effects of the metamorphism on the sulphide minerals
has'been shown to be very typical (ive. the coarse grain size,
the uniform 120° triple-=junction points, the chalcopyrite cx-
solution blebs in sphalerite etc.). The Kielder deposits do

not show the tendency postulated for higher rank deposits by
Rockingham and Hutchinson (1980) to have more abundant pyrrhotite

blebs within pyrite. However where pyrrhotite (although rare}
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other evidence sucgests a pre-metamorphic presence of
pyrrhotite, The durchbewegt ('kneaded'!) texture described

by Vokes (1968) is typical in the more silicate-rich Kielder
massive sulphides. The sulphide horizons have remained, ‘
essentially stratabound and the mobilizationvof the metals
involves maximum distances of 1 - 3 metres, Pyrrhotite

shows slightly greatesr mobilization than pyrite and sphalerite.
The effect of the metamorphism on sphalerite with respect to
its iron content is the basis of the gecbarometer:and behaves
in a systematic manner (i.e. the greater the pressure during
recrystallization the lesser the iron content in the sphalerite
lattice), (See Figs. 8 and 9), Evidence of reaction between

- sulphide and gangue minerals during metamorphism is abundant
(esg. pyrite altering to pyrrhotite and magnetite; the
~ubiquitous presence of rutile which is a product of the re-
action between ilmenite and sulphur; the presence of gahnite
probably as a result of reaction between sphalerite and
aluminous_silicates; and phlogopite, another product of

silicate/sulphur reaction).

The metamorphic effect on the banded iron formation showed
results similar to those displayed by the Broken Hill (N.S.W.)
B.I.F. as reported by Stanton and Williams (1978). The
within layer and across layef analyses of garnet grains by
microprobé show a strong bedding contrcl on the garnet
chemistry which has.not been homogenized by metasomatic redis-
tribution. The diffusion of elements has taken place only

over minute distances (<5mm),

Certain elements (i.ee Al, Mn, Co, Ti, Y, Zr, Mg, Fe, P and

Nb) which are generally regarded as immobile under conditions
of upper amphibolite gfade metamorphism have been shown in

this study, usinag the methods of Beswick and Soucie (1978)and
Davies et al, (1979) (See Page 45) to be immobile within the
Kielder metamorphites notwithstanding the Granulite grade of
metamorphisai, Using an empiricél method of chemical compari-
son of immobile elements devised by Davies et al, (1978), basic
granulites which are associated with massive sulphides are dis-
. tinguished from,grahulites_that are apparently not assopciated

with mineralization.
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The plots of Tiﬂ2 vs Zr: Y -us Zr and TiD? ve Y ehon
significantly difverent Tields for the northérn granulites
(stratigraphic equivalents of hanging wall meta-pelites)
and the southern granulites (which, so far as is knouwn, are

not associated with any massive sulphide mineralization).

These discriminant plots may provide a useful, gquick and cheap
method of distinguishing between basic granulites which are
possible host rocks for mineralization, However, like any
geochemical exploration method, very careful orientation

studies are essential in any new area,

Major and trace element bulk rock geochemisfry of the wall-
rock amphibeclites and basic granulites has incgicated the
presence of metamorphosed basic igneous rocks, marly pelitic
rocks, pelites -and in the immediate wall rocks of K3, magnesium
enriched pelitic rocks, The mineralogy and metamorphic
petraology suggest that other lithologies such as the felsic
sillimanite gneiss, quartz-feldspar gneiss and certainly the
banded iron formation to be metamorphites with sedimentary
parentage, However a range of other lithologies such as the
amphibole~hypersthene granulite, some of the guartz-biotite
ghneisses and the hypersthene-quartz garnet granulite may be
interpreted as dacitic or intermediate igneous rocks; In
the light of what Sangster and Scott (1976) describe as vol-
canic sediments- (tuff-wackes etc,) typically associated with
massive sulphide deposits, it seems unlikely, that at the
granulite grade of metamorphism attained at Kielder, it would
be easy or even possible to distinguish'metaasediments from
meta—-lavas of an intermediate composition, Following the
latest ideas in the formation of exhalative massive sulphides
(Sangster, 1979; Hutchinson, 1879), the wall rocks are not
critical to their formation,; as massive sulphides typically

form in a whole range of host rock associations.

The Kielder base metal sulphide deposits have been shown to be
of the stratabound exhalative massive sulphide type. The
relatively simple sulphide mineralogy of pyrite, pyrrhotite,
sphalerite, chalcopyrite and galena with ganque minerals of
barite, chlorite, guartz, apatite and phlogopite is typical
of exhalative massive sulphide depcsits, as is the vertical

3
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mineraloaical and metal zoninag in the K3 and K1 sulphide
lenscs,  Pyrrhotite is concentrated in the stratigraphic
base with sphalerite and barite in the massive Sulphide
stratigraphic tope.: The K3 and K1 massive sulphide lenses
are proximal after Large's (1977) classification criteria.
The chlorite/silicification zone which formed below the
massive sulphides at the time of their formation has been
metamorphosed to a quartz-~cordierite rock. Minor amounts

of tourmaline are found within the alteration zone of the

K3 massive sulphide (cf. Sullivan ore body, British Columbia),
Some features of the Kb massive sulphide, namely'the absence
cf an underlying guartz-cordierite élteration zone, and the
presence of zoned tourmaline grains are interpreted as svi-
dence of their distal origin.. The sulphides, with the
tourmaline could have been trénsported downslope as an: uncon-
solidated particulate mass to be deposited in a shallow de-

pression on the sea=floor distal from the exhalative source,

All three sulphide lenses and their enclosingfmall rocks are
steeply dipping and the vertical (i.e. perpendicular to bed=-
ding) metal/mineralogical zoning and the pfesence of alteration
zones in the hanging wall of the K3 and K1 massive sulphide
lenses indicate that these two bodies are.ouerturhed. There
are no indications that the KB body is overturned, in fact

the evidence suggests a "correct stratigraphic sequence",

‘The form of the massive sulphide lenses and the associated
quartz—cordierite-élteration, in the case of K3, has the
typical deformed asymmetric shape (See Fig. 34, B. p. 59)
which exists in many of the Canadian deposits and the Cobar
deposit, New South Wales (Sangster, 1279).

Lateral zoning is not apparent within the massive sulphide
pudse However if the classical internal metal zoning were
developed with a Cu/Zn ratio higher in the immediate centre .
of the proximal massive sulphide lens (i.e. directly overlying
the exhalative centre, without shearing present) the higher
Cu/Zn ratioc would be, in the case of the K3 area, lccated
somewhere between drill-holes KBH3 &nd 4. Due to paucity

of drillholes and a fault zone intersecting the KDH4 sulphide
intersection, detailed information is lacking in this area.
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lLateral minervalopical =znning is well develoned immediatcly
beyond the massive‘sulphide‘pods in the disseminated pyritic
fringes, The pyrite/pyrrhotite ratio increases rapidly away
from the edge nof the massive sulphide but remains relatively
constant further than 100 metres from the massive sulphidese.
The increasing Py/Po ratic is accompanied by an increase in
the magnetite content, The vertical and lateral zoning
patterns and the alteration zones are similar to the classical
patterns produced by an exhalative hydrothermal system envis-=

aged by Large (1977).

Surface mapping aided by pitting/trenching, driliing and geo=-
physics (magnetics and IP-resistivity) shows that the three
sulphide bodies K3, K1 and K6 may occupy different horizons
arranged en echelon within the stratigraphic sequehCe. Poor
outcrop prevents detailed structural interpretaticn, neverthe-~
less the approximate stratigraphic "distance" between them is

a maximum of 500m, The eastern pyritic extension of the K1
massive sulphides occurs 300 metres stratigraphicsally below

the K3 massive sulphide pod., . The K1 and K3 massive lenses
themselves lie ~2000 metres“apart, The K6 massive sulphide
which is situated 5 kms and 7 kms from the K1 and K3 area
respectively, may occur stratigraphically above the K1 mineral-
ization, The relationship. between the K3 and K6 is not known
but it is possible that the K3 and K6 are stratigraphic equiv~
alents, (or nearly so); with K6 and its associated banded iron
formation being the distal facies of the proximal K3 minerali-
zation, The poorly-developed Kl mineralization, which in

many respects is intermediate between proximal and distal in
its characteristicsy is-situated between the K& and K3 deposits,
and formed at an earlier time when the exhalative hydrothermal

system was still to reach its maximum development,

The presence of basalt increases persistently from east to

west. In the K3 area (i.e. extreme east) minor amounts of
basalt are found within the hanging and footwzll rocks; in

the K1 area, basalt is the major constituent of all the younger
formations,and in the extreme west (i.e. KS area) basalt is ‘
found in footwall and hanging wall rocks as a major constituent,

.
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The denth of se=a-water at the tire of hydréthermal exhzla-
tions as indicated by the mineralogy and metal ratios is not
clear, The two iines of evidence are contradictorye. Lazrge
(1977) showed higher Cu/Zn ratics in massive sulphides to be
indicative of deeper water (i.e. higher pressure) environment.
However for Kielder where all the deposits formed from separate
exhalative vents (in spite of possible stratigraphic correla-
tions between K3 and K& they are 7kms apart), it may not be
valid to compare metal ratios for deposits which may have
formed from fluids of differing chemistry, The postulation

of Plimer and Finlow-Bates (1978) that pyrrhotite is an indi-
cator of more distal deposits found in deeper water may egually
be questioned here, The distal K& depecsit has insignificant

pyrrhotite,

~Anhaeusser (1980) emphasised the difference between the Canadian
Archean greenstone belt made up of basalt, éndesite and felsite
(ratio of 6:3:1) and the southern African greenstone belts (i.e.
Barberton:and:Zimbabmé)which are composed of ultfamafics, basalt
and felsites (ratio of 7:20:1), He concluded that "the metal-
logenic potential for massive sulphide occurrences in scuthern
Africa is poor".  The basic: felsic ratio in the Namaqua
metamorphic complex is not known and because of the difficulty
in recognizing meta-intermediate igneous rocks may always be

in doubt. However the author considers the conclusion cf
Anhaeusser to be invalid, Massive base metal (Cu~Zn) sulphide
deposits ‘are relatively rare in southern Africa but since 1968
massive sulphide depoéits of various sizes have been discovered
in the Namaqua Metamorphic Complex, including the Kielder deposits
in 1976/1977, By way of contrast the Noranda-Rouyn area has
"been a mining camp since the éarly part of the 20th century and
new deposits have been discovered relatively recently.

Base meztal depcsits in the'Namaqua metamorphic complex may not
be as rare as general;y thought considering the extreme explora-
tion difficulties, not the least of which is the deep weathering
which precludes many of the conventional geophysical tools. The
twelve years since the discovery of exhalative type massive

sulphide deposits in the Namaqua metamorphic complex is a
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relatively short period in terms of exploratioen in mininaq

districtse.

Hutchinson (1978) with reference to the massive sulphide
base metal and tin deposits of Tasmania stated, " the
geologic setting.of these deposits in trough deposited
sedimentary and mafic volcanic rocks, suggests another

" favourable environment for massiue sulphide exploraticn
which is guite different from the domal felsic volcanic
environment so heavily favoured currently in North Americal,
The author concludes here, that in a similar way the Kielder/
Copperton region, as for any other métallogenic province,
should have its own model of host rocks, metal contents and
ratios and modes of genesis on which further exploration is

‘carried out,

In comparing an average exhalative base metal massive
sulphide domain (Sangster, 1880) with the Kielder/Copperton
district it is concluded that potential for further deposits

within this limited area is good.



-~ 82 -

Ly

[ ECKNOWLEDGEMENTS

I aw indedteu tu Newmurl Souiihh ATRLCa Linidited anag Ayl
Transvaal Consolidated Investments Limited who permit
the study and the use of material and core specimens gathered
while in the employ of the former, Without the considerable
financial and logistical support of Newmont South Africa this
research would not have been possible, I am particularly
grateful for the motivation andApersonal encouragement pro-
vided byvUivian Vellet of Newmont. Also I can never express
enough thanks to the geoclogists and field men of Neuwmont; in
particular Pieter Cresse, Geoff Grantham and Syd Fraser for

the fine work which contributed to the research. I must
single out Nan KUhn and Slakkie Seleane without whose perse-—
verance and 'eagle eyes' the gossan and the Kielder depssits
would have remained hidden,

T am also indebted to Newmont South Africa and Newmont finin ng
Corporation for financing and arranging visits to the Canadian
massive sulphide mines and provinces such as the Sullivan Mine;
the Noranda Camp; the Kidd Creek Mine and Timmins Camp and the
. New Brunswiclk deposits, '

My thanks alsec to Colin Pattersocon, my supervisor, for the many

F iy

hours spent reading the earlier scribbled draughts and final
manuscripts, correcting and providing DOJlthL criticism and
suggestions., I must alsc thank Dave Waters and Dave Reid for
critically reviewing the sections on metamorphism and geochemistry
respectively, and Peter Walker for proof-reading the final
manuscript. I also acknowledge the support given me by members
of the GCeochemistry Department in particular James Willis and
Andy Duncan for the XRF analytical procedures and Dick Rickard
"for the guidance on the microprobe. Also to John floore Tor

the help on some analytical aspects and the discussicns on
North-western Cape geologye.

Also my thanks go to,fhe Newmcnt draughtpersons, Ronel Channer
and Brenda Halli for colouring and draughting seemingly endless
maps, diagrams and graphs.

Finally, tc my wife, Nelleke, whom I can never repay for pro-
viding so magnificently for the family on a restricted budget.
Also for typing all_the early drafts and the final manuscript.

The work speaks for itself.



8.  REFERENCES

Rlbee, A,L., 1885, Distribution of Fe, Mg and Mn between
Garnet and Biotite in Natural Mineral Assemblages:
Jo Geoley, v 73, pe 155-164,

Anhaeusser, C.R., 18980, The Relation of Mineral Oeposits
to Early Crustal Evolution:-:University of the Witwatersrand,
E.GeR Usy Info. Circular No. 148,

Armbrustmacher, T.J., and Simons, F.S5., 1877, Geochemistry
of the Amphibolites from the Central Beartooth Mountains,
Montana~Wyoming: J. Res., U.S5. Geols. Surv., Ve 5, part 1,
pg 53"‘60. )

Arnold, R.G., 1862, EQULllbrlum Rulatlonshlps between PyrahotLte
and Pyrite from 325-743°C: Econ. Geol., v. 57, p. 72~20,

—— 1866, Mixtures of.Hexagonal and Monoclinic Pyrrhotite and
the Measurement of the Metal Content of Pyrrhotite by Xeray
diffraction: Am, Mineralogist, ve. 51, p. 1221-1227.

Ayres, D.E., 1979, The Mineralogy and Chemical Composition of
the Uoodlawn Massive Sulphide Ore Body: Jour. Geol. Soc,
of Australia, v. 25, p. 155-1568,

Bachinsky, D.J,, 1875, Metamorphism of Cupriferous Iron Sulphide
Deposits, Notre Dame Bay, Newfoundiand: Econ. Geol., v. 71,
P 444—452g : _

Bailey, E.H., and Stevens, R.,, 1960, Selective Staining of
K-Feldspars and Plagioclase on Rock Slabs and Thin Ssctions:
Am, Mineral., ve. 45, p. 1020-1025,

Baragar, W., and Goodwin, A,, 18689, Andesites and Archean
“Volcanism of the Canadian Shield: in McBirney A.R. ed.,
Proceedings of the Andesite Conference Oregon dept. Geology
and Mineral Industries, Bull. 65, p. 121-142,

Barth, T.F.W., 1862, Theoretical Petrology, J. Wiley, New York.

~ 1968, Additional Data for the Two Feldspaxr Geothermometer:
Lithos, ve. 1, p. 305-306.

Barley, M.E., Dunlop, J., and Glover, J., 1973, Sedimentary
Evidence for an Archean Shallow Water Volcanic Sedimentary
Facies Eastern Pilbara Block, W. Australia: Earth Planet,
Sci. Lett.,, Vo 439 Pe 74, :

Barton, P.B., and Toulmin, P,.,, 1966, Phase Relations"involving
Sphalerite in the Fe=Zn-S5 System: Econ. Geol., v. 61, p.B815-84Q,

Barton, E.S., and Cornell, DH., 1879, Age of the fMarydale Group
Banded Iron Formation by the Pb-Pb Methoud: {Abs) Abstracts of
the 18th Geokengress 789 of the Gesological Society of South
Africa,

Beach, A., 1974, Amphibolization of Scourian Cranulites: Scott,

~—— and Tarney, J,; 1878, Major and Trace Element Patternc
Established During Refroqreselve iletamorphism of Granulite
Facies Metamorphism, Scotland: Precamb, Res., V. 7, Pe 325-348,



w 34 -

Rpescn, R, 10”q Tkn Fnﬂ”hrr*°+ry of Mﬂ*ﬂ«anco“" Reolc
¢ Va5

from the Amph Jholnte Far1es Terraine of South Norway s
NOI‘. Gcole Tlobkeg Ve 58 pg l ].Jo

Bench, A., and Albee, A,, 1968, Emplrlcal Correction Factors
fer the Electron Microanalyses of Silicates and Oxides:
J. Geol., v. 76, p. 382-403,

Berglund, S., anc Ekstrom, T
in Relation to the Stress
Lithose, ve 7, p« 1-B.

Beswick, A., and Soucie, G., 1878, A Correction Procedure for

Metasomatism in an Archean Greenstone Belt: Precamb. Res,,
V. 6, p. 235"248.

‘Bickle, M., and Pearce, J., 1875, Oceanic Mafic Rocks in the
Eastern Alps: Contrib. Mlneral. Petrol., v. 438, p. 177-189,

Blain, C.F., and Andrew, R.L.; 1977, Sulphide Ueathering and
Evaluation of Gossans in Mineral Exploration: Min, Sci.,
Enging., v. 19, No. 3, p. 742.

Bloss, F.D., 1861; An Introduction to the Mesthods of Optical
Crystallography: Pub. Holt, Rinehart and Winston.

, 1874, Sphalerite Composition
Distribution of a Boudinage:

Boctor, N.Z.,, 1878, Evaluation of Sphalerite Geobarometry,
Bodenais 0Ore, Bavaria: Carnegie. Inst. Washington Yearbook 77,

Boorman, R., Sutherland, J., and Chernyshev, L., 1971, New
Data on the Sphalcrlteapyrrhotlte Pyrite Solvus' Econo Ceole,
ve 66, p. 670-673,

‘Boorman, R., 1967, Subsolidus Studies in the ZnS~FeS=Fe$s
System: Econ, Geol,, v. 62, p. 614-631.

Botha, B,J.V., Grobler, N., and Smit, C., 1977, Majcr Structural
Features of the Area between the lLangeberg Range and Kenhardt,
~Northern Cape Province: Trans. Geol, Soc., S. Afri., v. 80,
p. 101-108, ‘

Bristol, C.C., 19738, Application of Sphalerite Gecbarometry toc
" Ores from Ruttan Mine: Econ. Geol., ve. 74, p. 1436,

2

Bristow, J.W., 1980, The Geochronology and Geochemistry of Karro
Volcanics in the Lebombo and Adjacent Areas: Unpublished Ph.D.
Thesis, U.C.T.

Brookes, E.,, and Coles, D., 1880, Use of Immobile Trace Elements
to Determine Original Tectonic Setting of Eruption of
metabasalts Sierra Neuada, California: Geol. Socc. Am. Bull.,
ve 51, pe. B65-671. v

Brown, P.E., Essene, E.J., and Kelly, i.Coy 1978, Sphalerite
Geobarometry in the Balmat-Edwards District, New York: Am.
Wineralogist, v. 63, p. 250-257,

Cabri, L.J., MciLean, W.H,, and Scott, S.D., 1974, Comments on

"Metamorphism at Normetal Mine, N.W, Quebec™.: C.Yl.M. Bulle.,
ve 67, p. 158-158, -

cann, J.R,, 1870, Rb, Sr, Y, Zr and Nb in Some Ccean Floor -
Basaltic Rocks: farth. Planet, Sci. Lett,, v. 10, p, 7-11,



Coates, Ce., Clark, L., Buchan, Re., and Brumner J,, 1870, The
Geology of the Cu~Zn Deposits of Stall lLake Mines, Snouw
toks, N Manitoba: Ecoiie Geole ve 65, p. 970-884,

Campbell; F.A., and Williams, K,L,, 1968, Composition of
Sphalerite from Quewmont Nlne, Quebec: Econ. Geoley, ve G3,
pe 824-~831, '

‘Campbell, F.A., and Ethier, V., 1874, Sulphur Isotopes, Iron
Content of Sphalerites and Ore TeXgures in the Anvil Ore
Body, Canaca: Econ, Geol., v. BQ pe 482-483,

Campbell, F.A., Ethier,V.C., and Kzous e, H.R., 1880, T
Massive Sulphide Zone: Sullivan Ore Body:'Econ. Ce
75, Pe 916”9280 :

Condie, K.C., 1967, Geochemistry of Early Precambrian Greywackes
from Wyoming: Gzcchem, et Cosmo. Acta, v, 31, p. 2135-2148,

Condie, K,C., Viljoen, M,, and Kable, E., 1877, Effects of
Rlteration on Element Distribution in Archean Tholeiites
from the Barberton Greenstone Belt, South Africa: Contrib.
Mineral, Petrol., v. 64, p. 75-83,

Corlles, J.B. et al, 1878, Submarine Thermal Springs oh the
GCalfpagos Rift: Science, v. 203, p. 1073-~1083,

Constantinou, G., ond Govett, G., 1973, Geology,; Geochemisiry
and Genesis of the Cyprus Sulphide Deposits: Econe Geo]a,
- 68, p. 843-858,

Cormell, D.H., 1975, Pe*“ology of the Marydalc ﬂetabasites:
: unpub. Ph.D, thesis, Univ, Cambridge, U.K, |

0

Ve

1

Currie, K.,L.,y, 1871, The Reaction 3 Cordierite = Garnet +
4 Sillimanite + 5 Quartz as a Geclogical Thermometer in
the Opinicon lLake Region, Ontario: Contribk. Mineral. and
Petrol., ve. 33, p. 215~-226, '

Davies, J.F., Grant, Re., and Whitehead, R., 13978, Immobile N
"Trace Elecment and Archean Volcanic at“"blq:aphy in the
Timmins Fining Area, Ontario: Can. J. Earth, Sci., ve. 16,
P 305~311, : ’ ‘

Davies, J.F., and Whitehead, R.E.S., 1979; Further Immobile
Element data from Altered Vclcanic Rocks, Timmins fiining
Area, Ontario: Can., J. Earthe. Sci., ve 17, p. 418~423,

De Waard, D., 1967, The Occurrence of Garnet in Granulite
Facies Terraine of the Aditondock Highlands and Elsewhere,
a reply: J, of Petrol., v. 8, part 2, p, 210-232.

peer, W.A., Howie, R.A., and Zussmann, J., 1966, An Introduction
to the Reock Forming Minerals: Longman Goup, London, p. 528,

Degens, E.T., and Ross, D.A. (ed), 1968, Hot Brines and Recent
Heavy Metal Deposits of the ‘Red Sea: Springer, New York,
p. 600,

Dougan, T.U., 1974, Cordierite Gneisses and Associated Litholo-
gies of the Gurl Area, N,W, Guyana Shield VUenezuela: Contrib.
Mineral. and Petrcle., v. 46, pe. 169-188, '

Dostal, J., 1974, The Origin of Garnet- Cordierite-Sillimanite
Bcarlng Rocks from Chandos Tounshlp, Cntario: Contrib. Mineral,
Petrol., v. 48, p. 163-175,



- 86 -

Dostal, J., and Capedri, R., 1979, Rare-Earth Elements in
High frodo Metamcophic Rocks frow the Weotern Alps:
Lj.thOSw, "-Ia :!.2; pa 4.1""493

Drury, S., 1874, Chemical Changes during Retrogre2ssive {leta-
morphism of Lewisian CGranulite Facies Rocks from Coll and
Tiree: Scott. Jour. Geol., v. 10, p., 237-256.

Eckelmann, F.,D,, 1978, Paragneiss-Orthogneiss Distinction amcng
Charnocikites eceo Based on Zircon Morphology Data: Geol, Sgt.
Am, Abstr. Prgms: v, 10, p. 4l.

Edmond, J., Measures, C., and Corliss, J., 1973; On the Forma-
tion of Metal Rich Deposits at Ridge Crests: Larth, Planet.
Sci. Lett., ve 46, po 18,

Edwards, A.B., 1954, Textures of the Ore Minerals and their
Significance: A.I.M.M,, Melbourne, p. 241, ’

Elliot, Ro, 1873, The Chemistry of Gabbro/Amphibolite Transi-
tions in South Necrway: Contrib, Mineral, Petrol., v. 38,
Pe Tl-79,

Ellict, R., and Harvey, P.K., 1880, Trace Element Geochemistry
of the Amphibolites of the Holleindalen Greenstone Group,
Norway: Norsk, Geolonist, Tidsk., ve. 80, p. 185-200,

Ethier, V.G., Campbell, F,A,, Both , R., and Krouse, H., 187G,
Geological Setting of the Sullivan Ore Body and Estimates
of Temperatures and Pressures of Metamorphism: Econ. Ceol.,
Ve 71, ps 1570-1588,

Exxon Mineral Co., (Staff), 1978, The Discovery,\Geology and
Mineralogy of the Crandon Precambrian Massive Sulphide:
Geol, Soc., Am, Abstr, Prgms., Ve 9.

Ferr»y, J.M, and Spear, F.S5.; 1878, Experimental Calibration of
the Partitioning of Fe and Mg Between Biotite and Garnet:
Contrib. Mireral. Petrol., v. 65, p. 113~117,

Fershatter, G.B., 1977, Isochemical Migmatization and Genesis of
Quartz~Feldspar Rocks of the Taratash Metamorphic Complex:
GeOChemo Il"’lt., U‘ lag po 63"725 )

Finnemore, S.H., 1978, The Geochemistry and Origin of the
Matchless Amphibolite Belt,; Windhoek, S.W.A.; in:
Mineralization in Metamorphic Terrains ed. W. Verwoerd:
Geol, Soc. of S. Africa Special Publication No., 4.

Floyd, P., and Winchester, J., 1975, Magma Type and Tectonic
Setting Discrimination using Immobile Elements: Earthe.
Planet, Sci. Lett., v. 10, p. 211-218,

Geringer, G.J., 1979, The Origin and Tectonic Setting of
Amphibolites in part of the Namaqua Metamorphic Belt, South
Africa: Trans, Geol., Soc. of S.A,, v. 82, p. 287-304,

Ghent, E.D., 1876, Plagioclase-GarnetnAl?SiD -Quartz; A
Potential Geobarometer-Geothermometer? Am; Mineral., v. 6l,
po 710"‘7140

Ghent, E.D., Robbins, D., and Stout, M., 1973, Geothermometry,
Baromzctry and Fluid Compositions of Metamorphosed Calc-
silicates and Pelites, Mica Creek, British Columbia: Am,
Mineral., v. 64, p. B74-885.



- B7 ~

Gilmour, P.,, 1871, Stratabound Massive Pyritic Sulphide
Deposits, & Review: Econ. Geol., v. 66, p. 1238-1244,

Gilligan, L.R,, Felten, E£., and Ogers, F., 1973, Thz Regional
Setting of the Woodlawn Deposit: Jour, of Geol. Soc.
Rustralia, v. 26, p. 135-140,

Gorton, R.K., 1980; A Discussion on "Metamorphic Zenation
in the Matsap, Kheis and Namaqua Dcmains® by Botha, B.,
et al. (1979): Trans., Geol. Soc. of South Africa, v. 83,
pg 113. . - .

Graf, J.,L., 1377, Rare~Earth Elements as Hydrothermal Tracers
during the Formation of Massive Sulphide Deposits in
Volcanic Rocks: Econ. Geole, ve 72, p. 527=548,

Graham, A.R., 1963, Quantitative Determination of Hexagonal
and Monoclinic Pyrrhotites by X-ray Diffraction: Can,
‘ineralogist, v. 10, p. 2=24.

Gray, C,M., 1877, The Geochemistry of Central Australian
Granulites in Relation to Chemical and JTsotopic effects
of Granulite Facies Metamorphism: Contrib, Mineral. Petrol.,
v. 65, p. 79-88.

Groves, D,, Barret, F., and McQueen, K., 1979, The Relative
Roles of Magmatic Segregation, Volcanic Exhalation and
Regional Metamorphism in the Generation of Vclcanic
Associated Nickel Ores of West Australia: Can. Mineral,,
Ve 17, Noeo 2, pe 318-336.

Guidotti, C,V., 1870, The Mineralogy and Petrology of the
Transition from the Lower to Upper Sillimanite Zone in
- the Oquossac Area, Maine: Jour, Petrolegy, v. 11, p. 277-336.

Harker, A., 1838, Metamorphism. 2nd Edition. Chapman and Hall,
Londong pe. 362. ’

Hay, D.E., 1973, Mineralogical Investigations related to the
Origin of Massive Sulphide Deposits; Ohio: J. Scic¢, v. 79,
Pe 32 (Abstr.).

Heier and Thoresen, 1871, Geochemistry of High Grade Metamorshic
Rocks, Lofoten-Versteralan, Norway: Geochim. et Cosmo. Acta,,
ve 35, p. 89-99,

Heinrich, E.U,, 1985, Microscopic JTdentification of Minerals,
McGraw Hill, New York, p. 41l4.

Hensen, B.J. and Green, D.H., 1873, Synthesis of Experimental
Data and Geological Implications: Contrib. Mineral. Petrol,,
Ve 38, p. 151-166.

~——- 1877, Cordierite-Garnet Bearing Assemblages as Geothermom-
eters and Barometers in Granulite Facies Terrains:
Tectonophysics, v. 43, pe. 73-88.

Hewins, R.H., 1875, Pyroxene Geothermometry'of Some Granulite
Facies Rocks: Contr. Mineral, Petrel., v. 50, p. 205-209.

Himmelberg, Ge., and Phinney, W., 1967, Granulite-Facies Metamor-
‘phism Granite Falls -~ Montevideo Areas: J. Of Petrol., v. B,
Pe 325-348,

Hodgson, C.J., 1874, The Geology and Geological Development cf
the Broken Hill Lode in the Broken Hill Consolidated Mine,
Australia: J, Geol, Soc. of Australia, v, 21, p. 413-430,.



Holcdoway, M. and lr-e, S.M., 12977, Fo.Mp Covdieritns Staohility
in H?oh Grade Pe11tlt Raocks based on Experimental Theoretlra1
and Natural (bservations: Contribe. Mineral. Petrol., v. 63,
[Te 173—198

'Helland, J.G., and Lambert, R.S5.,, 1874, Yttrium Georhﬂmlstry
applled to Petrogenesis using Ca/Y relatlonohlpu in Minerals
and Rocks: Geochim, et Cosmo., Acta., ve. 38.

Hutchinson, M,N., and Scott, S.D., 1978, Effect of Copper on
the Sphalerite Geobarometer: Geol. Soc, Am, Abstr. Prgms,.,
Ve 10, No, 7, p. 426, :

Hutchinson, R.W,, 1873, Volcanogenic Sulfide Deposits and their
Metallogenic Significance: Econe Geole, Ve 68; pe 1223-1246.

- 1878, Geological and Geochemical Evolution of Massive
Sulphide Deposits: Univ, of Witwatersrand, Post Graduate
Course in Eccnomic Geology, WNo. 10,

—= 1978, Evidence of Exhalative Crigin for Tasmanian Tin
Deposits: Can, Inst, Mining Bull., August 1973, p., 906-104,

Hutcheon, I,, 1978, Calculation of Metamorphic Pressure using
the Sphalerite- Pyrrhotlte-Pyrlte Equ111bL1um. Ame Minerals,
Ve 63, po 87-357—

'Irvlne, T.N.y and Baragar, W.R., 1971, A Guide to Chemical
Classification of Common Volcanic Rocks: Can. Je¢ Sarthe.
SCiQ, Vg 8’ p. 523"‘5480

Ito; Te, Takahashi, T., and Omori, Y., 1974, Submarine Valcanic
Sedimentary Features of the Matsumine Kuroko Depesits: Min.
Geol. Spece Issue, Noce. 6, pe 53~66,

_UambOr}:J;L.y‘1979;7Mineralogical Evaluation of Proximal-Distal
Features in New Brunswick Massive Sulphide Deposits: Can,
Mineralogist, v. 17, p. 6439-664,

Janecky, D., 1876, Metalliferous Deposits of the Troodoos
Ophiolite: EO0S, ve 59, Nos. 12, p. 1221,

Jensen, L.y, 1878, A New Cation Plot for Classifying Subalkalic
Volcanic Rocks: Ontario. Div, Mines, MP 68,

Joubert, P., 1974, The Gneisses of Namaqualand and their
Deformation: Trans. Geol. Soc. S. Africa, v. 77, p. 339345,

—— 1976, The Relationship between the Namaqualand Metamorphic
Complex and the Khels Group: S. Afr., Jour. Sci., v. 72,
p. 312--314, '

Kalliokoski, Je., 1965, fietamorphic features of Noxth American
Massive Sulphide Dep051i5°'Ec0n. Geole, ve. 60, ps 485-~505,

Kapp, R.0., 1857, The Presentation of Technical Informatiaon;
The Macmillan Eonpany, New York.,

Kean, B,, and Strong, D., 1975, Geochemical Evolutlcn of an
Ordovician Island arc System of the Central Newfoundland
Appalochians: Ame, Jo 5Cie, Ve 275, po 97118,

Kerr, A., 1878, The Retrogressivc Breakdown of Orthopyroxene in
Granulite Facies Rocks, Sutherland, U.K.: Mineral. Mag.,
Ve‘ 43, po 443"‘445;\



Kerr, D.F.. 1959, Optircal Mineralony. 3rd Fdition, McGram
Hill, New York, pe 442,

Kimberley, M.M,, 1873, Geochemical Distincticns among Enviren-
mental Types of Iron Formation: Chem, Geol., v. 25, part 3,

Kissin, S.A., and Scott, S.D., 197&, Phacse Relations of Inter-
“ mediate Pyrrhotites (nb str.): Eccn. Geol., v. 67, p. 1007,

Klein, C., 1973, Changes in Mineral Assemblages with Metamorphism
of some banded Pre~Cambrian Iron Formation: tcone Gevley Ve
68, p. 1075-~10686.

Knorrlng, 0,, and Kennedy, W., 1858, The Mineral Paragenssis
ana Metmmorphlr Status of Garnet-Hormblende-Pyroxe ene~Scapolit
Gneiss: Min. Mag., ve. 31, p. 84G.

Knuckey, J., Comba, Ce, and Riverin, G., 1879, The Millenbach
Deposit -~ an Update: Geol. Soc. Ame Abstr. Prgmse, v. 10,
NOo 7’ po 4350

Koeppel, VY., 1980, Lead Isotope Studies of Stratiform Ore
Deposits of the Namagualand, N,UW, Cape Province, South Africe
and thelr Implication on the Age of the Bushmanland Seguence:
in Proceedings of the fifth l1AGOD Symposium Vel, 1, Editor:
J.D, Ridge, p. 195-207, .

Kroners A., 1976, The Namaqua Mobile Belt within the Fvamewcrk
of Precambrian Crustal Evolutien in Southern Africa; in:
Verwoerd W,J. Mineralization in Metamorphic Terrglnaq:
Geplogical Society of South Africa, Spec., Pub. Noo. 4.

Kullcrudﬁ Go, 1953, The FeS-ZnS System, A Geolcgical Thermom-
eter: Norsk. Geocle TldSakreg Ve 32, Pe 61~ 1470

Kuno, H., 1850, Petrology cf the Hakoe Volcance and Adgacent
_Area: Bull. Geol., Soce, Amey, v, 61, pe 8957~1020.

large, Do, 1979, Proximal and Distal Surataboumd_Ore Ceposits, =~

| a Discussion of the Paper by I. Plimer: Mineral. Deposita,

\ Ve l4, po 123~4.

Large, R,R.y, 1877, Chemical Evolution and Zonation of Massive
Sulphide Deposnts in VYolcanic Terraines: Econ. Geol.,ve 72,
Pe 548~ 572 .

—— and Both, R.A., 1980, The Volcanogenic Sulphide Ores at
Mt, Chalmers, Eastern Queensland: Econ. Geol., V. 735, Pe
8992-1002, ' '

Lambert, I.B., and Sato, T., 1874, The Kuroko and Associated

Ore Dep081ts of Japan: A Review of their Features and
Metallogenesis: Econ. Geol., Ve 63, ps 1215~1236.

Latvalakti, U, 1879, Cu~ZIn-Pb Oros in the Aijala-0rijarvi
Area S,4, Finland: Econ. Geole., Vv. 74, p. 1035-1058,

Leake, B.E., 1864, The Chemical Oistinction between Crtho and
Para-Amphibolites: Journal,- Pet., Ve 5, Part 2, p. 238-254,

~ Mabbutt, J., 1855, Erosion Surfaces in Namaqualand and the Aqes
of Surrace DPpGSltS in S.,W. Kalahari: Tran. Geol., SoCe Se
Africa, v. 58, p. 13-30,



Mallio, V., and Gheith, M., 1972, Textural and Chemical
Eviogence Bearino on Sulphide-Sili-sate Re~ctionc in
fletasediments: Mineral. Deposita., v 7, p. 1317,

Menzies, M., Blanchard, D., and Jacobs, J,, 1877, Rare-Efarth
and Trace Element Geochemistry of Metabasalts of the Point
Sal Ophiolite, California: Earth. Planet, Sci. Lett., v. 37,
Noo 2, po 203~215,

MclLimansy, R.K., Barnes, He., and Ohlnoto, H., 1980, Sphalevite
Stratigraphy in the Upper Mississippi Valley Zinc-Lead Dist.l;
S.W, Wisconsing Econ, Geol.s; ve 75, pe 35)=361.

MacDonald, J.A.. 1967, Metamorphism and its effects on Sulphide
Assemblages: Mineral ODeposita, v. 2, p. 200-230,

Mehnert, K.R.,, 1872, Neues Jahrb. Mineral., Monatash., 1972.
" pe 138-150, ' _

middleton, R.C., 1976, The Geology of Prieska Copper Mines Ltd,
_:, ECOne UEO.].., \J‘g 71g po 328"‘3{509

Moore, A.C:: 1970,-Descriptive Ter&inology for the Textures of
Rocks in Granulite Facies Terraines: Lithos., ve 3, po 123-127,

— Kartun, K.G,,; and Waters, D,J., 1879, Metamorphic History
of the Aureole Associated with the Tantalite Valley Complex,
Namibia: Trans. Geol, Soce. S. Africa, v. 82, p. G67-80,.

‘Moore; J.M., 1877, The Geology of the Namiesterg, N. Cape:
Precambrian Reseéarch Unit, University of C.7., Bull. No. 20,

— 1880, Paleo~Environmental Implications of the Origin of
Sillimanite Rich Rocks in the N.W. Cape, South Africa and
their Relation to the Sulphide Deposits in the Area; in:
Ede J.D. Ridge, Proceedings of the Fifth IAGOD Symposium,
Ve l, Pe 209. . ’

Moorehouse, S$.J,, 1979, The Maine Amphibolite Suites of Central
and Northern Sutherland, Scotland: Mineral, Mag., v. 43,
po 211=225,

fluecke, Re.; and Sarkar, P., 1877, Rare~Earth Elements Mobility
during Amphibtolite Facies Metamorphism of White Rock Meta-

. - wolcanics, Ncva Scotia: Geol, Soc. Ame Abstr. Prgmse,v. S,
NOQ 3, ps 3030

Mueller, R.F,, 1867, Mobility of the Elements in Metamorphism:
J, Geol., ve. 75; p. 565-~582,

Myashiro, ARe, 1974, Volcanic Rock Series in Island Arcs: Am,
JQ SCiQ, Vo 2749 pe 321"‘3555

—— 18575, Classification, Characteristics'and Origin of Cphio--
lites: J, Geol., v, 83, p. 249-282.

Nesbitt, B.E., and Kelly, W.C,, 188G, Metamorphic Zonation cf
Sulphides, Oxides and Graphite in and around the Orebodies
at Ducktown, Tennesee: Econ, Geol.,, v, 75, p. 1010-1021, .

Norrish, K;,.and Hutton, J.T., 1969, An Accurate X-ray
Spectrographic Method for Analysis of a wide range cf
Geclogical Samples: Geochim, Cosmochim, Acta., ve. 33, p. 431,

Oftedahl, C.A., 1858, A Thecry of Exhalative-Sedimentary Ores:
Geologiska Foreningen Stockholm Fordhandlinger, v. 80, p.l-~19.

Onions, R.K., and Pankhurst, R.J., 1978, Early Archean Rocks and
Geochemical Evoiution of the Earths Crust: Earth Planet. Sci.
Letts, va 38, p. 211-236.



Orville, P,M., 1863, A Model for Metamcrphic Diffrentiation
Crigin of Thin Layered Anpnibclite° Ame Je of 5cie, V.
26't, p. 64~86, '

Gstwald, Je¢s; and England, 5., 1879, The Relationship between
Euhedral and Framboidal Pyrite in Base Metal Sulphide Ores:
Mineralog. Mage., V. 43,

Owsiacki, L., and McAllistar, Al ., 1929, Fragmentzal Massive
Sulphides at the Heath Steele Mine, New Brunsulck- C.I. M,
Bull., Nov. 197S;, p. 93~ 100,

Pe«rcc, V.H.,Gorman, B.E., Birketty; T,C., 1877, The Relation-
ship between Major Element Chcm:stry and iectonLc Environ-
ment of Basic and Intermediate Rocks: Earti,riawbt. Scie
Lettsy ve 36, po 121-132,

w—— 1968, A Contribution to the Theory of Var:atlon Diagrams
Contrib, Mineral., Petrol., v. 12, p. 142-157,

Pearce, J.A. and Cann, J,R.; 1873, Tectonic Setting cf Basic
Volcanic Rocks Determined using Trace Element Analysis:
Earthe. Planet, Sci, Lett., v. 18, p. 280=300,

- 1975, Basalt Geochemistfy used te Investigate Past Tectonic
Environments on Cyprus: Tectonophysics, ve 25, pe. 41=-68.

pPeterson, M., and Lambert, I., 1979, Mineralogical and Chemical
Zonation around the Woodlawn Cu, Pb, Zn Ore Deposit, N.,S.u.,
Australia: J., Geol. Soc. Australia, v. 26, p. 185-185.

Plimer, I.R., 13975, A Metamorphigenic Alteration Zone around the
Stratiform Broken Hill Ore Deposits, Australia: Geocheme.
Journal, ve 9; pe 21l.

——— 1975, The Geochemistry of Amphibolite Retrogressicn at
Broken Hill, Australia: N, Jb. Miner. Mhe Hey, ve 10, po
471-481, '

- 1976, Garnet-Biotite Relationships in High Grade Metamorphic
Rocks at Broken Hill, Australia: Geol., Mage, v. 113, p. 263~
270 ‘ ' , )

—— and Elliot, S.M., 1879, The Use of Rb/5r Ratios as a Guide
to Mineralization: Jour. Gecchem. Exple; Vo 12, pe 21,

~— 1978, Proximal and Oistal Stratabound Ore Deposits: Mineral.
Deposita, Ve 139 Po 345, . -

—=— and Finlow-Bates, T., 1878, Relationship-Between Primary
Iron Sulphide Species, Sulfur Source, Depth of Formations
and Age of Submarine Exhalative Sulphide Deposits: Min.
Deposita., Vve 13, p. 389-410.

Ramdohr, Pe.y 1868, The Ore Minerals and their Intergrowths:
Pergamon Press, Oxford, p. 1137.

Reid, D.L., 1877, Geochemistry of Precambrian Igneous Rocks'
in the Lower Orange River Section: Precamb. Res, Unit, Bull,
22, Univ, of C.T. .

Reynolds, D.G., et al., 1876, Velcanogenic Copper Zinc Deposits

in the Pilbara and Yllern Archean Bleckss: in tconomic
Geology of Australia, PNG, Australasian I.M.M..



- G7 -

Richardson, S., Gilbert, M,, and Bell, P;, 1969, Experimental
Determination of the Kyanite-andalusite and Andalusite-
Sillimanite Triple Point: Ame J. Scie; Ve 267, p. 259-272,

Rickard, 0,1.,, Zweirel, H.,, 1975, Genesis of Precambrian
Sulpnive Ores, Skelilefte District, Sweden: Econ. Geol.,
Vo 709 pa- :.:‘.35""27[1e

"Robinson, D., and Leake, B., 1975, Sedimentary and Igneous
Trends in AFM Diagrams: Geol. Mage., v. 112, pe 305-307,

Rockingham, C,J., and HUtchinson, R.W., 1880, Metamorphic
Textures in Archean Copper-Zinc Massive Sulphide Deposits:
Canadian Inst. Mining Bull., April 1980, p. 104-=112,

Roedder, E., and Dwornick, E£.,J., 1968, Sphalerite Cnlour Banding
Lack of Correlation with Iron Content, Pine Pgint North-West
Territories, Canada: Am, Mineralogist, v. 53, p. 1523=-1529,

Ross, Aa; and Keays, R., 1873, Precious Metals in Volcanogenic
Type Ni Sulphide Deposits in W, Australia: Can.Mineral.
V. :L?’ p. 4170

Rozendaal, A., 1980, The Gamsberg Zinc Deposit, South Africa,
A Banded Stratiform Base Metal Deposit: in Ed. J.D. Ridge,
Proc., of the fifth IAGOD Symposium, v, 1, p. 615=833,

Ridler, R.H., 1871; Analysis of Archean Volcanic Basins in the
Canadian Shield using the Exhalite Concept (Abs,): Can,
Mining Metall, Bull., v. 64, No. 714, p. 20,

Sangster? D.F,, 1972, Precambrian Volcanogenic Msssive Sulphide
ggpgglts in Canada, a Review; Geol, Surv., of Canada Papér

Sahgsfér, D.FQ, and Scott, S,D;, 1878, Precambrian, Strata-
bound Massive Cu-Zn~Pb Sulphide Ores of North America: in:Wolf:
Handbook of Stratabound and Stratiform Ore Deposits, v. 6,
Chap. 5. ' ‘

——1979, Evidence of an Exhalative Origin for Deposits of the
Coba District, New South Wales: B,M.R., Journal of Australian
Geology, ve. 4, p. 15-24,

—1980, Quantitative Characteristics of Volcanogenic Massive
Sulphide Deposits: C.I.M, Bull., Feb. 14980,

Sawkins,; F,J., 1876, Metal Deposits Related to Intracontinental
Hotspot and Rifting Environments: J, Geol., v. B4, p, 653~671,

Saxena, S.K., 1969, Silicate Solid Solution and Geothermometry,
Distribution of Fe and Mg Between Co-existing Garnet and
Biotite: Contrib, Mineral. Petrol., v. 22, p. 253-267.

Schwarz, E., and Harris, 0., 1870, Phases in Natural Pyrrhotite
and the Effect of Heating on their Magnetic Properties and
Composition: Jour. of Geomagnetism and Geolectricity, v. 22,
Pe 463-470.

Scott, S.D., and Barnes, H.lL.; 1871, Sphalerite Geothermometry
and Geobarometry: Econ. Geol.,v. 66, p. 653~-668,

— 1873, Experimental Calibration of the Sphalerite Geobarometer:
Econ, fGeol,, v. 68, p, 466~474,

w——— 1374, Experimental Methods in Sulphide Synthesis; in ed.
P.H. Ribbte Sulphide Mineralogy; Mineralogical Soc, of Ame,
Short Course Notes, v. le.



Saptt, S$.D,, 19768, fAnplicatisn of theo qﬁh”ler‘*" Soobaroen
to Henlnnal]y Mef:wtrphoaod Terraines: Am. Mineralogis
v, B6l, pe B61=~670.

Schulz, KeJ., 1979, Geochemical Evidence for Multiple Sources
for Archean 8351lt Valcanism: Geol. Goce Ame Abstr. Prgms.,
Uo lD, NOe 79 po 48[0 S .

Selverstone, J., 1880, Corcierite Bearing Granulites from the
Coast Ranges, B.C.; P=T Conditions of Metamorphism: Can.’
fiineral., ve 18; p. 113-130C,

Serior, A., and Leake, B., 1878, Regional Metascmatism and
Geothemistry of Dalradian fetasediments of Ccnnemsrra,
UJ. IrElaﬂd: Jn Df petl‘Olgg Vo 19, pq 585"‘"6259

Shaw, D.M., 1972, The Origin of the Apsley Gneiss, Ontarios
Can. Jour, Earth Sci., ve 9, pe 18-35,

Shadlun, T., 1971, Metamorphic Textures and Structures of
Sulphide Ores: in: Y. Takeuchi (ed) 1AGOD, vol. 1970,
Pe 241-250, .

Shee, S.R., 1878, The Mineral Chemistry of Xenoliths from the
Orapa Klmballte Pipe, Botcmana° Unpubl. M,S5c, Theeis,
Univ. of Cape Towne.

Shegelski, R.J., 1873, A Ceochemical fModel for Archean B.I.F.
in the Sturgeon-Savant Greenstone: Geol. Soc. Am. Absir,
Prgm,, Ve lD, Noe 79 Pe 491@

Sherman, T.A., 1966, Modern Technical Writing, Second Edition:
Prentice Hall, New Jersey.

Sighinolfi, G.P., 1971, Investigations into Deep Crustal lLevels:
Fractionating Effects and Geochemical Trends related to High
Grade Metamocrphism: Ceochime. et Cosmo. Acta.; vo 35, p. 1005«
1021, '

Skinner, B8.J.,White, D.E., Rose, H.J., and Mays, R.E., 1867,
Sulphides Associated with the S5alton Sea Geothermal Brine:
Econ. Geol.; v, 62, p. 316-330.

Smith, J.W., and Burns, M.S,,Stable Iso
Origins of Mineralization at Mt. Isa
Ve 13, pe 369.

Smith, R.E., 1968, Redistribution of Major Elements in the
Alteration of some Baslic lLavas during Burial Metamorphism:
Jo. of Petrol,, ve 9, p» 1891-218 :

Soloman,; M., 1876, "yolcanic® Massive Julphlde DPDOSlu and
their Host Rocks, a Review and an Explanation in: (Wolf (ed))
Handbook of Stratabound and Strataform Ore Deposits, ve. b,
Chape. 2

Spooner, E.; and Fyfe; Wey 1973, Sub-~seafloor Metamorphism,
Heat and Mass Transfer: Contrib, Mineral., Petrol., v, 42,
Be 287-304.. o

Speakman, J., Chornoby, P., Holmes, G., and Bernard, C., 1978,
Geology of the Ruttan Dcpo sit: Geol. Soc. Ame. Abstr. Proms.,
ve 10, p. 496. -

Spry, Ae, 1969, Metamorphic Textures: Publ. Pergamon. Presse.

tope Studies of the
¢ Mineral. Depositac,



Stanton, R.L., 1972, A Preliminary Account of Chemical
Relationships betwezen Sulphide Lode and B.I.F. at
Broken Hill, N.,S.We: Econe Geol., ve 67, ps 1128-1145.

-—~ 1972, Ore Petrolegy: McGraw Hill, New York,

—— 1959, Mineralegical Features and Possible Mode of
Cmplacement of the Brunswick Mining and Smelting Ore
Bodies, N.B. Canada:; C,I.M. Bull., v. 52, p. B83l=643,

—-- 1876, Broken Hill, Australia, Banded Iron Formation,
Parts 1 to 4: Transacticns (Secte Be) I.M.M., v, 85

= and Williams, K., 1978, Garrnet Composition at Broken Hill,
N.S.W,, &s Indicators of Metamorphic Processes: J. of

Stamatelopculou, K., and ficLean, 1977, the Geochemistry of
Possible Metavolcanic Rocks and their Relationship to
Mineralization at Montauban Les Mines, Quebec: Can. Jour.
Earth Scie, Ve lb4, p. 2440<2452,

Stephenson, N,C.Ne, 1980, Precambrian Amphibolites and Basic
Granulites of the South Coast of Western Australia: Jours.
Geole. Soce. Australia, v. 27, p. 91-104,

Stermer, J., 1975, A Practical Two Feldspar Geothermemater:
Amg mineraleg Va BDF po 667—67ac

wse and Whitney, Jae, 1977, The Distribution of Na Al Si,0q
Between Ccexisting ficrocline and Plagioclase: Am, ~

Stumpfl, E.F., 1879, Manganese Haloes Surrounding Metamorphic
Stratabound Base Metal Deposits: Mineral. Deposita., ve.
l4, p. 207=217. ' . ‘

~-- 1980, A Discussion of the .Paper "Manganese Halo®S...":
Mineral. Deposits., v. 15, p. 237,

Sullivan, C.J,, 1879, Intracratonic Basins and Ore Deposits:
CQIQMQ Bullag Vc '0'72’ pe 75"‘80g )

Sueng C.J.y et al., 1879, Bay of. Island Ophiolite Suite,
Newfoundland, Petrological and Gecchemical Characteristics
with Emphasis on Rare~Earth Elements: Eaxth, Flanet. Sci.
lLette; Vo 45, po 337,

Suffel, G.G., Hutchinson, R.; and Ridler, R.; 1871, Metamorphism
of Massive Sulphides at Manitouwadge, Ontario, Canada: in:

Y. Takeuchi (ed.) 1AGOD, v. 1870, p. 235-240.

Taylor, S.R., 1965, The Application of Trace Element Data to
Problems in Petrolegy: Physics and Chem. 0of Earth, ve. 6,
pe 133-213, . |

Taylor, L. A, 1971?'Gxidati0n'of Pyrrhotite and Formation of
Anomaloys Pyrrhotite: Carnegie Inst. Washington Yearbook
70, pe. 287-289, o _

Terry, R.D. and Chilingar, G.V., 1955, Summary of "Concerning
Some Additional Aids in Studying Sedimentary Formations":
Jour. Sede Pete, Ve 25, De 229~234,

Thompson, A.B., 1976, Mineral Relations in Pelitic Rocks,
Calculation of Some P-T-X {Fe=Mg).



- 05 =

Thornher. J.. 1880, Sunergene Alteration nf Sniphides vercus
Laboratory Studies on the Dispersion of nNi, Cu, Co and Fe:
Cheme Geoley Vo 28, po 135~1483

Uytenbogaardt, W., 1951, Tables for Microscopic Identiticaticen
of Ore Minerals: Pub, Princeton Univ. Press.

Vajner, V., 1974, The Tectonic Development of the Namaqua Mobile
Belt and its Foreland in Parts of the Northern Cape: Precamb,
Research Unit, Univ, of Cape Town, Bull, l4. . .

me-~ 1974, The Doringberg Fault and its Relation to the Post-
Waterberg Deformation: Trans, Geel, Soc. S, Africa, v. 77,
Pe 295,

Van de Kamp, Ce; 1868, Geochemistry anc Origin of Metasediments
in the Haliburton~Madoc area, S.E. Ontario: Can. J. Larthe.
SCi., \1" 59 pe 1337"’13720

. 1869, Grigin of Amph*hollteo in the Beartooth Mountains
New Data and Interpretations: Bull. Geol. Soce America,
ve 80, pe 1127-113C,

—— and Leake, B., and Senior, A,, 1878, The Petrocgraphy and:
Geochemistry of some Californian Arkoses with Application
to Identifying Gneissesof Meta~-sedimentary Origin: Jour,.
Geole, Ve B84, p. 185=212. :

Van Reenen, D., and Du Toit, M,C., 1878, The Reaction Garnet
and Quartz = Cordierite + Hypersthene in Granulites of the
Limpopo Metamcrphic Complex in Northern Tronsvaal; ine
Mineralization in Metamorphic Terraines ed, W.J. Verwoerd,
Geol, Scc, of S, Africa, Spec. Publ. 4.

Vogel, T.A., and Widmayer, R., 1879, Feldspar Ceothermometry of
the Hell Canyon Pluton, Boulder Batholith Mantana: Contrib.
Mineral. Petrole., Ve 71, pe. 151

Vokes, F.M,, 1868, A Review of the Metamorphism of Sulphide
Deposits: Earth Sci. Reve, Ve 5, D, 98=143,

— 1971, Some Aspects of Regional Metamorphic fMobilization
of Pre—-existing Sulphlde Deposits: Minerals Ueposita., Ve B
Po 122~124, . ’

———— 1976, Caledonian Massive Sulphide Deposits in Scandinavia:
A Comparitive Review; in: (Wolf (ed)) Handbook of Stratabound
and Stratiform Ore Deposits, v. G.

Wagener, J,H.F., 1980, The Frieska ZlﬂC—COpper.Deposit, Cape
Province, Scuth Africated. J.D., Ridge, Proc. of the fifth
AGOD Symposium, ve 1, pe B335,

Weaver, B.L., 1977, Madras Granulites - Geochemistry and P-T
Conditions of Crystallization: in Archean Geochemistry ed.
Windley and Naquvi: Proc, of Symp. on Archean Geochemistry,
1877,

White, A., and Chappell, B., 1977, Ultrametamorphism and
Granitoid Genesis: Tectonophysics, v. 43, p. 7-22.

Whitehead, R.E., 1973, Environment of Stratiform Sulphide
Dep051ts, bariatlon in Mn/Fe Ratio in Host Rocks at Heath
Steeie Mine: Mineral, Deposita., v. 8, p. 148-160,



- 95

Whitehead, R., and Boodfellow Wey, 1978, Geochemistry of
’ Uolcanlc Rocks from the Tetagouche Proup, Bathurst, N,B.,
Canada: Can. J. Farth. Sci., ve. 15, n, 297=210,

Wiggins, LeDe, and Craig, J.R., 188G, Reconnaissance of the
Cu, Fe, Zn=S System; Sphalerite Phasp Relatvonfhlp
Econ. Geol.,v° 75, pe 742-751,

Willis, J.W., Ahrens, L.H., Danchln9 ReVey Erlank, A,J.,
Gurpey, Je., Hofmeyr, P,K., McCarthy, T.S5., and Orren, M.J.,
1971, Some Interelement Relationships betuween Lunar Rocks
and Fines and Strong Meteorites, in: Proceed. Sscond Lunar
Sci. Conf., ed. Levinson, A,A.,, M,I.T, Press, 1123-1138,

Willis, J., Erlank, A., Gurney, J., Theil, R., and Ahrens, L.H.,
1872, Major, Minor and Trace Element Data for some Apollo 11,
12, 14 and 15 samples, in: Proceed., Third Lunar Sci. Confe,
ed. Heyman, L.D., M.I.7. Press, 1269-~1273,

Wilson, M,D., and Sedeora, S., 1879, An Improved Thin Section
Stain for Potash Feldspar: J. of Sed. Pet., v. 48, No, 2,
ne B37.

Wilson , H., Andrews, Pes, Moxham, R., and Ramlal, K., 18G5,
Archean Volcanism in the Canadian Shield: Cane. Jour. Larth
VSCi.’ V. 2, pe 161“1750 *

Williams, K.L.s, 1867, Elecﬁron Microprobe Microanalysis of
Sphalerite: Am. Mineralogist, v. 52, p. 475-481.

Winchester, J.A.,v1976, Different Mionian Amphibolite Suites in
Northern Ross-~shire: Scott. Je. Geols, v. 12, p. 187=204,

—— and Floyd, P., 1976, Geochemical Magma Type Oiscrimination
Appllcdtlon to Altered and Metamorphosed Basic Igneous Rock:
Farth Planet, Sci. Lett., v. 28, p. 4E8~-468,

| Winkler, H.G.F., 1876, Petrogenesls of Metamorphic Rocks:

springer~Verlage New Yorke. Po 334 |
'wodﬂ;IB,J.;“ahd'Béhﬁo;'é;;wlg73,”Gafnet—ﬂpxménd'OpknCpx Relation-
~ships in Simple and Complex Systems: Contrib, Min. Petrol.,
\i. 429 p. 105-1249

—— 1874, The Soclubility of Alumina in Drthopyroxene Co-exxstlnn
with Garnet' Contrib. Mineral. Petrol., Ve 46, p. 1-15.

Yardley, B., 1977, An Emplrlcal Study of lefUSlon in Garnet:
Ame Wlneraloglst Ve B2, pe 783-786.



Te 97 e !
APPENDIX I
Peitolleod Defpconophy o0 Uhe Wall NUCKs Ghnu Hassive Sulphides

The textures of the thin sections have been described using
the terminology defined by Moore, 1970, and approved by

Winkler, 1974, (See Fig. a).

GRANOBLASTIC:

EQUIGRANUL AR
¢: potyuonal '

a: polygonal

b:interlobate b:interlobate

¢: amoeboid, . -c: amoeboid

SERIATE -

MYLONITIC

Fig. a. Diagramaatic representation of the terminology for textures in granulites.

{After: Moore, AC. 1970, Lithos y3,p126.}

The mineral proportions for each rock unit are qﬁoted as a
range of values,‘giving an indication of the’uhifcrmity,

and the statistical parameter of mode to give the most common-
ly occurring mineralogical proportions,

On the photomicrograph'platesathe symbols used for the optical
conditions are:

r = reflected light
xn crossed nicols
I ~xn reflected light with partially crossed
nicols
[—— = bar  scale represents 0.10xm

n



The letters used to denote minerals are:

q - quartz _ R~ p;z‘ltg

b = biotite ' pe - pyrrhotite

nl - plagicclase - Cp = chalcopyrite
h - hormnblende sp - sphalerite

g -~ garnet ma —~ marcasite

s - sillimanite : ga - galena

ac - actinelite ' mt -~ magnetite
- hy = hypersthene : hm = hematite

d - diopside ‘ il - ilmenite

s@ - sphene th - tellurbismuth

rh - rhodonite

cl - chleorite

br - bronzite

a - apatite

ant = antigorite

he = hefcyni+

kf - potash feldspar (pprthlfp)
t - tourmaline
C = cordierite
gr -~ grunerite

AREA K3 ‘
Unit L. Felsic Pyritic Gneiss

A fine gralned micaceous felsic pyritic gneiss was inter-
sected only on section 54E (Fig. 1) and consists of:

| RANGE HMODE,
quartz : 50~55% 50%
plagicclase-oligoclase (Ab7 An30) 10-15% 15%
orthoclase/perthite 1-15% 15%
biotite (altering to chlorite) - 5-10% 10%
sericite ' ' o 59 5%
pyrite v . - 5% 5%

The texture is platy granoblastic seriate amoeboid, The
orthoclase, present as perthite, forms horphyroblasts (up
to 2mm) with ampeboid grain boundaries, The ground-mass
is composed of a platy (ribbon-=like quartz grains) mosaic
of quartz, plagioclase and biotite. Tire grains are mostly
. amgeboid. in outline and vary in size from 0,25 to lmm,

- Biotite is intergrown withnsericite and both are strongly
altered to chlorite, The quartz grains exhibit undulcse
extinction,

Pyrite is present as discrete subhedral to euhedral (0.5mm)
grains interstitial to the siliéatesn |
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Unit 2. Hypersthene~cordierite~pyritic Granulite

In hand specamsi Clic 0GLK is Lnlermegaate to Telsic:
usually fine grained and poorly foliated, The rozk
typically has up to 10% disseminated grains and stringers
of pyrite and pyrrhotite,

The rock consists of:

~ RANGE MODE

hypersthene _ 15~50% - 25%
cordierite _ 0~25% 25%
plagioclase-~andesine _

(AbsaAn38) - _ 10-~309% 20%
quartz | - 10-30% 15%
biotite : © 5=15% 5%
pyrite/pyrrhotite (py/pox 1) 2~10% 5%
magretite - 2=5% 4%
dicpside o 0-25% 0%
hornbiende ' : 0~20% 0%
orthoclase : C 0-2%. C%
apatite o 4 tr tr

The microscopic texture is gfanoblastic seriate to inequi-
granular,with the grains having interlobate boundariess
Large, irregularly-shaped grains of hypersthene poikiige
blastically enclose qguartz, Teldspar and pyrite. The
biotite is associated with the hypesrsthene and both ave

‘at least partially replaced by chlorite, - The groundmass

is of variable grain size but generally £ 0.75mm and consists
of an interlcbate mosaic of quartz, plagicclase and some-
times diopside. The hérnblendé9 where present, has replaced
the pyroxenes, The cordierite forms anhedral rcunded grains
(~ 0.5mm) with amoeboid edges usually altered toc pinite.

The quartz and plagioclase in ths ground-mass often exhibit

a fine grained myrmekitic inﬁergrouthg The pyrite and
pyrrhotite are concentrated in layers 3-6mm wide ) in which
sulphide concentration is up to 15% -~ the interlayered zones
(also ~Bmm) are free of sulphide, The pyrite and pyrrhotite
typically fo;m/anhedral)irregular,stringer»type composite
grains between the coarser gangue mineralis, These compcsite
grains vary from 0.1 to O.5mm in size,
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Unit 3, Sillimanite-augen Pyritic Quartzite
{ X L
Tn bhand specimen the mack ig folein »nd well folisted with

conspicuous sillimanite augen and disseminated pyrite and

pyrrhotite,
The rock consists of:
RANGE MODE

quartz 60-70% | 85%
sillimanite ' 15-25% 16%
pyrrhotite = . i 6-7% %
pyrite ' . ' 3-6% ‘ 5%
limonite | 5% ' 5%
sericite 0-2% 2%
biotite -  tr tr
plagioclase (composition?) tr- tr
rutile 3 : tr tr
sphalerite , ‘ ~tr tr

The rock has a fine grained (~ 0.5mm) granoblastic platy
polygonal inequigranular texture, The ground-mass is
composed essentially of a fine grained equigranular nlaty
polygonal mosaic. The sillimanite augen (up to 4=5mm in
length), are composed of minute (sub-microscoepic in places)
sillimanite prisms, The sillimanite is generally assocciated
with the sericite which usually appears as an alteration
producte. )

The sulphides occur as small elongate aggregates of pyrite
and pyrrhotite parallel to the fbliationo There are traces
of anhedral sphalerite within the pyrite/pyfrhotite aggre-
gates, The pyrite tends to be euhedral within the pyrrhotite
(anhedral). Very fine (O0.1lmm) rounded sub-hedral grains of
rutile occur within the quartz mosaic and sillimanite layers.

Unit 4, Banded Biotite Gneiss

In hand specimen the rock is a Tine grained equigranular
banded gneiss which is characterised by fine (#lmm) imper-
sistent bands of darker minerals (mainly biotite) in a felsic
ground-mass,

The rock is composed of the following minerals:

RANGE MODE

guartz - 30-60% 60%
plagioclase-~oljgaclase | 209, A
(D An 3 5-20% 20%

70
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RANGE MCDE
pthezlaso _ 5-207 107
bintite 10-20% 10%
hypensthene ' 0~15% 0%
magnetite . tr-1% - tr
pyrite v tr ' : tr
bustamite/rhodonite tr tr
zircon ' tr ' tr

The gneiss is fine grained (~ 0.5mm) granchblastic inequi-
granular interlobate, The quartz and orthoclase form
porphyroblasts up to 1.5mm in size. The ground-mass is
made up of quartz, plagioclase and bictite; with occasicnal
grains of hypersthene tending to poikiloblasticity. The
pyrite and magnetite are extrém@ly fine grained (~ 0,lmm),
anhedral and are disseminated throughout the rocke. The

. zirzcon accurs mainly within the biotite grains causing
pleochroic halos. The bictite and hypersthene are inter-
grown and define the foliation, Plate A shows the rela-
tienship of quartz, biotite and hypersthene, The biotite
is green to green-brown in celour and is altered to chlorite
- at the edges. The hypexrsthene is usually faintly pleochroic
with some alteration (to antigorite?) along fractures and

grain edges.

Unit 5, Felsic Sillimanite Gneiss (Upper Unit)

In hand specimen the rock is typically pink, pale-pink to
white,or occasionally a very pale green, with no dark minerals
present,and varies from a fine grained weakly vToliated granu-
lite (defined by sillimanite),to a ccarse grained sillimanite
gneiss, ' A

The rock is made up of the following minerals:

RANGE MODE

quartz | . 50-70% 55

perthite | 10-25% 20%

andesine plagioclase: ]

(RbgAnge) 5-20% - 20%

g sillimanite ) . 1-10% 4%
biotite . tr-2% tr
muscovite ' te=2% tr
magnetite _ tr 0

pyrite ~ : tx S ¢
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RANGE MODE
epidote 01 5% 1%
magnetite 0-3% 1%
sphene o | 0~1% tr

The texture is usuyally Tine grained grancblastic inequf-~

granular polygonal to interlobates Diopside forms larger

(<4mm) poikiloblastic grains in a ground-mass of polygonal
- labradorite {fine grained <£1lmm grains), The diopside

has been partially uralitized to green hornblende,

Garnet, when present, forms anhedral poikiloblastic grains

tite

0

and has been replaced by epidote. The calcite and magn
tend to occur together as fine greined interstitizl phasc.

Quartz, when present, forms ribbons up to Smm long.




APPENDIX I1.  BULK ROCK ANALYTICAL TECHNIQUES

Sample Preparation:

ed with a stiff brush and

any drilling sludge (there was very llttl

P~

The samples (27.0 kg., for core specimens,and = 10 kg. for
surface samples) were clean

wiped free of

oil) with acetone, ALl the crushing and grinding squipment
- was wiped clean with stiff brushes and clesaned with distilled
water and acetone, and precontaminated with each new speci-

men to be processed, . ,

The specimens were'brcken dewn to =5cm pieces in a vice

before Crushing in a jaw crusher to <lcm piecess Eighty

grams of this coarse crusheos material were further qround

in a Siebtechnik sw;nomn 11l using a 100cc agate veszel(<120 mesh
and 6-8g aliguots of this fine ground (<300 mesh) in a
motorized ‘agate nortar, 4g of the =<<300 mesh powder was

made into powder briguettes on which trace element (and Na)
analyses were carried out. The rest of the <300 mesh powder
was used to produce duplicate fusion discs (Norrish and Huttaon,
1969). H.
110 and lDOQPC respectivelye. Total Fe was expressed as
FE?Dmc

Major and trace olements were analysed by XRF. Uperating

0" and L.C0.I. were determined by weight loss at

conditions and data reduction processes used in the Geochemistry
Department at the University of Cape Toun were outlined ir
Willis et.al(1971 and 1972). Details of more up to date
procedures listed below are taken from Bristow (1980).
Interrational rock standards (U5G°S, N.I.M., CAAS) were used
for calibration. '

Major elements: were analysed on duplicate lithium tetraborate
fusion discs (except Na which was done on pressed briguettes);
the operatinglconditions and data precision are summarised
belowe,. |

Major Elements: ,

XRF COperating Conditions: (Instrument: Siemens SRS-1) S

Fe Mn Ti Ca K P Si Al Mg Na

Tube v —— Cr : i A >
KV 60 — 50 >
mA 50 : e >

counter flow — >
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XRF Operating Conditions: (instrument: Siemens SRS-1)

o Fe_mn T4 Ca K P _Si_ Al Mg N
collimator fine -—= coarse fipne——— coarse —> fine coarse
crystal Lif(220) -——> Lif {200)———-GE  PET ——— TLAP —>

ceunting preset . ‘
10 &40 10 10 2C 1060 100 I00 206 200
line | Kee —- _ : : >

time (sec)

Estimates of precision, detecticn limits and average absolute
@ILTOT, Precision is expressed as an absolute error (20 )

on the given percentage oxideo

Oxide Wt %  Precision Accuracy Detection Limit
Fe,0; 8.0 - 0,038 0.064 0,014
MnO 0.15 0,008 0,003 © . 0,008
Tio, 1.0 0.008 . 0,008 0,008
Cal 12.0 0.028 - 0,030 ' 0.008
K0 C.2 0,002 0.022 0.002
PO, 0.2 0,012 0,018 0,011
510, 500 00140 0,264 0,036
Al,05 15,0 0.080 0,079 0.022
MgQ 8,0 0,148 0,086 0,072
Na,0 2.5 0,032 0,067 0,080

Trace elements: were analysed on pressed powder briquettes

" on a Philiips PW 1220 spectrameter (Co, Cr, V, Cu, Ni, Zn)

and the Siemens SRS~1 (Y, Zr, Pb, U, Th, Nb, Sr, Rb and flo
KoeC)o Mass absorbtion coefficientsvwere determined at

Rb Ke.wavelength by measurement of the Mo Keé Compton peak

" (Reynold, 1663) or were calculated from the major element

" data using Heinrich's values. Raw data were reduced using
FORTRAN programmes written by members of the Department of

Geochemistry,. ’ '

The operating Conditiuné and precision statistics are given

below:

Trace Elements:




XRF OPERATING CONDITIONS:

oo N 2% Y N 0o K Z4nv Cu WL Cu Cr U
Tube Mo > Y > Ay ———> Y —
K\ 650 ' _ N
mA 50 :
counter scintillation - i e T R —
collimator {fine . I o
crystal Lif (220) >
count time :
(sec)(twice)200 ‘ — > 100 >
vacuum of f - | on’ ,
m.A.C, Rb measured | > calculated ~
line Kee ' >
The absolute error and detection limits are given at 20 and 3O

respectively.

The Niggli Values used in the text, Section 4, have been

Elgmgﬂg Range (ppm) Exror Detection Limit
Zr 40-100 «9=1,4 1.4
Nb 4=150 1o0=1,2 1.8
Y 20-40 T 8=1,0 1,3
Rb 2.5-90 +8-1.1 1.5
St 80-800 1.0=147 1.5
Co 18-800 1.8-2.50 4,5
Cr 25-350 1.5=-251 262
Ni 10-208 2,5=3,7 4.0
v 50-350 L 2.4=3,7 5.5
Zr 8-150 0e8~107 Lot
Cu 5-30 T 1.8-2,1 2.9

calculated from the definition given in Barth (1862), pages

62~85,

Niggli Values

The twofold way of classifying rocks—mineralegical and chemical
—has been advocated and its advantages have been convincingly
demonstrated by Nigglt in several papers of outstanding importance
to systematic petrology. In the system that Niggli has contrived to
build, the chemical classification becomes identical with definition

- and classification of what he calls the magma types (sce page 181).

The chemical analysis of a rock is-the basis for its classification.
The procedure of “calculation is as follows. The figures giving the
weight pereentages are divided by the molecular weight of the corre-
gpending oxide; thus we arrive at a scries of relative figures—molecular
numbers—which indicate the molecular proportions of the scverul
oxides in the rock. :

The molecular number for Fel0s, which in terms of ferrons oxide
corresponds to 2FeG, must be multiplied by 2 and then added to FeO.
The remaining molecular numbers are grouped together and ndded
in the following way:
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AlQOy (incluc-ling Cry0y undl rave earths)
+ FeO + MgQ (4- MnO 4 Co0 4 Ni0)
-+ 'Ca0 (including Ba0 -+ SrQ)
+ ®att 4+ NagO (including rare alkal earths)

The sum is recaleulated to 100, and the numbers designated a2, fm, ¢,
and alk, respectively. Thus the sum al + fm 4 ¢ + alic = 100 speci~
fies one group of chemical substances.

The molecular numbers for Si0. (if desirable also for Ti0., ZrQ.,
.05, Hx0, CO:) are recaleulated according to the equation:

Moleeular number for SiQx:molecular number for Al.Cs = z:al

The resuiting figure for x is called st (respectively, #1, zr, p, h, cos).

The two groups, el = jm + ¢+ alk = 100, and s' (and H, cic.),
include the most important chemical constituents of the rock. ~But
two additional parameters are of great value: the molecuiar proportion
of K20 compared to the sum of the alkalies in alk, and the molecular
proportion of MgO compared to the sum of the divalent clements in
jm. Separately, therefore, the following values are computed:

X0 - - ; MgO
K0 £ NogO + (1i;0) 0 el + MnO 4 Mg0

and respectively designated k& and mg. For many purposes in the dis-
cussion of the chemieal relations in primary and metamorphie rocks, it
is sufficient to sct down the values s, al, fm, ¢, alk, as well as & and
mg. In a general way they characterize a rock. ; »

Tiw quartz tndezx, gz (Quarzzahl), is a derived quantity and is obtained
as follows. The most highly silicified minerals in the rocks are feldspars
and pyroxenes. In the alkali feldspars and the lime feldspars the mole-
cular proportions are ¢lkralisi = 1:1:6 and ctalisi = 1:1:2, respec-
tively. In the pyroxenecs the theorctical proportions are fm:st = 1 and
c:si = 1. In a rock composed of these minerals, the following relution
holds:

s’ = Galk + 2(al — alk) + le — (al — alk)) 4+ fm -+ - (1)

The expression (al — alk) corvesponds to the fraction of ¢ that is bound
to alumina in feldspar, provided alk < ol; and ¢ — (al — alk) is the
fraction of ¢ that is associated only with si. If al > alk + ¢, the excess
of al is supposed to combine with an equal amount of s7, with formation
of sillimanite.’ . : .

temembering that al +fm + ¢ + alk = 100, and substituting in
equation 1, we obtain: . '

st’ = (100 + 4alk)

With alk > al, the excess of alkalies will usually form aegirite, and the
_corresponding si-value becomes s’ = (100 + 3al + lalk).

In a rock showing a higher si-value than the caleulated si’~value, free
quartz will appear. If the rock shows a Jower si-value, some minerals of
low degree of silification (for example, olivine, biotite, feldspathoids, ore)
are to be expected.  The difference st — s’ is the quartz index, ¢z, which
may be cither positive or negative, and is a valuable indicator of the
minerals to be expected.

It the table below the most important Niggli values are listed:

¢

al from AlLO; ‘ st from SiQ.
K:C
fra from FcO, FesOy, Mu0, MgO & = _{26_;\?1\?5?6
from Ca0 - MeO
¢ from v V8= FeO 4 MnG + MgO
all; from K,0 + Na.0 81’ = 100 4 4alk (usually)
al + fm 4+ ¢ 4 all; = 100 gz = 8L — si’ -

In the example of Table III-7 the analysis of a granodiorite from
California is recalculated after Niggli.

NN
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. © TABLE 117

GranopioxaTs, Pracer Counrty, CaLirorNta

Appr;.\xi-
mate Molneular
Weirltt,  Moleeular Droportions
LA Weight X 1000 ' Cnlculntions

8i0, 65.54 G0 1002

A0y 15.52¢ 102 162 162 al = (100-162):453 = 3G

FesOs 140 160 9 as FeO 18 : T

FeO 2.49 BEED 35 . . .

MnO 0.06 4 1 17 Jim o= (100-117) 1453 = 26

MO 2,53 40 63 T :
; Ca0 4.88 6 sY ) 87 c = (100-87):453 = 19
i Nn,O 4.09 62 6 o . SR,
;r ‘1(25 195 by 21 } '8: alk = (100-S7):455 = 19

Ti0y 0.20 £0 5 ' —— —_

.05 0.18 142 L _ 453 100

H,0 0.71 e :

100.74 .
. - ot
ko 2} = 024
. . mp = 8301y ~ C.54.
( - gz v 241 — (3CO 4-4-10) = 465




Ll l [: l{. Aouid

APPENDIX III  MICROPRUBE ANALYTICAL METHODS
Q‘ r

ND RESULTS

“icroprobe analyses were obtained on polished,carbon coated,
thin sections, The instrument used is a Cémbridge Microscan
5 lirnked on line to a Varian 620L-100 minitomputar where
matrix corrections and alpha factors from Albee and Ray (1870)
were appliedyusing the methods of Bence and Albee (1968).
Calibration was achieved using natural and synthetic standards
(Kakanui pyrope, Kakanue hornblende, Marjalahti olivine,
synthetic diocpside, rutile and rhodonite, In the case aof
sphalerite, zinc metal and natural troilite were used as
standardse. Sphalerite analyses were subjected to full ZAF
corrections using FORTRAN programme using TIM~1(Duncumb. et.al,1969),

Microprobe Operating conditions used weres:

Accelerating potential = 15 kV
Beam current — 1.5 x 107°a
Detectors - flow counters with Ar/CUzgas mixture
Arnalysing crystals: quartz: Fe, WMn,; Ca, Ti, Cr, K
' RAP : Si, Al, Mg, Na
PET ¢ S
Lif (200): zZn, Fe

Counting time on peak (sec.): 10 (x4)
Single spot precision statistics for microprobe cdata are

given below:

OXIDE AVERAGE SD(20) ERROR (20) DETECTION LIMIT (30)

510, 41,97 .08 .08 .06
Tio, 3.92 .08 010 .07
Al,0, 13.51 .08 .06 . .04
FeO 6.82 .15 016 .10
MgG 16,34 .07 »10 .05
cao 12,10 .07 .08 - .05
Na 0 2,70 .12 o 14 .09
K,0 1.18 .06 .10 .07
Min 0 0,26 .01 .01 | .03

(All data in wt %)
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¢ HGOITNe~

Quartitative analyses of garnet, cordierite, biotite
ble I1I-I.

i
biende, hypersthene and sphalerite are listed in T

-



TABLE JTIT~T MICROPANOBE ANALYTICAL

RESULTS

1) Garpets

Flomrrt !r {f’!f!f.\ Carnala NG,

a17/2 2arnlrsal il /el ez ! 1072 Liess faease Viaass Liagse 179,/1 1
530, 37,57 37.90| 37.72 {37.37 | 37.86{ 38,08 |38.23 | 27.56 ‘37.44 37.54 | 37,92 33.,51I
Ti, 0.0 U,0 0.0 0,09 { 0.0 0.02 { 0,008] 0.02] 0,01 G.04 | 0.0 0.01
A1203 21,79} 22,1 | 22,0 |21.78 | 21.88 | 22.23 | 22,24 | 21,87 | 21.63 | 2).84 | 21,73 | 22,53
Fel 30,95] 30.98| 31,18 131,13 | 32,27 | 29447 { 29,24 | 31.89 | 31,56 | 31.86 ] 29,13 { 30,37
Mno 3,43 3.38] 3.53 | 2,521 2,421 2.43] 2.4681 1.781 1.75 | 1.85| 1.77] 2.s3
Mg0 5,58 5.05| 5468 | o280 | 6.82] 7T.44 | 7,91 6,47 6.07! 6.29| 8,13: 7.3)
Cal 1,09 1.42! 1,081 090l 0.B61 1,59 1.08) 0,34! 0,33' 0.3 0436 1,03
TOTAL | 100.421100.25 102,18 59.98 100,91 [101.23 ﬁ01.17 99.24| 98,70 99.83 | 59,03 ]3?.z§
Element (RKG)Sample No.
111/1 311/2 ' 288/1 ' 288/2 | 255/1 ﬁzge/l | 190/2 | 390/2 1 150/3 1190/4 ] 180/5 | 208/},
S — : . ‘ :
sic, 37.79% 37.79 | 36,47 ! 36,24 | 26,00 | 35,00 | 37.42 ] 38.25 | 37,53 | 37.32 | 37.39 | 38.563
Tio, Uaﬂli 0,03} 0,0r| 0,0y 0,01 | 0,06 0,10 0,05 0,04 G.06 | 0,06 | C.03
AL,0, 22,53 22,37 1 20,68 | 17,46 | 21,35 120,52 | 21,62 22,12 | 21.77 | 21,48 | 21.55 | 22,14
Fel 28.22 ! 28,12 | 23,73} 23.73 | 30.45 | 25,23 | 31,48 30,78 | 30,19 | 3).62 | 31.89 | 26.42
Mno 2.95' 2.75 1 14,481 14,66 ] 7,37 7.91| 2.87| 2.82] 2,81 2.00| 2.84 ! 4,48
Mg0 8,09] 7.84| 2.11] 2,16| 3.21 | 1.82| 5.96] 6,17| 6.11] 5.55]| 5.,45| 8,15
cag 1.26! 1,24 2.18] 2.0 1,08 ! 6,59! o,58] 0,540 0,421 o561 0,440 1,13
TGTAL § 1oonasgluo‘21f 99,67 96,17 | 99,52 | 58.23 |160,03 /100,73 | 98.87 | 99.48 85.62 {100, 56}
Element || (RKG) Sample Na,
209/2 1 204/3 | 208/4 ?209/5
' SiU2 . 38,27 { 37,72 ‘57,69 37.58 (Garnet analyses frem BIF units guoted in text)
Tio, 0.04 | 0.C4 | 0,05] €,05
Al 03 22,03 | 21,63 izl.vs 21,86
Fel 26,41 | 26,43 | 25:.34 5 25.87
Mno 4.69 | 4,401 4,48 5,16
Mg0 7.55 | T.40 ! 7.85] 6,71
‘Lal . 1,061 1,141 1,14l 1,11
TOTAL || 100,03 | 98,83 | 98,30 95,35
(i) Biotites
Element || (RKG) Sample No, o
! 190/} 195/2 | 190/3 §180/4 1190/5 . 208/1 | oce/2 138/1 i 188/2 Ll?e/l '17q/z ]l/Q,Q'
510, I 36,58 | 37.16 | 36,13 | 38,53 | 34.87 ;38.85 36.62 | 37.44 1 35,69 |37.19 | 47,17 .37’03'
Tio, 4008 | 4,39 436 | 4,121 3.6 | 2.63 | 3.06 | 3,49 ] 5,11 | 1.23 1,68 1.91
Al,04 18,11 { 18,21} 17,54 {17,606 { 18,65 | 18,84 | 18,71 17,55 17,83 118,37 | 19,75 | 19.24,
FeO 16044 | 15,24 | 15,48 | 14,21 | 17,16 { 12,70 ; 12.87 | 14.12 | 18,84 | 13,82 { 16,19 ' 16,52
Mro p.06{ 0.,05{ 0.,05| 0,06{ 0,11 0.06} 0.08] 0.02} 0.08 | 0.01 o.osﬁ C.09!
Mg0 13.02 | 13.56| 13,26 | 14,83 | 10,82 | 15,87 | 15.27 | 16,28 ; 10.58 | 16.20 | 14,92 P 14,23
CaC o.,00f 6,00} o©0.02{ 0,02} O.04| 0.01§{ O.02| 0,02} 0.02| 0,02} 0.03: G.02!
Na,0 0.04{ ©,02! 0,04 |-0,06] 0,13]| 0.22! 0,17!{~0,02] 0c.02!| 0.03 o.os; 0.05!
K,0 .50 9.08! 8,98} 9,28! 9.,10! 8.90] 9,30} g.54: 9,62 ] 9.74! 38,38 8,53
TOTAL 97.84 | 87,72 95,83 95,79§ 94.25§ 96.09 | 86,10 98,a7§ 97.77 | 97.61| 98,61 . 98.63




TABLE I1I-T CONT,  MICROPROBE ANALYTICAL RESULTS
(13) Bintites Cont.
Element || (RKG) Sampnie Mo, _ o

{_auzfan/zl2ir/a l21r/z | ) /2 | sl 10/2
si0, 37035’ 36.32| 37,46 | 37,95 | 37,18 36,68 | 37,07 37,30
Tio, 3,52 34117 1,481 1.86 | 3.52| 3.14 | 5.36] 4,20
AL,0, 17.61 | 18,011 18,64 | 18,97 {17.64 | 17.19 | 16.34] 16.54
FeO 13,39 17,04 15,31 15,22 [16.52 15,08 | 14.50| 14,23 )
M0 ; 0.07| G©.,08| 0.07| 0,05 0,09] 0,01 0,02{ 0,03
Mg0 16.44] 16,067 15,54 | 15,16 | 13,983] 14,33 | 14,79} 15,67
Ca0 0.02/ 0.04) D,11! 0,00 | O.00; 0,00 0,04! 0,00
Na,0 o.oai' c.ce; 0.3ai 0,46 | 0.,11{ 0,12{ 0.06! 0,0
K,0 9.23] S.% 8,321 8,17 8,26! 9.02] 9.15f 49.76
TOTAL { 97,70] 95.31| 97,48 | 97,05 | 98.00| 96.46 | 97,36 97,77
(iii) “Cordierites
Element (RKG) Sample No. )

18071 '190/2 190/3 {190/4 | 100/5 | 190/6 | 190/7 {208/1 | 208/2 fzog/s fzma/a
Si0 | 67.70 | 68,16 | 48,29 | 46,75 | 47,61 | 47.19 | 47.56 |48.59 | 48,62 faﬁ.se | 48.83
Ti0, o.01 | o,011 0,00 0,01} 0.0 0.0 0,01 | 0,0 0.0 ! 0.0 ! 0.0 |
Al,04 33,493 33,49 | 33,42 | 33,43 33,38 33,41 | 33,52 | 33,57 | 33,58 33.57§ 33,76
Fel 6.53,] 6435 | 6.50 | 6,49 Wil 64381 G035 | 3,54 3.807 3.251 3,45 !
Mno 0.8 | 0.21 | 0.18| 0.18] 0.18] 0.17) 0.19 | 0.15 0,15, 0,10} 0.09
MgO 8,99 | 8,91 | 8,83 | 8,95| 8,96 9,01 ] 8.99 | 10,58 | 10.65 | 10,93: 10,78
Ca0 g.01 ! 0,0 0.0 0.0 0.0 0.01! 0.0 0,0 0.0 | o.c | o©.0
Na,0 0.17 ! 0.14 | 0,15 0.17i D.14 1 0.12 0.4 ! 0.18 0.22§ 0.155 0.23°
K0 0.0 0.0 0.9 0.0 | 0,018 o0.01 3 0.01 | 0.00/ 0,00 0,01 0.0
TOTAL 97.06 | 97.27 §97,40 {95.99 | 96.82 | 56.30 ; 96.76 ' 96,63 87,02 96.71 97.15
Element (RKG)Sample No,.

2038/5 | 203/6 | 208/7 ! 5211/i 1211/2' 313/1 1 313/2
sio, 49,13 {48.34 gaa.so 47,70 §a7¢695 47,82 | 47,65
Tio, 70,0 0. | 0.00 0. | 0.0 0.0 0.0
Al,04 34,09 | 33.68 | 33.86 33.10 533.09 33,20 | 33,35
FeD 3.18 | 4,13 ° 3,67 .70 | 0,68] 1,17} 1.20
MnQ D.11 | D0.21: 0.08 0.3 § 0.23 0.35{ 0.42
Mg0 11,15 | 1032 10,77 13,57 111,57 13,62 | 12,99
can 0.0 0.00 0.0 0.0 ; 0,00] 0.0 0.0
Na,0 0.21 | G.23  0.18 o.86 | 0,01 D0,75| 0,69
K50 0.01 0,01 0,0 0.0 ! 0.0 8,0 0,0
TOTAL 97.87! 96.99 97,17 | 96,44 | 93,29 96.91 ! 96,30
(iv) Pyroxenes (Hypersthene)
Element | (RKG) Sample No. *
198/1 |199/2 | 189/3 1 113/1 1 1aa/2 1217/3 L 7a/1 | 71/2

518, 48,56 | 48,72 | 48,34 | 48,11 | 47,39 | 44,53 g 45,671 47,16
Tio, 0.05| 0.06| 0,06 0.i0| 0,09 | 0,36 | 0,18} 0.13
Al,0, 5.99 | 5.85| €.10| 5,50 | 5,49 {14.84 , 6,70 6,81
Fel 28,25 | 28,33 | 27.82 ] 24,22 | 23,51 | 21,33 { 25,83 26,13
Mno 0,69 | G.71] D0,67) 0,78 | 0,77 ) 0,71 § 0,57 0,60
Mg0 17,57 | 17.59] 17,461 20,34 | 19,24 | 14,32 f 17.92 ) 1e.20
Ca0 0,02} 9.02 0.,03%{ 0,05{ 0,06¢ 0,20 g 0,03 0,04
Na,0 nd nd nd nd nd 1,60 | 0.06; 0.03
TUTAL if 101.14 {101,40}100.48 | 99,21 | 97,24 | 8,01 i ss.s7§ 89.10




IAPLE ITI~I COMT,  MICROPRODE AMALYTICAL RESULTS
(v) Amphibolites (vi) Others
£iement p (RKG) sample Wo. 1 .. Rhodonite |
ﬁ 229/1 | 29 9/2 | z208/1 1 288/2 ! 299/1 !20?/2 i
510, § 50.24 50,20 4. 32| 44,50 | (47,08 | 45,92 j
Ti0, 0.0 0.0 0. es} 0.62 0.0 0.0 |
Al,04 0.35} 0,02 12, ocj 12.60 0.01 ) 0.0 )
Feld 36,46 14,66 19.5 s; 18,99 11,53 11,47!
finG 89,39 9,33 G.50{ 1,20 32,87 | 32,79 | /
g0 6.05| 6.05| 7. be 7.50 1.86 | 1.7 |
Ca0, 20,04 | 20,65 13.33; 11.20 .04} 7.02 |
5,0 0,26 0,20! 1.,13] 1.20 0.03} 0.0 !
K,0 0.0z, 0.0 0.86! 0.52 0.0 0.0 |
TOTAI, 101.42 '100.74 | 95.08] 98,33 100,31 100,24 |
[vii) Sphalerite Nnalyses
Element‘{ (RKG) Sample No.
! 211/1| 211/2I 211/3! 211771 211/8) 204/1 ! onss2 1294/35 poa/a | 2an/s ?294/6 '29a/7
In 59,61 | 53,33 | 58.58 | 58.81 | 59,54 58.07| 57,87 ;57,97’ sa.nsj 57,22 | 58,33 | 57.32
Fe 7.36| 7.80| 7.55| 8.80| 7.92| 9.39| .93 | 8.40| 0.48] 8.71| 7.34| 2.82
S 33,24 | 33,020 33.43 | 33,36] 33,15 33.48] 33,30 | 32,531 32,83 ! 32,69 ’32.53JﬁggL§g
TOTAL { 100.201100,24 [100,57 [100,96 100,61 100,94 100.16{ 98.89! 99,40/ 98.61 98»8?f 98,76
Element i/ (RKG) Sample Na, ‘ _ , i : .
| __294/8 220/) 220/3 " 220/4 220/5 220/6 ' 220/7 ~220/8 280/1 ' 280/2 280/3! 280/4
In j §8.50 | 58.18 ?57.55 ise.51} 58.27 ;59.02; 53,56, 59.34 58.48 58.82 58.95; 56,89
Fe ; 8.80 | 7.69. | 8,62 | B.DDE 7,88 : 7.50 7.71 : 8.1&5 8.49 8,16 8,17 7.88
S . 32,66 : 32,48 ‘33,01 ‘33,06 32,09 32,42 32.02 31,64 32,56 32,63 32.79 32,23
TOTAL ¥ 99.96: 93,37 98,19 99,57 98,22 98,93 99.33 99,12 99.53 9yY,61 99,91 89,00
Element (RKG) Sample No,
' 2080/5 | 280/6 | 288/1 | 283/2 {289/3 | 283/4 289/5' 28e/8 ' 289/7 ! 28a/8 74/} 14/2
Zn 57.72 | 57.74 | 58,65 | 59,49 [ 58,70 | 58,40 | 59.74 | 58,02 58.00 i38.36 58,76 58,09
Fe 9,38 | 9.32| 8.27| 8.20 | 7.78| 8.14] 7.67| 8.96 i 8.05 ; 8.29 . 8,66 8,53
5 32,86 | 33,21 | 33,29 | 33,01 32,81 [32.49 ! 32,20 32,21 ! 32,52 1 32,50 33,05 33,17
TOTAL '\93,86 100,26 (100,21 100,71 | 99.28 | 99,02 99.51f 99.18§ 98.59} 99,15 100,59 99,81
Element} (RKG) Sample No,
| __a/5 | 2a/6 | 7a/7 0 Bo/y | oeo/2 | so/3 | sosa | so/s | oso/s | sa/y !l eu/2  s4/3
In 57,41 |57.32 [58.39 {58493 | 57,76 | 58.92 | 58,80 | 58.96 f57 14 {58,068 57,87 57.98
Fe 8,89 | 9.09 ' 7.34 | 7.91 f 7.89{ a.oaf 8.38 | B,11 I 8.0L | 7.29 | 7,29 @ 7.29
S 32,52 133,45 (32,82 i32.09 33,81 | 30,60 33,871 32,97 !33.07 j32.85 ' 33,08 32,85
TOTAL 98.82 |99.86 98,56 | 96,93 | 99,46 101.57 [101,05 ‘100,03 l98.22 | 98,20 | 98.12 'g8.12
Element {(RKG) Sample No
64/4 55/1 55/2 | s5/3 1 ss/4| aa/1 | ag/2 | gay3! gas4 57/1 ' s7/2 - 57/3
Zn 58,42 | 59,62 | 50.97 | 59.76 | 58.93 | 58.07 jse.ss 62,38 | 62,51 | 57,87 ; 60,05 59,97
Fe 7.48 | 7.70 | 7.50{ 7.66 | 7.83! 8,56 | 8,47 | 4, 5si 4.63 | 6.72 j 7.35  7.50
S 32,271 32,75 32,07 131,92 132,00 32,031 23,35 132,80 33,264 133,47 1 33,18 33,07
TOTAL 99,17 |100.07 100,53 igg.sa 98.78 | 99.56 hoo.za ;99.55;100.39 | 98,08 100.58 100,53




TABLE TII~I CONT,
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RAPROBE

ANALYTICAL RESULTS

(vii) Sphalerite Analvses Cont,

Elemant

!

{RKG) Sample No,

| ss/s | ss/s | ge/1l 9972 i ss/z2| ss/e  ss/e lss/in ! ss/iy ss/12 ts8/13 7 5570
Zn i 53.76 |58.93 | 58,07 | 50.63 | 58,37 {5756 | 58,06 | 57,67 [ 57,98 | 58,07 ,55.37? 52,61
Fe / i 7.86 | 7.82 | 8.56] 8,46 l .25 i 7.32 | 7.28 { 7.29 | .29 8.56 f 8.38| 7.24
5 i 31,92 (32,02 132,93 33,28 132,95 132,85 133,16 ! 32.85 | 32,93 ! 33,44 33,18
TOTAL [ 99.34 | 98.78 ssgssllouqza [99.3 [sv.sd 98,20 | 98.12 | 98.12 | 99,56 | 98.18 [100.03
Element (RKG) Sample No.
55/15 | 55/16 | 55/17 ] 55/16
Zn 59.61 | 53,62 | 58.42 |57,36
Fe 7.24 | 7,70 | 7.43 | 7,29
5 33,18 | 32.75 | 33,27 |32.89
TOTAL 100,03 [100,07 |99.17 lge.12
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APPENDIX TV, - CHEMICAL ETCHING METHODS

Polished thin sections were chemically etched to reveal
intra~ and intergranular textures which were otheruise
hidden in the minerals pyrite, sphalerite and galensa,
Pyrrhotite textures were visible under partially crossed
nicols, Chalcopyrite did not respond favourably to
chemical etching. , _
The chemicals used were:  (N.B. "KMRO,® is 2.5g of the
- crystals dissolved in 100ml
of distilled water).

(i) KMnO, + H,50, {concentrated)
(1:1)

(ii) KMnG, + HCI1 (cencentrated)
(1:1)

(iii) HCl (cencentrated) ‘

(iv) HNOC; (concentrated) + methyl alcohol

(3:1)

s N2

Sphalerite textures and twinning lamellae were illustrated

best when etched with reagent (ii) for 1 -« 2 minutese»

Pyrite textures were revealed using reageht (i)o. v

The time period in which the mineral was in contact with the
etch liquid was cfitical; 55 seconds proved to be the optimum
time, The critical time facfpr and the difficulty in obtain-,
ing uniform etching across the entire section precluded pyrite
grain sizes as a guantitative measure. The difficulty in
etching pyrite was also reported for Canadian ores by Rotckingham
and Hutchinson (1880). '

Galena textures were revealed using reagent (iv),.
Chalcopyrite-showed scme reaction with reagent (iv) but

etching was markedly irregular and only useful for qualitative

observation,

The microscopic identification pf monoclinic pyrrhotite from
hexagonal pyrrhotite was aided by the coating of the slide with
a thin layer of "magnetic colloid". The ferromagnetic mono~
clinic polymorph became a darker brown colour after attracting
‘the magnetic particles out of the colloidal film. The method
followed was as described by Scott (1974), who states that this



method was preferable to the older etch tests which have

proved inconsistente. The magnetic colloid (after Scott,

1874) was prepared as follous:

(1)

(2)
(3)

Dissolve 2gm FeCl,s4H,0 and 5.4g FeClgeBH,0 in 300ml
gistilled water at 70689

Dissolve S5gm NaOH in 50cc distillec water.

fix soluticns 1 and 2 and stlr vigourously., Filter
black precipitate and rinse several times with distilled
water and finally with 0.01N HCl, Plabe the black
precipitate in 500ml of a 0.05% sodium oleate‘salution.
and boil for a short time to mix the scap solution and

precipitate,



APDEMDTY Y . - 248 -
and Lecations of Specimoens
_Microprobe Analysis and

All specimens from the oroperty "Gedeelte Mielder™ district of
shown on Maps 2,2 and 3 and crocs-—s r*ctir)ns 1-16,

Prieska, borehole

locabions

ThERT. e, !-‘IEL_!_:_»P'Q‘_ anIeE LNCATINH
—— T BEoTRIPTYON BH N0, DLRTH {(0) TS - Thin 3
{Prefix) PT/S = Poliched Thin Scction
{(KUH) A -~ Whele Rock Analysis
P = Microprobe Analyais
9828 CRKG 1 Sillimanite Gneiss 2 58 75 (Type Specimens)
9829 LI " " 5 480 " " it
9830 LA 1 " " 2 5 n " "
9831 LI Hypersthene Gneiss 5 425 n " "
9832 o m 5 Biotite Gneiss 7 146,3 " " "
Q9833 L Hyporsihene Gneiss 5 513 " 1w "
963/, i 7 1t 4 2“58 H n "
g835 "tog Pyroxene Granulite 4 303 " " i
9836 wog Hypersthene Gneiss 5 g5 " L "
9837 vo10 Pyroxene Granulite 4 189 " " " p
\ 3838 "1l Hypersthene GCneiss 5 84 " " .
9839 "o12 Pyroxzne Granulite 2 1G5 " i "
9840 L l3 1t ) it 2 190 1 1" n
9841 "4 Biotite Gneiss T 16 78 " " "
9842 " 15 " " 5 piﬁ " " "
a843 L X Sillimanite Augen 5 119 " n "
. Gneiss
a844 w17 Byroxéne Granulite 2 1 115 " " "
9845 | v o18 Diopside Granulite 2 125 " " "
9846 - L Amphitolite A 152 1" n n
9347 " 20 " 4 282 " (1] n
9848 "2 Granodiorite 5 180 " " "
9849 w22 " 2 150 0 " 1t
9850 "o23 " 2 146 u n n
9851 v 24, " 3 143 n 1 "
8852 " 25 Garnet Gneiss 5 350 " " v -
9853 " 26 -I Grancdiorite 3 140 " " "
9854 i 27 1] 5 347 ¢ n L
9855 " 31 ! Hypersthene Gneiss 2 115 pPT/S
9856 o322, no " 2 117 PT/S
9857 . "33 Sulphide 2 ) 117,5 PT/5
9858 "oo34 n 2 118,5 pPY/S P
98583 moo35 " 2 120,5 PT/S
9860 no36 n 2 122,10 PT/S
9861 w37 " 2 123,4 PT/S P
9862 w. 38 Mlteration Zone _ 2 124,5 PT/5
9863 " 40 Diopside Granulite 2 138 TS A
3364 "o4] Granodiorite 2 137 TS
9855 "oo42 Garnet Gneiss 2 199 TS
98E¢ L 7K Sillimanite Greiss 3 85 TS
0867 LA Granodiorite 3 lan TS
anse roo4g Aypersthene Gneiss 3 157 TS
98639 " 50 " n 3 185,5 PT/S
9870 "o51 Sulphide 3 166,9 PT/S
g871 "o52 " 3 171,0 PT/S. P
8872 " 53 n 3 172,4 PT/S D
9873 no5g n 3 175,00 PT/S '
9874 * 55 " 3 179,5 PT/S p
9875 "o56 " 3 180° '
878 w57 " 3 181,4 " P
a877 58 " 3 183,0 " P
3878 " 59 i 3 184,00 "
9879 " g0 n 2 185,9 " P
Q880 " 61 Siliceous Zone 3 186,0 "
9881 " B2 Diopside Granulite 3 186,8 TS
24382 LY Sulphide 3 181 PT/S p
9883 "85S Diopside Granulite 2 1394 TS
9884 " BB Biotite fGneiss 3 210 TS
3885 " 68 " " 3 260 T5
9886 " 63 " " 4 75 TS
ang7 LA | " " 4 210 " A P
5588 W72 Hypersthene Gneiss 4 227 PT/S
9889 no73 Sulphide 4 236 n
9890 "4 " 4 239 " P
98391 - " 76 " 4 243 " p
30892 ® 7 n 4 244 "
9893 " 78 " 4 245 "
9844 "7 Siliceous Zane 4 247 "
3895 " 80 Sulphide &4 248,86 "
‘JSQG " ooa1 Froccia 4 251,0 TS
96927 "o 82 Cranite 4 26G,0 TS
9898 " 83 Diopside Granulite 4 283 "
9899 vo85 Carnet Gneiss 4 320 "
9900 w87 " " 4 450 w
9901 w88 Granodiorite 2 136,4 "
9902 " 8g " 2 182,0 "
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- I

NEPT, W0, | FICLD WO, RRIET LOCaTINY COFRERTS
o DESCRINTINN BH N0, BEPTA (#) TS~ Thin Section
- {prefix) PT/$ - Polished Thin Sectisn
(KD#) A -~ Whole Rock Analysis
, ! 7 ) N .. Microprrhn An2lyaic
,‘,..,‘_.___,A.;.T.V..,,..M_._*... o ta o
gyn3 RIKG 9D typersthene Grieiss 5 azh6 TS
aaf nogy i " 5 510 TS A
n0ns nooas - @ w 2 544 PT/S P ,
9900 "oogs Sulphide 5 548 pPT/S5. "
3207 .15} - 5 550 "
2503 ¥ g7 " 5 552 "
9309 " g8 Hypersthene Gneiss 5 555 TS
190610 v gg Sulphide 5 557 PT/53 p
9031 "o100 Hypersthene Gnelss 5 565 5
9912 10l Diopside Granulite 5 572 TS
9213 w102 1 " 5 575 "
9314 o104 Digtite Gneiss 5 585 "
43157 vo105 Sillimanite Gneiss B8 34 "
ag16 " 106 Garnet Gneiss -8 44 "
9917 " 107 Amphibolite 8 105 "
8818 w108 Biotite Gneiss 8 115 "
9918 w108 " " 8 135 "
9g820- "oo111 v " 8 145 PT/S p
g321 "o112 Sulphide 3 151 "
9822 " o113 5illimanite Gnelss 8 160 n
9923 L ) Diopside Granulite 8 167 TS
9924 "o1le Bisctite Gneiss a 58 "
2925 w217 Amphibolite 9 81 " A
9928 " 118 Biotite Gneiss 9 137 "
89827 % i20 { Hypersthene Gneiss 3 143 PT/S
5e28 "o121 " " 9 144 pPT/S
9929 ® 122 | Sulphide g 148 PT/S
9930 ® 123 |/Biotite Gneiss g 171 TS
3931 "o124 Diopside Granulite 9 191 TS
Qu32 w127 Biotite Gneiss 9 220 TS
3333 " 13Y | Hypersthene Gnelss 7 80 5
1934 i w132 " " 7 101 T5
9334 W 132 | Sulohide 7 105 RPT/S
134 " 7 1686 "
" 138 Biotite Gneiss 7, 1186 TS
: 'Y' 137 ! Dicpside Granulite | 7 i 116,5 i T5
. ' 138 - Bictite Gneiss B 4 i 148 i TS
w139 " " ! 16 . 45 TS !
: " 140 Aephibelite 15 80 : n
i w143 Biotite Gneiss - 16 117 : "
94843 i LU V7R n n 16 120 pPT/S
9944 " 145 | sulphide _ 16 142 PT/S
9845 " 148 | Sillimanite Gneiss 16 146 TS
ag46 " 147 | sulphide 16 149 PT/S )
9847 "o 148 Biptite CGneiss 16 180 TS :
8948 "o149 Sillimanite Gneiss 16 . 185 TS .
9949 n35Q0 Sulphide 16 207 PT/S ;
2950 o152 Granodiorite 16 211 TS !
9851 o153 Biotite Gneiss 16 i 220 "
9852 154 " n 29 [ 54 "
9853 " 155 Sillimanite Gneiss 29 ! 79 "
9954 ™ 158 | Biotite Gneiss 29 |} 128 : n
9955 "oo157 Suiphide 29 147,3 i PT/S
93858 " 158 " 29 154,7 "
3957 no 159 Giotite Gneiss 29 166,5 TS :
9058 mooi6e " u 5 70 . PT/S : £2
9959 " 183 | Hypersthene Gneiss 5 83 PT/S ;
9960 "o170 " " 5 105 u
yybl " 171 | Augen Gneiss 5 116 "
93862 w172 Pyritic Gneiss 5 121 ooon
9963 o173 " " 5 130 "
9964 "o178 Biotite Gneiss 12 53 : TS '
89865 "o177 " n 12 55 TS :
3966 " 178 Amphibcle Gneiss 12 75 n
9967 * 179 " " 12 101 " p
30968 " o180 Hypersthens Gneiss 12 103 " .
9963 " oasl Sulphids 12 105 PT/S 2
2370 1182 o ’ 12 107,5 " P
9371 " o183 Sillimanite Gneiss 12 108,7 TS
Q372 o184 n " 12 130 R TS
9973 " 185 Amphibolite 12 145 TS A
9974 ) "o 186 | " . 12 165 TS
5975 i "oo187 " 12 192 i TS .
9976 " o188 n 12 215 i TS
9977 " 189 § 12 250 1 TS A
a978 "o190 Jiotite Gneiss 12 275 75 P
9979 "oo181 Amphitolite : 12 298 TS
g8an "o182 Diopside firanulite 14 60" TS A
9951 w193 Riotite Gneiss 14 65 75
8082 w194 " " 14 78 TS
8983 " o185 " " 14 84,5 TS |
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NEPT, 19, Figen o, BRYEF L COMMINTS
NESCRIPTING 3 NG, j T5 - Thin Seclion
(Prefix) PT/S ~ Polished Thin Sccticn
(ko) . A - Whole Rpct Apalveis
- ’ ; | P = Micrgprobe Analycic
1

49964 AKG 186 Sulphide 14 85,8 PT/S ' P

9985 " 198 Amphibolite 1a jeie] TS A '

9925 " 185 Biotite Gneiss 14 108 15 P

9967 " 200 Amphibolite 14 128 TS A

3335 ¥ 202 Biotite Gneiss 22 49 T3

9989 i 203 Amphibolite 22 886 - TS

8830 " 204 " 22 a5 15 A

9991 " 205 Biotite Gneiss 22 110 L

9692 n 2038 _ Diopside Granulite 24 B3.5 " A

8933 " 2067 Biotite Gneiss 24 166 L

9894 " 208 " " 24 186 : "

9985 " 209 Gulphide 24 198 PT/S o)

9956 "oo210 Ul o 24 189.5 " _

geg7 " 211 L ) 24 201 " b

3928 " 212 " 24 204.8 "

9969 " 213 Sillimanite Gneiss 24 210 TS

jRsisiels] n 214 Bictite Gnelss 15 50 TS

10001 " 215 Amphibolite 15 63 TS

10802 " 216 Silltimanite Gneiss - 15 75 TS

18003 w217 Amphibole Gneliss 15 g5 TS5 P

10804 " 219 Sulphide 15 117 PT/S

1ocsse " 220 L - 15 119 . " P

10GGH " 221 " 15 120 - "

1ooe7 " 222 " 15 122 " . ) &

10Ce8 i " 223 u 15 121.5 "

1400C3 " 224 Diopside Granulite 15 132 PT/S

10610 " 228 Biotite Gneiss 15 173 TS

10611 "oro227 Amphibolite 17 55 TS

10C12. " 228 Biotite Gneiss 17 68 "

10G13 /" 223 Pegmatite 17 92 "

1C014a " 23% Diopside Granulite 17 95 "

16015 " 231 Bivtite Gneliss 17 ¢ 110 "

10e18 " 232 Diopside Granulite 17 ¢ 115 "

10617 " 233 Sulphide : 17} 120.5 PT/S P

RN " 234 " 17 ¢ 121,0 n

10013 " 235 Magnetite Porphyry 17 122 "

10026 n 236 Bictite Gneiss 17 ¢ 124.,0 TS

10621 " 237 n " : 17 . 140 ! "

16622 .- 238 " "o 17 170 i R

10023 "oo2ag v o 18 | 50 "

10024 " 240 Randed Iron Formation 18 57 PT/S e

10025 " 242 Gneiss - 18 | as TS

10028 " 242 Amphibolite i 18 i 116 TS &

10627 w243 Gneiss Poois 124 TS

1eces " 244 " ; 18 it 14t T3

1rp22 " 245 " , 8 - leéo ; TS

10032 " 248 Sulphide ; 8 . 184.,9 ; pT/S

10031 "o 247 " 18, 186,3 c n

10031 v 248 ) " 18 | 187.6 "

108633 " 249 Magnetite Porphyry 18 189,0 " I

10034 " 250 Sulphide 18 195,0 " =

10635 " 252 Biotite Gnelss 18 2018 TS

10036 " 252 " " 18 230 TS

10037 ' " 253 " " 19 53 5

10C38 " 254 Amphibolite 19 85 TS i\

10039 " 255 3iotite Gneiss 19 135 75 P

loesc " 256 Sulphide 19 145,5 PT/S P

10041 " 257 " 19 146 i

10042 " 258 Biotite Gneiss 19 147.5 T5

10043 " 258 w " 18 185 TS

10044 " 260 " " 20 30 TS

10045 " 251 Banded Iron Formation 20 65.5 PT/S

100456 n 262 1 " ” 20 87.0 n

10047 " 263 Amphibolite 20 110 TS

10048 " 264 " 20 140 - TS A

10c48 " 2565 ] Biotite Grieiss 20 165 TS

10050 " 230 " " 20 280, TS

10051 " 287 Sulphide 20 193 PT/S P

10052 " 266 " 20 194,75 "

10053 " 2665 " 20 195,75 n

10054 " 270 Biotite Gneiss . 20 198 TS

10085 - " 272 Amphibolite 20 213 TS

10GSES " 273 Biotite Gneiss 20 230 ’ 75

10057 " 274 on "o _ 25 53 s

10058 oM 275 Banded Iron Formation 25 63 PT/S

10658 " 276 Amphibolite 25 125.6 TS

10068 " 277 Riotite Gneiss 25 206 TS

10081 " 278 Sulphide 25 228,5 PT/S

1nc62 " 273 " 25 230 PT/S B

10083 " 280 " 25 232 PT/S al

100664 " 281 " 25 232.5 PT/S

1006635 " 232 Diotite Gneiss 25 240 15
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Section

NEPT fd, 1 FIRLD D0, BRIEF [
! DESCRIPTION BM N, Thin Section
(Prefax) ~ Polished Thin
(kDH) Yiiole Rock Anelysis
Microprobe Anolysis
10066 RKG 28% Amphibelite 25 245 TS
% 1N0G67 " 284 Riotite Greiss 26 g2 TS
10068 w285 Banded Iron Formation 286 118.8 pPT/S g K
10059 #2806 Amphibolite 26 155 T3
12070 " 287 Biotite Gneiss 26 223 TS
10071 " 286 Sulphide 26 241.8 | PT/S P
10072 " 230 " 26 244 PT/S p
10075 "oo29p° n 26 245 g
10076 o291 " 26 246 "
10077 w292 n 26 247 W
10078 " 293 n 26 248 n
10079 "o 294 n 26 249 " =
15080 " 295 " 26 250 " p
100661 no29G Amphibolite 25 253 "
10082 n o207 ’ " - 26 263 TS
10083 t 298 Biotite Gneiss 26 275 TS p
10084 w  2gg Banded Iron Formation 27 122 PT/S D
10085 " 3030 Amphibolite 27 170 TS
10086 ®30) Biotite Gneiss - 27 256 TS
10087 " 302 Sulphide 27 280 pPT/S
10088 " 303 n 27 280.,9 pPT/S
10689 noT304 Gneiss 27 300 TS
110690 " 306 Gneiss 28 45 )
17091 " 308 Amphibtolite 28 260 T5
10082 r 300 Gneiss 28 330 75
168693 vo310 Sulphtide 28 339.4 PT/S
10094 vo31] u 28 333.5 | PT/S n
10085 vo312 . fneiss 28 345 TS
10086 w313 Sulphide 28 353,5 | PT/S
20097 w314 . Gneiss 28 . 357 TS
' SURFACE SAMPLES (CO-0RDINATES SEE MAP 4)
14639 "o316 Banded Iron Formation 32F/13.55 pPT/S
101060 "o317 " il " I2E7/13758! PT/S
1C101 ", 318 Granulite 288 /2258 5
10102 " 319 " 245 /20,55 TS A
10103 "o 320 " 20£/185 TS
15104 w321 " 8£/15,8% TS A
10155 " 322 " 4BE/20S | TS .
12108 v 323 " 1Bu/25 LTS A
1137 n324 " 2BE/11M N ) A
17108 "325 " 350/1,58 [ 15
10109 w327 " 40E/C. 01 1 TS 2
10110 " 328 n 12w/ e TS
10111 w329 " 12wW/en TS
110112 w330 n 33E/85 TS A
10113 " 331 Granulite 55E/2,2K TS
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APPENDIX VI, X=RAY DIFFRACTION METHODS

Qualitative X-ray diffraction was carried out to help in the
identification of unknown minerals which occurred in suffic~
ient quantities to allow mechanical separation and preparation.

The mineral requiring identification was identified in the

eériginal core specimen¢from which the thin section had been
cut and a small piece of the core separated and crushed.

Initial crushing was done in a manually_operated'éteel crushexn,
followed by pulverising to < 300 mesh in an agate mortar. This
powder was mounted on a glass slide with rubber-based gumy and

placad into the X-ray chamber.

The 1nstrument used is a Philips Automatic X~-ray powder
diffractometer with PW1350 - PW1394,

The X-ray diffraction operating conditioﬁs used‘were;

‘

kY . coe | 40
mA - eoe 20
‘diverging, receiving ‘ ' \
and anti-scatter slits eoe 1%, %
scanning speed ceo 2% 28/min,
count rate i ‘ coo lD3
time constant | ceo 1
chart drive speed L aee . 2cm/min,
tube " eee Cu

The peaks were identified using ASTM cards, the Fink Iporganic
index (1866) and Selected -Powder diffraction data for minerals
(publiéhed'1974, Joint Committee on powder diffractometry

standards),

Pyrrhotite polymorph identification followed a different pro-
cedure (after Arnold (1966) and Graham (1969)). The presence
and‘grain-size of pyrrhoﬁite’was established initially using
polished thin sections and normal qualitative X-ray diffraction

scans as described above.

"The sample to be used for pyrrhotite polymorph ldentwflcaflon

was crushed ‘and ground carefully to avoid overgrinding and
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overheating in an agate vessel with acetone, The <300 mesh
finely ground powder was placed in an aluminium sample tray
and subjected to pressure approximately 20lhbs,, the excess
sample scraped away using a glass slide.

The.sample was then subjected to X-rays under the following
instrument conditions:

‘k\! : ’ - ;oo o 40

mA cee 20

slits coe %D, %0

scanning speed e 1/4% 28/min.
count rTate " eee 10

‘time constant " ese 4

chart drive speed coe lem/mine.

tube coe Cu

range scanning coe 42,5 - 44,5 %20

The ferromagnetic monoclinic pyrrhotite polymorph gives a
doublet at about d= 2.051 R and d= 2.064 R, These two pezks,
the monoclinic (202) and monoclinic (202) are approximately of
the same intensity. Consequently a presence of monoclinic

polymorph gives a symetrical doublet,

The paramagnetic héxagonal pyrrhotiﬁe polymoiph ines'a sharp
singlé peak at dlﬁz = 2,065, which overlaps with the 202 peak
of the monoclinic wvariety, Consequently a mixture of hexageonal
and monoclinic pyrrhotite polymofphé gives an asymetrical doublet,
, The.degree of asymetry giving an appfoximation of the amount of
hexagonal pyrrhotlte. |

%
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GOSSAN EXPOSED : G E N D
élN TRENCH )

, KDH 25 (-55°)

L TR e £ N D &

KDH 15 (- 55°)

T S e

KDOH 7 (-60°)

| Q Diamond  drill - hole positio :

' " . ‘ n o

Alluvium, deflation residua, calcrete aond saond .. ... . .. EARLY TERTIARY B vy pt. (OS- o el S
G 1 o ; clingtion, depths and final depth
Unconformity

Quartz -Feldspar Gneiss (guartz, orthoclase, plagioclase, biotite.) W | te R Sample. Aumber (and  position i drill - hole ) of

this section sample description. (In areas of

Biotite - Garnet OGneiss (quortz, plagioclase, biotite, garnet ¢ moqnctitz.) . _
intense  sampling ¢.g. sulphides not indicated, )

HEARED: L

Banded Iron Formation (nm:u:,r\:,ti'l’.c,A grunerite, garnet, quartz, pyrite, chalcopyritc) 1SU>\
Rl NG Inclination of c -
AmphlbOlltC (hornb\cnde, plagiocicse, ? quortz) \’\ & th : FO[IUtIOﬂ and /or b@ddlnq Pi!lﬂﬂs
' 5 _ - - as measured in  core samples. The longer line
Felsic Sitlimanite 0Gneiss ( quartz, perthite, andesine, sillimanite.) ARCHEAN _RKG 216 indicating the more likely inclination
, , . NAMAQUA X
Amph| bole Hypersthcnc Granulite ( plogioclase, garnet, hypersthene, quartz, biotite, COMPLEX =
t hornblende.). ' Lnterpreted structural form line
i_ __' Massive SUlphldC (Pyritc, sphalerite, pyrrhotite, chalcopyrite, galena, quartz, phlogopite, biotite.)
[ 6 ] Felsic Stringer Ore ( i : : : e . | |
¢ perthite, plagioclase, qalena, marcasite, pyrite, quartz, choalcopyrite, ] Srlie Pt b :
Al 9 R hatad s 150 ¥ & Lithological contacts, dashed line indicates interpretation
Magnetite- Tlmenite Phorphyritic Amphibolite (plagiociase, hornblende, quartz, magnatite, ! 25 1
ilmenite, sphene. ) ) \ Survey grid position on section line
100 m
, [ 100m below ¢
[ P ] Pegmatite datum level e
\ i Fault plane.
2
( AREA K6

CRASS" SECTION 1S ( FACING "NGRTH )

SECTIUN BEARING 080°

e —— = —
o 0 20 30 40 50 &0 70 80 a0 100 m

FLG. 12

80

KG 282
RKG[283

249,8
2

200 m 200 m

: _ RC._SEPT 1980




a ombiande | gt )
. Y T —
aranite EECIAT Dirdoeings - \ e T
{ At
| Al i, / "“}b‘"\——___,r
calbrefp r . - - 3 : |
v / S 3 . . II S
13 \ | “
Eang A CLERKENWELL / !
N Hebles sy, =t =
= & HAALIEROF 2
D & / sursive
\ 3 i RE =UNIGK
| Cakrute & X 1
wegmatite qf o "b i "
IELDER |
Chl Lani o Chlces o PC WIDOE WATES bl
"“;:‘r‘" froat on - sand . go E - suiputcropping magnelits R
o : - : bearing of ek #
- At o Driedorings an dand ¥ ol %5 & 1 - Ocs IR AN
f‘ g ] ‘ / UEDEELTE KIELDER e
1 "
Aljyy A st
& furm extencive qusrle S i . et g
e# & datnss o — float PIET MAZoo SN =
. \g i over sand \ ~ i 5H
L phitiafle aneiss tale sand M § \ 5
&L ) ]\ sand e calcrele A av e g - A AESMOOR [
raid snrieitic gl = =, SAND CALCRETE s (A iy, i g—
4oy ammhiboliin g - 5 S = :
Bagg Allyviism —— % OVER subbulciop of peg g - qv fioat i GRAKERAH it
3 o o gf rock dg of vork L T PR o
6u e CALCRET subisitcron some gainet 1
i Jana siboateron of L E al {garnsts) [ e B
N Calcrete (rerktish ) —y N e L GAAS AN anyt--
= s D vatsrate amphibalite float gy S i ORENCOY
Fi Smep == calersle or sand “@ . VOOELST M5 i
calcrate L sand =] & o« [ T .
: ?*,‘/ suboiterap  amphibiolite wand i WH (,DQ\O*
\ ol rh e—mr “© n —_—
Caletete I.‘_\ 2oy Calcrere calerele
ani ' And sand Allubm\"/ artz 5 .
sany | = Caiatary sand Alluvnpn aver - 1 TR I L
) \ N I8N caicrote WL \ -
et i sart /—\ I o i
‘ SUBO T rop and —
\/\ POt | —— =T 12N Peamut/, calcrme === |{
—— . i \
05m sand " P franite gewine ‘-—-“--\.\_‘_ sand
= = i - e - ST fina sand and calcrety \
T \
calcrute ’ Belackey
I sand N ¥ e e = n % g z KIELDER X
o= ‘_f/ Al gy TR - E ovar A CAMP
} calcrie Bip 5= \J“'\-.\\E % caterate — ! — |
S AND caterite oln =
sand nd o /
45 san sand %
dtbouscrap 5. ] ®
a
at rock A 85 - =k i:.u;me &
anid y of  amphibalile (Lot alcraty «‘é.
sand and - subouteron Nis sand
pegmatitic al Sant) k \ ovar o
and Dwyk 4 poar GUIETER e ’ & Calcrete %
f——— ot ER A% o pew . p
mhwl:r:h Lo Dwyia floay Pwyka Foal RATICS sand sand ok, ol A at ! & "
B DWYKA £ v @ /
e - G ERRATICS f g af float - ) :
oo i) topograghic - depressiod £ A
and b Allusm 0 45 sand 9 ;
et " ] sand 3 Drindaring i1 ; o et PR S 4
o R n i ; o :
A \ - 2ag calcrain Bt auartz feldapar rock @t subguterop Lo 4
\ : . 2.
% & al Mgt subouteran anailinls i = 1-13 &
ansiss San ‘al disseminated ] i L
: y v B > /
oEm sand tapographic K I (::‘l' garnel  magneti : g i .\_,,?,, . y
avmr ad  degermiont b amel magnetite i) oAl = by "
caleraie SAND quarls veck d 4 'a calcrete . 4 .
‘ g os subsutcTap ™o Y
fiouses OVER 1 pogmatitie= gl A I:.-_ln \/’ /
a san 1 -
sibastcron KIELDE X & CALCRETE oy i |
" Wsxn e 4 ; CALCRETE subgutceop Sand cateimis 3
aubaiicrop af salcrate . 2 L. at and o smarse gossan o \
o aril - amphibolite L =2 . ' suboutcrap Calcreln flaat . N
Track (=4 Coarse gramiic amphibote af rack qt float o0 sand LROHIGT
gnaiss = calcrote Ventersdorp Lava
subogterop  af —— =5 - erratizs
OVER T ovar W C— 4 ity
calerpte af plack fine grajmed:
P colert < \\ grpdule + KDH 11
o ‘:,,"T . : SAND SAND \\ subputcropuing at S A N D
craek ) L hoise A DWYKA SAND — oy peamatitic
| ; ERRATICS / ssbiantiog ot ‘\\\\ il
i slightly fluarte teras
A -~ magnetic " par frock
v calcrate L sand over cakrete gact! Ceamaht toat my i e Caleiete
I and dg ,
i B vanil i carerdl
I Sand s SR ohor. sang ‘{ » . ®
DWWk ’ T ! over i caltrete sang RNG 1 " gl
R . caleruty 4 2% calorete ¥
atvatics gand Belerir 4 5 sang
s ik & san sand Dy 192 RKG 326 L
! 4 {laat v suboute e o Rive, A
L a calcrete * ovne auars faat o rog. ¥ i . 5y
u sand cultrate byl sand ] A Al dviuig \ \
g - S sand and calcrute - N 5 \ ;
= e’ Driado. culr:ull ¥ j Fhedaring A\ \
‘ af ladoeh niboie \ o
| Owiybia Haat 3 Bk Hrdneings o, | ’%&" vegetatign \ "}:\I %
| on ! . ava X N
m,,,.,(,.m\ subaicren ot Ton Alluviiing acid Ml ar <ari i “ \ |
> s A ND ] ; §a X
- =a SAND = s
2 Hiiw hiim calcralh Hliver grai TS =
Dwyka srratics - k) = \ sant) N, ‘* i wraingd o : o sand U8 canrine calcrete at = ' \
i A o reg calgrite miner garnet pink pagmatitic afg * 3
i ealesnte ‘" N Teach, ] - }\‘ q :
sand © Lusge BIF folomite po Y ¥ : . i “ \
and prratics ooy gramiiie gt el tra* - ' v
calbthte i % Bk \(\\ o \
" Dwiha Hliral - e Bk gramulite ul ey te gl granite L] .
| .l an oalerele 3 Pa - " ) 1 Vi b detomite 4 calcrete : P " ; "
| DWYKA  TILLITE ' Hast Nig | SALEasiwSmane Lk windpump, . g .
wer ; " . <
Al Fm i A B 5 e
e Nk s calarate s a subgulc ropping . —
| . at b ™ T SALETEIt ¢ gah qubswherapin = /
\\J\\K “' "m//’/ - Yo Alouiim s i - flaat =
And A saod Over calerel® AL o ’
e D S ol san track
e — J,,/V/,-——— = s SAN! _— Saiats h ,, 222 caleinte
I ‘ i © alkemre - ! Water al
Aty b Driedoring vegetation " pegmalitic roh ol ]
subbult wpping  qf - ql T
! b Dwyha Alfivinm rack ‘. = §
| I wubble sand . z oLk sand W
2 - sand 8 3 u o ' 3
5 Owyha lioat G / Eand cakrete o ! xng |
| & KLt~ alerels calcrets 0 “ i . 4 e calcroty 4N
. GOSSAN  7F ] o : 7 - T o oir sand
1 A s O sand over ialirete F very poor auleren EATEES ‘. R Alluwiim marble errapics
iy W ‘; amphiboliin - " L )] PIAK quartz
Owyka sand probt 1 rh & .. o b sand 5 teldspar
rubt! Ghil y wand 4 = I over ack 11 0ay
| caloreti pepmatitic A caicratn
Dwyka g >
g % -~ Degmal it gt caleret
\"‘” s 4 g I y W ¢ sa
ialerele . p é[ rapographic a e
% san
pen greiss oo o5 SAND \ depression S Otiedoring a9, sand
caterete i o b y c A
calcrele Calorete alirete
Dwyha =
anit \\ AR (il / d
o a
wapil # AND E
Driuyha tubble Af’i Dwyka tloal on =ln dalomit BIF sand River
e ———— an caleeets Dowgka e D o & i G owar T 7 o calerate
- — ~\K|\GO':‘3AN = — Calaral® & wand N— A \ ) B s . Allwvim
puyka froat e N CALCRETE : = /
v calgrele sand v Feh  weakly
l Ll Cl':“";" Amphibalile e T - subgutsing garne |itaous adg ——— R e I8
Ll e Tloat 4 Caletaie apidots  hasnleis ane s Aﬁ rock weakly magnetic ] . ! L Tl
il i L= =
subouterop at subalcroppi s RKG i r~
| s ash P it ] L RKG 118
\ geb tioat d 4 4
sand L sand
\ L — iy and |
|F (WRCHEAN] > Extensive dojamits BIF Lava 1loal IRKG 31y ) calcrete
|  daik pneissic Yack dulnmite, BIF + Lava on 1alyrate
e S - flmal Al \.
- | HKG { geh  ql float . e¢
a8 4 i netiterous 4 /
E griatitic, - dam
su bl tErarRing - | ";".m /' & g Drisitoring “egsiation 4 raek calcewln [
/ %
gnuissic rochs s acattmred BIF lava s and Tind
T ar y
wand S by s ;.‘ e / calirate i LEG
. e END
|asic rocks ®Q° o Lt £ A o
SAND e laa sand
sl baulcropEing ¢ L
o HIF rubble avar \\33 / Bhd / /nm c caicrete - Sand, Caicrete, Alluvium, Dwyka, Rubhle
] ! . ,
al calgre awer - R
& 33 * . Dwyka Gro i
A cilerete E y uwp Tillite with BIF, Lava Dolomite G i
| CALCRETE ﬁ? et L o / & T a e X . neiss and Quartzite Erratics
Adan ; 4 £ uartz weins (qv) and pegmatites (p)
>
: e : 7.:.:—- calcrele ~ Dwyka filfite tioat Y- Diopside — Granulite
sand : v Ex
5 tensive dolomite, Lava :
. SAND oyer \ suboulcroppiy FIeiES p 7 4 @ / s et pagmatic q! . 3 SLRD
| o DM unuters \/ Miieadop Mo P fine graimet & Amphibalite
i poing s
& S
] ” = BIF
[ e d — L Banded Iron F E
ive BIF theat \ i ormation, Strongly Ba s
| Driedaring weastation Lo AFF rubible \i s / o ey e ngly nded Quartz, Magnetite and Hematite
tation calcrate ~ spar gneiss - e
| Gsiadoring vege A e ik q garnetiferous and pegmatitic in places
e — —n e . sand pand e Quartz ~plagioclase ~ diopside Granulite
Altuwigm '. 421 and a y
CRETE ,&*\ Red sericiti
‘ Zi Dwyka E . calcrate citic quartz feldspar rock
AND 5 ey o v sand e Hornblende Granulite- gneiss
{1 4 —— F
| SAND calcrsie o i — Amphibote gneiss
calcrete
C
et A i ; "
x 4 = Drainage with flow direction
nd - U
i PO o sa B3¢ .
s over ik m (=1 toks Pan, Topographic depression
| ousr poge R Track sand
@iss s over =
priathoring® Calkrote on Large Boulders a
in c BiFk dolomite E caterete Telephone pole
A & - Prospecti q
= sand S . L catcrmte T o v el alcd pecting  trenches + pits \
s Gl £ ] and i1oat ; RKG 316 Chip bultk sample location number
sand £ calgrete ¥ Slock fence
A i T [ -
) o #
pr] calerote E pink peagnatilic ; P g — Boundary fence
- gneiss iubble )
5 calcrete p- Farm track
9, %
' and e Windpump Trees Dam
I sand W,
i Dwyka dolomit® i r- BWH ater Hole
) Large DWY Laterale o Main road
Z prratics Driedaring vegelalion | 2 BIF fioat over am Gate
a .
Ly 1} -
o Gand v P qafurets I fa House or barn
= sand ¥
; il Bearing and plungeof lineation
: Lom sand over massive sotamite + BIF st ; Strike and dip of foliation
nodular eatcret . ~ ; Strike and vertical foliation
e :
) L 4 # Geological contacts
IS Sand calctate Driedoring L % Outcrop boundary
aver
SAND catarate ; D /'_____ Nsaur 3 g
: e : i
2] e b o B — p— sumed strike stratigraphic harizans
CALCRETE areatscs Driedoring “spstation ' P .
: Wiy i Tri si 3
e N, Eadealte /,——N——/ ) L 4 il '9 U'Yey Beacon with number and
iR y - o0 eight in metres above sea Jevel
—_—
caictete
TILLITE Alluglim < S s sand
dotomite 104t
over
calcrots
8i1F tlaat
b oy Caterete
| 7 Dr jedoring sand
L Calerate i vepet atinn SAND
y Vs and v iummy
i o and Road BIF fioat
Track o Cateret®
-y . REGIONAL GEOLOGICAL / OUTCROP MAP
——————— OF THE KIELDER PROPERTIES
0 T lL’ ] -
A T&O0 rr MAP 4




L E G E N D

WEST | | EAST — S
9w 8W KDH 7(-60°) . ,
GOSSAN IN TRENCH ® . Diamond drill- hole position (as surveyed ) showmq
KDH 19 (-45) : e \ hole number inclination, depths and final depth.
A, N N D — RKG 63 Sample number (and position in drill - hole ) of this
| ’ section sample description. (In areas of intense
Alluvium, deflation residua, calcrete and sand.. _...,géRLRYECFTrE\JRTTIARY 2 sampling e.g. sulphides not indicated.)
Unconformity ' 3 : S \ 4 |
77 N Inclination of foliation and/or bedding planes as
Quartz - Feldspar Gneiss (quartz, ortheclase, plagisclase, biotite.) X measured in core samples. The longer line indicating
ioti ' more like inclinat]
Biotite Garnet 0Gneiss (quoriz, plagioclase, biotite, garnet ! moqnz{ite.) the more Li Lly inclination.
Amphibolite ( hernblende, plagiaciase, * quartz ) ARCHEAN Interpreted structural form line.
Felsic Sillimanite Gneiss (guortz, perthite, andesine, silL1moni(’.e.) P NAMAQUA
: : COMPLE
Amphlbole HprI’SthCnZ Granulite (ploc)ioclasz, gernet, hypersthene, quartz, i GRS, <. . ‘ . . : . .
biotite, * hornblende ) . Lithological contacts, dashed line Iindicates Interpretation
Massive bulph|d6 (pyrl’cc, sphalerite, pyrrhotite, chalcopyrite, qaleng, quartz, phlogopite, .
biotite.) f‘ Survey qgrid position on section line.
Magnetite -Ilmenite Phorphyritic Am nibolite ( pla ioclase, hornblende, quartz, magnetite,
ilmenite, spha,nc.,J J 9(‘
57 Fault plane.
100 m 2
W | RKG 259 AREA K6
MR 192, 25m CROSS SECTION 00 ( FACING NORTH)
o
4 SE G TFON BEARING 080
IS ™ T — = —
0 0 20 30. 40 50 s§¢ 0 80 90 100m
FIG. 15




B
SAND &
XD VERY POOR A L% goeee W 5
9 OUTCROP / K
\gn 4 + 4 e 4 \ o / i 3 T-f— Sand, allJ.wurr.w, Dwyka residua.
_Q// TRACK TO K6 '\._,\ gn “Ei.-53 // | MmN Unconformity
£ “\\\\ \ i 7 == , :
\\\\\ e=gn @gn KDH 1 ’(_550) ‘| /7[‘1 aLil Amphibale -diopside granulite .
@ gn \\ \ ')E)/ || ,’/ .;n__[ Gneiss undifferentiated unless stated (eg. sillimanite.)
Ziy . Fid s ;
2 @MP A o yn oy Amphibolite.
ogn : \ H: ; ‘ A /
»3g @ gn \\\\\ g _ELQ_” R . - Gossan, exposed in trench () indicates gossan fioat
\T‘tz?m &gn o 3n/ i density of dots representive concentration,
3 2.5 > Nt / /
o B ~ Xamp S .- pgn . = £ | / agv| Quartz veins and pegmatites
gn “xgnt ; e . e | e A T j & ' ' ' ’
= e ) T el S R &
as=  aligame e ogn \ 3 O Rt | ' - o sectio
C:) gn N gﬂ‘*ﬂ 45 \ oan  / -+ Grid co-ordinate intersections.
Q < ~ S ' Y agl 978 a ‘i ?“."-. \.‘ - S - - . -
gn M Edgn Ssa 99 ]\ siltimanite g4/ i == o . / -~
== Sa S\\Q_m gneiss 19“»’;’32’}5__:5.5-‘?'1‘;;;::g'yg-n SAND ’é‘sﬁ‘z.o Dip and strike of foliatien, bearing and plunge of
(== TSagg \:L) -aq 2 \®gn / / AND lineation,
Fh—ss—— = B gan g .~ \ [/ | /' ALLUVIUM
S \\\ (j; gf(jp:%; }_"'DHTA_@GT'JF) ——=iiE . Trenches and pits (dashed line indicates unsuccesful
'n\ - j}?\-\ = ) -:;a(;ﬁso) ' \gv calcrete too hard. )
- - N TN 29, R Ron 12 (-55°) c
"Q.)“é__:__bgn Sgn ._ ' o =2 gn | Gossan horizon, strike of suboutcrop (interpretation.)
o samp @gn T 4T @I g aq KDOH 23 (-65°) y
T T ey, + b3 o A \ o / 2l Track.
\%mp rrm;i (‘bl:]“ \ borwzahtcflre ¥amp 9gn KGH 24 (-55%)
o W - i 4 (amp.) e
= -0 i | h 7 K i K‘,DH]Z Drill hole coltar and direction and inclination
‘.‘_'fxarnp;l W \ ey v %gn xg,rl) - (& s ; !
N el ’: e~ sillimanite,” ]qv S o= g[jl-—; (-60") — A section line.
e Aamp lL| : gneiss | v \ ] .
| SN N PEAE j RKG330G| Surface sample for thin section description.
j | [Fxg 7]
W
i |
i ‘
U
0 D |
ST =t | i
30€ e T i AL -
i £
@30 4
1]
© gn I|1| g
1] /r‘/
egn | ’ |
| 4 T
rF nvgrl l” \( \
abandonec X c-,jn A GEOLOGICA4L MAF OF  THE K1 AREA
trench —»! | o 41
=l
:: " & SHOWING DRILLING AND TRENCHING SITES
il 1 =
85:4_: » “Q/“ 5+ i GEOLOGY MAP AFTER PGRESSE, NSAL COMPANY REPORT
i
‘3-—2’E FET| \\1k* 33E . = ———
| - e R ——
&R i\ \ 68 0 50 100 150 200 250 m
i\
J
it B
I:I‘ 'Jﬁ;’;‘)
]
[\
\ W
N
\\“
W
W
X
A
\\\
TSSTRACK TO CAMP 8. 9/a0
A _— _




BASE LINE|

KPH 16 (-60°)

2 N

KDH 7 (=50 )

f
i =S8 ;
|
[

Alluvium, deflation residua, calcrete and aging | EARLY TERTIARY
\ ] TO RECENT
Unconformity
: —\1 4
Banded Biotite Gn@iss ¢ wartz, oligoclase ortheclase biotite, * hypersthene )
9 9 ' , yP |
Felsic Sillimanite Gneiss (Upper Unit) (quartz, perthite, andesine, sillimanite »
g Ll |7 s
tbictite, ¥ sericite )
H\/pcrstheﬂe‘ QuartZ‘ Garr\@t Granulite (quar-tz.l hypersthcmer andesine, biotite, orthoclase,
garret, magnetite. )
Amphlbotlt@ ("\ornb(endcl lobradorite, hyperathenz, dicpside, biotite. | ‘
| i e 3 | _ ARCHEAN
Porphyroblastic Hypersthenz -Biotite  Granulite C(hypersthene, quartz, plagioclase, { NAMAGUA
biotite, orthoclase, maqn;tite_) [ COMP LEIX
Quartz - Cordierite -Sittimanite Granulite C(cordierite, guartz, biotite, sillimanite,
pyrrhotltc, pyrite, magnetite. )
Massive Sulphides and Intercalated Siliceous Zone C(pyrrhotite, pyrite sphalerite
Py 4 P ' )
, . chlorite, barite, chalcspyrite, {u;xrt.z..) 100
. ; I : y Uum
D!OPSIdQ PlGL_JIOClUD@ Gr'Jn'-Jl]te (ji:p;uqz, L\:At:;ruld\:)r-(('.-ay hornolende Hypersthzn@J magnetite niatltz,)
Baonded Hyperrthzmz Granulite (quartzl hypersthene, andesine, biotite, magnetite * pyrite, pyrrhatite (20 :‘
Felsic Sillimanite Gneiss ( Lower Ul']lt) C juartz, perthite, andesine, sillimonite Y biotite ¢t sericite.
Banded Biolite - Garnet 0neiss (quartz, andesine, hypersthene, bistite armet, magnetite. .
9 : YP ) w2 ; ]
"

Intrusive Rocks —

Gramodiorite bibtite, ) S (S oAM= e THEN TR INTRUSIVE

(q,uqr'tz, andesing, m-rocline

., JWEATHEREDW
// L/\‘-\.\

KG 136
KG 137

e
e —r A AR R TG e e jr == =
B
Vo R 5
HIGHLY S
\ TR

datum

e N b eliow

level

KDH7 (-80°)

Q)
XE&

« RKG 69

N

150

e

N

L}
i E G £ N D

Diamond  drill- hole position (as surveyed ) showing
hole number, inclination, depths and final depth.
Sample number (and  position in grilb-fiole }  of -this
section sample description. (In areas of intense
sampling (e g sulphides not indicated. )
Inclination of foliation and /or bedding planes as
measured in | core samples. The longer . line indicating
the more likely inclination.
Interpreted structural form line.
Lithological contacts, dashed line indicates interpretation.
Survey  grid positions on section line.
Fault plane.

r"_ AREA K3 ’
CROSS SECTION 56 E ( FACING WEST )

| SECTION BEARING 349° J

L_'_ﬁ—__ ey O =____ e
[ O 10 20 30 40 S0 60 70 8 90 100m
by FIG. 5 J
8c aucsso |




SOUTH | NORTH
15 00 TN 2N 3N

v
BASE LINE OUTCROP (HYP-QTZ-ANDESINE-)
.~ CORDIERITE )

SURFACE L' E-@ ENM" D

R e e

KDH 29 (-60°)

KDH?7 (-50%)

& Oiamond  drill -hole position (as  surveyed ) showing
‘\ hole rnumber, inclination, depths and ~final depth.
100

«— RKG 69 Sorr][pie, number (and position in drill-hole ) of this
. | | section sample degcription. (In areas of intens samplinc
Alluvium, deflation residua, calcrete and sand . ... .. EARLY TERTIARY 7 g s IR = intense ampling
: : T8 RECENT (¢ qg. sulphides not indicated. )
Unconformit = .
) s Inclinotion| of foliation and /Tfr bedding planes as
| SO0 | a ‘ : lonc | indicating
_ W it e 3 _ ‘ ] . N measured |in core samples. e longer ~ line indicating
Banded Biotite Gneiss (quortz, oligoclase, orthoclase, biotite ! hypersthene. / W ‘JF the. more Ukﬂly rﬂ':[l}??ﬂti'\ﬁf_l 9 :
Felsic Sillimanite Gneiss (Upper Unit ) (quartz, perthite, ondesine, sillimanite _ - — o
tbiotite fsericite ) | Interpreted structural form line
Amphlbol\te (hornbltndc., labradorite, hypersthene, diopside, biotite )
. i - G L 4 n ar qi - | | . .
Porphyroblastic Hypersthene - Biotite Granulite (:yoiztr:{:::c:d-qsiq iz;ﬁfi:i:zlqsc, ARCHE AN Lithological contacts doshed line indicates interpretation.
_ ‘ ] ' NAMAGQUA .
Quartz - Cordierite - Sillimanite  Granulite ( cordierite, quarts, biotite, sillimanite, F COMP L EX 25 L
pyrrhotite, pyrite, magnetite. ) A ; i ';' Survey qrid Po‘zﬁ\tlonb @88 SeCehEn line.
Massive Sulphides and Intercalated Siliceous Zone (pyrrhotite, pyrite, spholerite, ;
chlorite, barite, chalcopyrite, quariz ) ’ i I
100 m 100m_ below 5 fault plane

BOﬂded HypersthenC GFOﬂuUtZ (quortz_, Hypzrsu'w,nt.‘ andesine, bistite, magnetite, ! opyrite
Pyrrhotitb L )

datum level

1« | Felsic Sillimanite Gneiss ( Lower Unit ) (quartz, perthile, andesime, sillimanite, ! biotite

fserizite. )

213‘5.&-—:1 Bonded Blotlte e GC}r'ﬂet E‘ﬂ@isi‘f\ (q'ucartz‘ arndesine, hypersthene, biotite, clornct‘ maanaetite. \

Intrusive Rocks ——

Granodiorite (quartz, andesine, microcline, biotite ). .. .. . LATE TEE R@uC INTRUSIVE

£

18
= //

‘““*——/,’/ 13/

Bpriomphes: / ARE A K3
S R CROSS SECTION 55E ( FACING WEST )
/3/ SECTION BEARING 349°

= s 14 e e = —————————]
/ 0 10 20 30 40 S0 60 70 &0 90 100 m

> 283,35 m » Sete




8 o JB1F
O fq Gmpg
@ fq o
qu 9’1&1 cﬁ
%Z/ /B[ F
: #'q r F4N
i pac TSR ) S R — = -9@‘ '_‘_0 fq =4 -+ g . - _ L
—e——— + aq /@
/ v
5 y
fc N 84/ Q
® § 8 fq o
g
Biq /
/f? S1F AN
o o 3 + - L5 BIF
o n}' b !
BI;—Q 1q
D .
@ @
N 77 y J
o 9/
= --|-'3N{_
A | 4 &l i j # JBIF
2N = = qu ‘//7
y
O« @ g
sy
fq &
i ; Fin
(abandoned ) L e = & fq fq @ fa )
¢ e KDH21 oy " ' e V1q
Track to Kielder R BiF @ ¢
LS s AR A Ty, i s g; __»____.________ 3 t_,f f.r (.ij
. o
- |
D KDH 19 (-45° L y 4 e + +00 (Base Line)
{Base Line) 00 + t“‘h@ Bt {f);'ug-: 1 -8_[\,)' T R
g A Sy
foy efg
O Oft.,‘,‘ CDTE)] (bfq -
4 fq ‘1‘\—‘"" = Tr;
® g : » ffkfriff&/{g
d(_'_] 0 4 ' QBM
. \“'.P‘Li %
: X - 1
> “C 0 | | ’ —1— + <
KDH 25(-55% QB*: | KDH15(~559), S e + ()
- I F g 9 oG
@ . I QO< (_-l.'l H
T [{ry | Q o (1
. a o S A WNUOD
fq fq
' tq P
5 o 8 '. c 32 29
KDH 18° KDH17¢ B . _ i it 125
A e (—GRA ame : by *- + £ i_
D (=80%ie— (=22 /G&\--H'H /
: .
At . & 'Lq
§ o n 2 T 9 |
‘) KDH 28° (-85°) ' ¥ VD g g5 4
o ¥fa K 4
\ % f'._'] %
?:’ .‘\g.l_. . iy
@,_.J!_:_: + " +_ —l'— ‘f_ + 3._)
KDH 26 O+> KDH20 & 1 ‘
=i o ’__;._'_|0> 4 .
\ 90 by N Q fg ﬁf_,l amp Q
g 9o
S I\.PP'-;
g Elc:] : !
ey W —— fq
*ig %\?z
E a & . 4
KDH 27 (-65° n L + o i1 dq - 45
LS+ o + QV“ 1P + 0fQ
“:_] 0
f
Rfg q @, % )
9
fa
%,B.’F 9
as\ 1q Q
| L ®fq % iz \67 4_\}/_\/ 3—1\—/\/55
'_;‘\("‘ _]— —‘ 1 S5\
¥ 1‘}L;W QW BW &' oW %t_j(;-' D P %fq :
& q
Vdg 7%
: 5
\Eﬂq
0 %99 sy E e N =
0 10 20 30 40 50 100 50 200 250
metres
{ | Alluvium,deflation residua,calcrete. -+ Grid co-ordinate
o 3 intersections.
| o E Undifferentiated . quartz feldspar gneiss. ,,5{ Dip and s{rike of foliation
“ bearing and plunge of lineation. — GEOLOGICAL MAP OF K6 ARFA —
= | Diopside granulite
LI ] Trenches and pits(showin
@Amphibolite = gossan intersection ) 9 SHOWING DRILLING AND TRENCHING SITES
KDH7 : y 4 \
o, @ Drill hole collar and directio Scale 1:2000
Gosscm in situ and float 5%) and inclination. R
r . > Tl MAP N°3
[BI7 ] Banded Iron Formation

B.H,9/soi




SOUTH

1S

100m \} RIS K
i ihe
= . = 2 e ‘,..Aﬁnx. G
i 1K 1
-~
i. “ 0 f
2 HEG G
\ L - :_?HI:F L"“
LN
M
X
& RHG 172
< RHG 172
NRKG 2
A
S
) - \\\
: ‘r«y'c‘\lﬁ-
k¢ .
J ‘-;.'\\
\‘
™
200m
ST Ty S U e
Alluvium, deflation residua, calerete and sand .EARLY TERTIARY TO RECENT
Varved shales, siltstones with occasional pebbles . DWYKA FORMATION KARROO SUPERGROUP 300m
Unconformity
Felsic P\jl’jtlc Gneiss (qucriz, oligeclase, perthite, biotite, sericite, pyrite) h
Hypﬁlv‘sth?.lqlﬁ. :Qrdmﬂta p‘\f'rl",H.; ':Jf'ilrlullti_’. ( hypersthene cordierile, andesing, guartz. biotite, pyrite,
— — - T pgrrhnLLtm, magaetite.) - 2y e
Sillimanite - augen PyT'Itic Quartzite Cguartz, sillimanite, pyrrhotite, pyrite, sericite, * sphalerite )
Banded Biotite Gneiss Cquartz, oligoclese, orthoclase, biotite * hypersthene )
FflSiC SlHimGnitZ Gnelss fUpper Umt}' '_';u’u;:.rtz, perthite, andesine, sillimanite * bistile ! sericite )
Hypersthene - Quartz - Garnet Granulite (quartz, hypersihene, andesine, bistite, orthoclase, garnet, magnetite )
Amphibolite Chornblende, lobradorite, hypersthene, diopside, biotite ) .
Porphyroblastic Hypersthene - Biotite Granulite chypersthene, quartz, plagisclase, bistite, srthoclose {_ ARCHEAN
magnetite. ] ,--) NAMAQUA
Cordierite - Hypersthene - Quartz  Granulite Ceardierite, quarkz, bistite, hypersthene, arthoclase, pyrite. COMPLEX
. Pyrrhet;te‘ moqndu'te.. 3
QUOTtZ - EDrdierfte‘Sillln1Gn]tﬁ Grﬁﬂultte C cordierite, quariz histite  sillimanite pyrrholite, pyrite mognetite )
Massive Sulphides and intercalated siliceous zone Cpyrrhotile, pyrite, sphalerite, chiorile, barite,
chulcopyratc' qéar\‘_z )
DlOPSldQ [:”luqlocll‘JSE Gi"(]r'il_lll:t{'_- { daapa\dé labraderite, harnblende, 'h-‘lparai'he.ﬂ: magrietile biotite )
Banded Hypersthene Granulite Cquartz, hypersthene, andesine, hiotite, magnetite, pyribe, pyrrhobite ¢ 1))
Felsic Sillimanite Gneiss (LDWCI’ Urit ) Cquartz, perthite, andesimeg, sillimanite, ¢ bictite ! sericite)
Banded Biotite - Garnet Gneiss Cguartz, andesine, hypersthene, biotite, garnet, magnetite) J

Intrusive Rocks —

Pegmatite  cquartz, ortheclase, biskite )

: - POST TECTONIC INTRUSIVES
Coarse —qralnzd Granite Cperthite, quartz, oligeclase )

Grgr\odionte (quartz, andesine, mierocline, biotite ) > LATE TECTLNIC INTRUSIVE

'y
b
\

X
X

‘;|]HP G1ga

81 |

\ RKG 11
\\(.;i/ﬂ HE 169
Wl I

OlO(BASE LINE)

1IN

GOS5AN SUBQUTCROP

KDH 2 (-65°)

5 KDH 3 {-60° : & A :
KDH 4 (-70%) ‘.—;3 FL,).._ ; e SR e~ & S e e
& — . AT et < / }T
‘.J.\_.- ! T WI 4"_‘7 o, Y .1’5
B, T e b
L 5 S\' it w I' If' ' 5
ﬁr\ s \? el g Y e
® BT : '
:$ : % g R
Tl (D )
A e . Y

500m

%

R I N T} ey ~
W me LN ¥ \..n-v-\n-\r\:ﬁm

HHL-; L":\
RKG &
»

500m

ABANDONED

100 %

<« RKG 69

|

-

|

|

1

|

|

|

|

|

|

{

1

, l

/ |

|

/ |

|

|

|

{

|

|

|

1

|

30

— “‘_

KDH (607 Dt

Ing

3¢

ng

T“

n |

nq

I

|

L

|

25 |

5

: 3\
j)

L =



(e F—— . __———'N:.d_ : ‘ J?\- =
v v l
SOUTH 25 15 BASE LINE NORTH
]
KOH 30 (-60°)
.f.f.v.x'vﬁ;@- ——— Cim e et P e e —= ——
4 / |
2 |
/ |
i
|
100m below |
| datum level | |
] |
|
|
|
|
e TR, & T N e
r} Alluvium, deflotion | residua, calcrete and sand..... EARLY TERTIARY TO RECENT |‘
e ! = - M= i £
— _—1 Varved shales, siltsteree==wWith —occasional pebbles DWYKA_ FORMATION-KARROO - SURERGROUR P—— i
[ ST T AR : s _
rry Unconformity |
BGndEQ Blot|t€, Gnkf.|55 { cbucrtz, ol'qoclasa‘ orthoclase, biotite ¢ Hypzrsthgm j | —zoo—m |
F@[SIC Sithmonltz 'GHGJBS ( Upper Ur‘llt ) (I:l,uclrtz, Pe.rU'hte, andesime, aillimanite 2 Enot-ie. ¢ sericite ) KT (=80")
3 . s (" il = {
Hypﬂrsth@ﬂ@ = O.L.i[__lrt.z a GGrﬂz‘t UrOl‘luflta ( quartz, H\,[_t-'str"rerwc. ordesine, biotite, orthoclase, qmrna{' magnetite U'U”-’Jn(]
; Mdmeer
Amphlbollta ( hernblends, labradoerite, Hypzrslhe.rw, diopside biotite 10C
s 8 . PorpherblGE}tiC' Hy{.ersthznz - Quartz Granulite ¢ Rypersthene, quartz, plagioclase, lbrotite, orthoclase, ARCHEAN — BKGES "',_|;.",F;|;_'_ |
] magnetite. ) | 9 = 1 2
= _ NAMAQUA sample |
|; S | COrdlal’It6~ Hypersthﬁ’.ﬂ(’, B QUGr'EZ Graﬂull‘tﬁ € cordierite, QILJ.DIFt:_ bistite, hypersthene orthoclase, pyrite, COMPLEX sulah 4.J
pyrrhotite, magnetite ) - ol =
= !
@ Massive Sulphides and intercalated siliceous zone ¢ pyrrhotite, pyrite, sphalerite, chlorite, barite, a0, Lnclinad
:Ha.n.npyrlte__ quartz b, | >\k\ 3
L12| Diopside Plagioclase Granulite (dicpside, lobradorite, hormblende, hypersthene, magqnetite, biotite. ) ! like Ly
@ Banded Hyp@rsth@n@ Granulite ¢ quartz, hypersthene, andesine, biotite, magnetite, © pyrite, pyrrhotite .0 )) l
. : . : , S |
i_1-£ Felsic Stlbimanite bmeiss ( Lower Unit ) ( quartz, perthite, andesine, sillimanite, * bigtite * sericite ) J Inter i
: |
|_Q.'. kel |
\ 300m M. N 300m s Siinved ‘
J 5
14 k< ¢
1 ,.
L4 3
e Fault :
}‘ I




WEST EAST

=R b R N | RS

Alluvium deflation residua calerete and sand EARLY TERTIARY
TO RECENT

AN . 2 o

Quartz-feldspar gneiss (quartz, ortheclase, plagioclase,
biotite.)

Biotite-garnet gneiss (quartz, plagioclase, biotite, garnet
* magnetite.)

Banded Iron Formation (magnetite, grunerite,garnet,quartz,

. . - ~ o‘
pyrite, chalcopyrite.) KDH 20(-55 ‘Diamond drill-hole Eosiﬁonqu surveyed )
100m ®\ showing hole number, inclination, dep’fns\\%n
Amphibolite ( hornblende, plagioclase * quartz.) 100 and final depth. |

«RKG222  Sample number(and position in dril-hole )
of this section sample description.(In areas
of intense sampling e g sulphides not

Felsic Sillimanite Gneiss (quartz,perthite,andesine,
sillimanite.)

Amphibole Hypersthene Granulite (plagiociase, garnet, indicated )
quartz, biotite * hornblende.) 7
Iy e my
g Massive Sulphide(pyrite,sphalerite,pyrrhotite, chalcopyrite, £/ A Inclination of foliation andjor bedding planes
% galena, quartz, phlogopite,biotite.) 4 %% as measured in core samples. The lohger

line indicating the mare likely inelination.

Felsic stringer ore( perthite, plagioclase, galena,marcasite, /iy /
pyrite,quartgz,chalcopyrite, sphdlerite )’ . P ’
Magnetite -1imenite porphyritic Amphibalite( plagioclase, ) T A0 7 ooy Interpreted structural form line.
horgqblewde,quurtz,magne¥ite, ilmenite ,sphene ) / ‘}&‘ﬁ L%
Ny 274,10m
AR \ r
A \ Lithological contacts, dashed line indicates
/’ \ interpretation.
.
7 / \\
7:\/ Survey grid positions on section line.
B e { Fault plane.
!
1
ARE A Kb

CROS5S SECTION 35S FACTING NORTH

SECTION BEARING 080°

r T
i

0 0 20 0 40 50 80 70 80 90 100m F1G 13

BH 8/80



j

CROSS~SECTION 52E {FACING

C O | 1

WEST)

10 20 30 @ &C st

SECTION BEARING 349°

80 30 100m

— e R e i e emem— | ———. 1 pm— T e —— -
SOUTH 1S 00(BASE LINE) IN 2N NORTH
! l |
e GOSSAN, RUBBLE
KDH 9 (-60°) KD; L bt
e — ; L E sap SlE. M ui)
L E G E N D
KOHEC 60
Alluvium, deflation residua, calcrete and sand EARLY TERTIARY TO RECENT Diamond drill -hole position (as surveyed ) showing hole number,
Unconformity inclination,| depths and final depth
- ao A
B(]ﬂd@,d B.ot|t€, Gﬂ6|55 tquartz, oligoclase, orthoclase, biatite, ! hypersthene ) ) j = ; i
, «—RK6 69 Sample number (and position 0 drill-hole) ofi this section sample
Felsie c mr e == (| laniey ) ) ( o = 1 S A I A * bioki ! Beric) ) i i e 5 oy b ¥ .
elsic  Sillimomite Gneiss (Upper Unit ) (quartz, serthite, andesine, sillimanite * bistite * sericite ) description| (In oreas of intense sampling req sulphides not indicated.)
HyDCYSt}I(’,HE - &uOrtZ = G‘\:”-I"_i(’.t [-_'J-)'Onl,_lhth'y ( &{._u:rtz hype.—aif\t.nr,, andesine, siotite, orthoclase, .:’ar'nzf .
mnqnzth b
AL nclinatiory a1 jolgtien Qand for Bedding planes as ‘Mmeasured in
( | labBrodori versthen ' i ' 3 d v e ", /
mp | Dll\.({ (hornklende, labroderite, hypersthene diapside, biotite .—Ni-il'i'-:(f.“_'- .[,.,:_ tenarr 'aJrT'V_ '-i'-'l’_'jl"\’_lL!']':; fe more |l|’\f.|_‘;' ||'1-':-_il|‘0t|0n
Porphyroblastic  Hypersthene - Biotite Granulite (hypersthene, quarts, “plagoclose, biotite, orthoclase, “f'i(,fff@’q&“
rssanebite NA oF
sqnebite COMPLEX Interpreted structural form lne
Quartz - Cordierite - Sillimanite Granulite ¢ cordierite, guartz, bistite, sillimanite, pyrrhotite, pyrite,
moqnztite 3
Massive Sulphides and intercalated siliceous zone ¢ pyerhotite yrite, sphalerite, chlorite, .
p E;lxrite, ch;lcoF;‘Yﬂtz,, quar’cz,) LIthOl’-)Cj}Cf]l_ CU!ItUCtS Cll';}'_-_-l'lfid ’ll[_?f- |ﬂd|f:ﬂt€5 H".té',r‘pre_to%,tom
chded Hyperstheﬂ@ GrOnU“tC (quor{z, hyp;rothenc, andesinme, biotite, magnetite, t pyrite, pyrrhotite (09 J—O—Om KMDinW
datum teveli g
Felsic Sillimanite Gneiss ( Lower Unit ) cquartz, perthite, andesine, sillimanite * biotite ! sericite.) ' Survey gfid pesitions  on section  line
Banded Biotl\te-GornZt Gn@iSS (quor'(.z, andesine, hypersthene, biotite, garnet, magnetite) e ;F .
: Eai |
Intrusives Rocks — s S
p@qmﬂt(t@, ( quartz, orthoclase, biotite.) } POST TECTONIC INTRUSIVES
-
]
200 AREA K3

FllGs

R.C.

JUNE,1980




i - ! | { NORTH

Rt 336/6,85 32 24E/564 5 SPARSE 35E /4,355 5
5 A : : ’ GOSSAN ) |
k>3n3mo:qm mcwmocqnmon RKG 330 KDH 12 (-55°) _ M\vowﬂ D KDH 13 (-55°%) J b, _
— —— - v — T = ——— —— _
LW#E ‘G E N D ) T =3 |

]

! . . \ , _ L N E - N D
I Alluvium, deflation residua, calcrete and sand .... .. EARLY TERTIARY
MmN Unconformity T REGEIY o . . $i0 _
D 4 _ Diamond drill-hole position (as surveyed ) showing
> Banded Biotite Gneiss An«co.‘*u. plagioclase, orthoclase, biotite. ) | 100 hole ZCD\.:UN_\\ _.DO:_)_D.:O_J. QN_U:Jw and final Q@ij
Amphibole — Quartz Gronulite Cedenite, hornblende, quartz, labradorite, ‘ i . . . .
garnet, diopside. ) +— RKG 69 Samplez number (and position in  drill-hole ) of  this
Quartz - Biotite Gneiss (occasional garnet ) ( quartz, labraderite, biotite, section somple description. (lIn areas St Mikagge
hypersthene, &D..Jn&.,v WDBU:_JA@ _M.N_@. mChUj,Qm.\mw not .:JQ_OQ.WNQA u
Hypersthene - Cordierite - Biotite Gneiss (hypersthene, cordierite, biotite, quartz, _
{agioclase. } RC . : oy | ]
i _ . i mp>zﬂmp> z> 59// Inclination of foliation and/or bedding planes
Quartz - Plagioclase - Garnet Gneiss ( quartz, plagioclase, biotite, garnet. ) n_m_,“:ufch % as measured in core samples. The longer line
Quartz - Cordierite Granulite (quartz, cordierite, plogioclase, hypersthene. ) _ Indicyting Iy Mot ke by S i Sohetra,
mQ\D\: S g0m1.<® N , _ ﬁ ri copyri aler i uar ioclas capoli _ oy i
Si Su _U__J de pyrite, chalcopyrite, sphale .wov v:r_M.ao_uwM.« _MW..M& wh:lﬂ&._*mar.»v lite, i ,..M\\u Hjﬁ&ﬂ bre ted m.w_\CﬁwC—\OE ﬁO—\_\j line .
ﬁ-&\—w._ﬁ m_.:;_joj._&ﬁ ij\wmm AO.CQ_\*\N plagioclase, orthoclase, biotite .....:T.ioa;o.u RKG\180 s
‘ : ‘ LSkl s s Litholpgical tacts dashed line indicates interpretation
- : y _ . e : . itholp con
l__UUw_va >._..3nT__UO:ﬁ® ﬁT.o_.JU_nJme_ labradorite, diopside, o\r_Ol,\N.v 100m_ K — — el ~100m below //,,. @ _
Quartz - Cordierite - Garnet Gneiss (quartz, cordierite, plagiociase, perthite, aEhm - Raaes
Bceke lietite, N«m Survey grid positions on section line.
| £
5
g Fault | plane.
vv _
__
9 _.
/ P T, AREA K1
/ 10 h y - ! :
2091 45~ > A CROSS SECTION AB ( FACING WEST )

SECTION BEARING 200°

O s T e e s = e~
0 10 20 30 40 50 60 70 80 90 100 m

i

F1G.6

RS AUG. 1980




8 R

5]

(

Alluvium, deflation residua, calcrete and saond .............. EARLY
TO RECENT

C:ﬁOjﬁo_\B._ﬁv\

Banded Biotite Gneiss ﬁn«co_\&N_ _u_o&_onpouo. orthoclase, biotite. )

>3U3_UO_® - Quartz Granulite mo&«:l\@_ hornblende, quartz, labradorite,
garrgt, n:ovn._no.u

i
Quartz - Biotite Gneiss (occasionl garnet ) (guartz, labradorite, biotite,
T,:u«_‘uwT@J@\ mn13n..w.v

IV\UW_\WWTND&\ - Cordierite - Biotite Gneiss AT<_UQ1I~TOJO. cordierite, biotite, quartz,

__
_m ARCHE AN ; //
d_ NAMAQUA 1 -
! COMPL E X
| _ .
Semi - Massive mC—UJ_ﬁ_N\ Amilnf chalcopyrite, sphalerite ) - quartz, plagioclase, scapplite, | i

phlogopite and thuringite.

T»Dmﬂmoo—oma. )

Quartz - U_o@_oﬁom@ -Garnet Gneiss ( gquartz, plagicclase, biotite, garnet. )

Felsic Sillimanite Gneiss Aﬁtﬂwrﬂ‘ plagioclase, orthoclase, biotite, sillimanite. )

D._O_Uw_Q&\ DBT_J_UOTWN\ ( hornblende, labradorite, diopside, &cowwﬁ_u

QCDﬂ*N‘ = mo_\a._&\_\._&&\ - OD.\D&\W Gneiss AD<CO1+.N_ cordierite, plagioclase, perthite, mo_.Jnm

biotite. )

J

SOUTH
SPARSE -
i AMPHIBOLITE
FLOAT FLOAT

KDH 23 (-65°)

I‘L.\J‘! —_—

F L

100 m

Rl

\ i VR [ RNE R W i
s \
TERTIARY / m // 1 r

| _. oy W

ﬂ

KDH 7 (-60°)

NENERG & E LB

Diamond drill - hole position (as surveyed) showing
hole number, ipclination, depths and final depth.

_

|
Sample number| (and position in drill-hole ) of this

section sample description. (In areas of intense
sampling (eq.| sulphides not indicated. )

Inclination of foliation and/or bedding planes as
measured in ¢ore samples. The longer line jndicating
the more Llikely inclination.

Interpreted gtructural form line.

_r._ﬁjo_o@__noﬁ

g
_
ﬁuo_\;onﬁm_ dashed line indicates interpretation.
|

wc_\<m< ﬁja ﬂ_cw.;.._o:m on section Lline.

|

|
_
|
|

Fault plane.

AREA K1
CROSS SEETION JK & L FACING WEST 9
SECTION BEARING 349°

e e
€ 10 20 30 40 50 60 70 80 90 1060m

FIG. 10

— B




3 NORTH
32 24 € [564 S D
34
KDH 14 (-60°) kE_S{v{wr;)W :
e B — — e e 3 lamond  drill -hole positn >
. e \ - ‘1—’—%—7—/ 2 .‘\‘ l---lol : . p =i (O‘_’J Sur\/ayed _; ShDW"]‘
: . ¢ number c ; thg
\‘N;&\ 5 ) . Ihclingtion, depths and  final depth .
L E G E N D v N
L S 2 : o e Sample number ( an - .
© ) Alluvium, deflation residua, calcrete and  sand | . EARLY TERTIARY \ .. seibien S‘Gmple (de;j-r';)fs't“m( I'ﬂ drill - hole ) of this
. : TO RECENT ' 3 1 cri lonN. N areas -
rmw Unconformit samplin ( = ‘ s as of iIntense
4 .. L A 1N R i L
" 4 ¥ 2 . 1 1 ) : Wi ..\\ In - ] i
1 ] Banded Biotite 0Gneiss ( quartz, plagicclase, orthoclase, biotite. ) % clination - of foliation and/or bedding  planes
— , : X measured  in  core s | as
LZ—% Amphlb.}l@ - Quartz Granulite (edenite, hornblende, quartz, labradorite, Z th ampies. The [onqer line indicating
e QGrnet, diopside . ) \ A/RKG L it PGS “kﬂly ‘nCl(r'ICitIOﬂ' LJ
3 Quartz - Biotite Gneiss ( occasional garnet ) (quartz, labrodorite, biot te 50m’ e Interpreted structural  form |
hypersthene | qcxrr\et ) \ y S ine.
B Quoartz - Plagioclase - Garnet Gneiss (quartz, plagioclase biotite, garmet ) _ ARCHE AR = - Lithological  contact: oy
‘ E ’ & S i vl . ~N- comtacis, dashed line indjcates nterpretatio
[6 Quartz - Cordierite Granulite (quartz, cordierite , plagioclase, hyperstheas | coMe L - \ e n.
- P i . - 5 Uryey ri ~." e - = 3
e Scmi - Massive Sulphide  (pyrite, chalcopyrite, sphalerde ) in quartiz, plagioclase, scapelite v Yy gria positions on section line
Fp P Py Py 9 3
phloqopite and thur ngite . f
69- }-_r:'_,, L plane, . [

La sFeksic Sillimanite Gneiss  (giartz, plagoclase, orthoclase, biotike, sillimanite )
) 100 m

}L’::g’:"DlOVDSidZ Amph(bO“tC ( hornblende, labradorite, dropside, quartz | '
I 1ﬂ Quartz - Cordierite - Garnet Gneiss (quartz, cordierite, plagioclase, perthite, garnet E%Ot{lnm bleelvoev{ X ‘ \ _
_ | : biotite. ) o Tion 5
CROSS SECTION CD ( FACING WEST )
SECTION BEARING 330°
L 0 10 200 30 40 50 = 60 70 80 90 100m
ey [ TSN d = & .. FIG.7
\ s




Peeiony o9 —

|
0s 0% 0E 02 al 0

N = -]

NOILl23S
NOIL123S SS0Y¥D

vV3ydVv |

w Q0L 06 08 073 0F

w

,792 9NIdv3g
ONIJV4) 43

b+

( HLYON

{
| (
2up)d  31ND4 |
5 |
s ]
£ |
QA3 wnile
\ *aul]  weolides  uwo Uoiisod pib  Aanung t _zoum_g ouﬁoon_m
S I "231301q ‘3eudaob  a3iuiied  ‘esoisoiboyd 'a3iuaipaos "N.wxox;Uv SS12U0Q 12U4D0 - 211421pJ07) - 214DNE
_ 1
‘ ! b 2 ( z34onb  'apisdoip  ‘eg1iopouqo) ' 2puaiquac | uduw NG y
‘uoiiby2idaqul S23ID2IpUl 2UI] P2USDP sioojuod  pathojouti _ = 1 ¥y 21ogiydwy  2pisdolg
: ( 2yrumwis ‘2313019 '2snjaby3a0 ‘2s01001b0)d .NJLUJGV Ssi2u0 21IUBWINIG 215124 w.;l._
~ [ ﬁ =1
| . 231buiuny;  puv 231dobejud
CauUn Wwlo | 184N 12 Nnd1s n._y&.\@...,“_u._lﬁ \.\.\_ Xx31d W0 "23110d02s  ‘aspjooiboid  zjaenbk W h_uv:n_,uc.mm '2311Adodjoy> ,of‘;&v o.D__Lm:.._ﬂ. 2AISSO - 1W2G
_ - \\ PR ~ .~
_ VNODVYWYN 12uinb ‘2313019 .Qmu..::,...,m_ﬁ_i z3iumb _.u.fl.._\,\,,._.\.mu ;,..\.,_L_L__'.._mq_ - ®@UH_H_O_UH.._WQ - Ny.\_h:)_@
‘Lol ,.r;\r.,i__ 240 2043 (DL 1021 B NV IHOYY { ‘32uapb  ‘suayysazdhiy _
| 49Buo)]  2y] sadwos 2402w pafsDaW  “sC * | 2313019 '2}140p0uqo) /:5:57 ( 12uspb  JpUOIEDIJO )  sslaug  23ljolg - Zj4DNp
sauo)d  buwppag uo/pbup  uoijpIley jo  Woljoui)dul T ‘gpuich ‘zjagnb ‘
//./. A .9ﬂu_mn_0_ﬂ, jruaub &v_Lnﬂ.ULﬂOQ NyLﬂ_Jun. QUC\:QCLDI &#.Cd._)‘&w \N#__j__.l.nu\_@ NPLDJ@ = Q..H..ﬂ.__l_QE<
("p21021pul jou  sapiydins. b2y bundwds  2su2jul ( 213019 ‘@solpeyiue ‘esojrebold ‘zquomb ) ggipug 231301 P2puog B
40 50240  UT) uol}diidosap  2|dWDS Co; 2S  s1Y}
,f\..w F\ \..u.m.r._ - ___._\,_U L} L0 +m.z\_ .n...._l;__H_ \._ Jagwudy \w_."LEnu.\HJu 69 9UYH —» LN3IOD3H ol \»M_ELOWCOU Cj VWV
| | _ AYVYILYIL ATYV3 PUDS pub 212.42)0D ‘DNpPIS2) uwollp]fep "WNIAN)|Y I
: ¢ y 00t 1
Uidap |ouly puo  syidap dorgoliaul  ‘Jagwnu 2oy
TC_%DLm ( ﬂ.,_\w%m.\/‘_zm S0 ) uolilsod 114 puowsiqg O) ; a N 3 0 3 1
_” .u_ufl._ M.T_JI /1\"\‘\
T S T S e T ) —
_ LNLISNT o &
| g _ NVSS08 L1708 IHdW Y 4
, t
_ SSs/3ve $5'5/3¢¢




o8l ONvY. oo

6 914 _
wogL 06 08 ©L ©3 08 O7  0s 0z P 0

| = — IL\I_

L6l ONIYV3IE NOILDIS |
( LSIM ONIDV¥4 ) HO9 NOILI3S  SS0¥D
I V3NV

2U17 Uo1322s uo suoijisod pub  Aaaung

uoljbjauda2iul  S2302IpUl U] P2YSDD  S10DIUOD E_u__wo_og_.ﬂ

*2Ul] Wio} 04N1TNIIS  P2324daqul
|
_
‘uoiouIpul Ajeyn duow Y3
Burioaipur 2u1l] Ja2buo] 2y S2)dwos 2400 Ul |pP2inSDIW
so s2up)d buipp?g Jo/pup wollbDI|O} jo  WHIIOUI|DUT

( “p2j021pul jou saptudins b2 ) | buydwos
25U2]Ul JOo SP2D UT) ‘uol3diidsIp  2dwbh  UDI3I2S
Sy} 4O ( 2)04-]|lUp W uocljisod pupb) WAl 2)dwog

)

4

‘yidap |ouly puo  syjdap ‘uoijoul|dul Uegunu 2|0y

buimoys ( p2A2ains so) wuoijisod Bo;-:_\_n_ puUcWDI(

69 9%Md —>»

12A3] Wnjep

Molegq  WoglL

409-) L HOM

HLYON

t

S6/36%'9¢

X3ITdWOD
YNOVYWYN
NY 3IHIHY

_ t  3LI7081HIWY
59/ 39¢

[}

LvO14d

do¥oLNoaNsS 3LIT08IHIWY

LY014 NVSSO09

HLNOS

L FHomi)s 2313019 ‘9spjo0oyj-o '28D)|301DD)d JrJLnj.Ov m..w_.w”i_m.._

23tbuinyy  puc 23 dobojyd

2jlUDW NI 215124

'231100098  ‘asp)doibo)d ‘zqupnb ul | 231u9)0yds ‘231Adod oy \uf.;n: uD:l“ﬁ:_]__;lw 2AISSO|N - 1W2S

A.@CQF_.*Q..\&H.._».F.*. ,wmﬂ_..uq__,v_ﬂ“n‘ ,wu_._o_ﬂ‘_ﬂ.u .Nw\.n.ﬁxﬂv \w#;_\:.\_GL@

v

A.smcguo:‘uc._m

241421p107) -Z340NY

(frouich 'a3jelq ‘2soyseibeid ‘zpaerb) gsipug  J2UUDE - 2SD]2010Dd - z340NY

'23domb 'agijerq fagiatpaod faveyisaadAy ) gs12Ug 291301g - 291421PJ07) - 2u2YSa2dAH

{ Jauaob ‘ausyjsaadiy

‘2313019 |23140poaqe) ‘zquenby [ quu0b  1DUOISDOD0 ) SsI2UG

( 2pisdoip ‘yauuob
‘271iopoaqo] ‘z3aonb ‘epud|quaoy 231u2p2) 23 NuoDLg

A.sv_vo.ﬁ ‘280|201 140 .omoduo_wc_n_ tz41onb ) mm_\wE@

/

IN3J334Y Ol

AYVILY3L AJYY3I T puUDS PUD  2324D3)|DD ‘DNPISa

211301g - Z3140NF

Z340Np - 2j0qiydwy

2313019 p2puDg

Ajiwaojuooun

uoiipliop ‘'wniAn)y

S S




Qv =
[ &
e ol ot 3 B an @ e
R gn_*ﬁc-: /71 67 \gﬂ A
I [&]
= @ \{f .
~Hgn =g
% 5 7
vl : . = - P
®gn - § 2\ @ gn @ 1n -
@ gn BRI > J " N
4 | \ 2 7 ;\af)
I.‘ v = [ _;]'] 2 i CAMP
? -‘J’ i\ . . L_;‘g”} x SITE
= ) : . -" 5 : e e A (S P )
‘:-]J” —}_ ‘—43 + s }_3 1 9”‘\&+ - l\j)';rl + ‘ : d +_, : =k 15 el +AN-O \\\yMA)N ROAD
= &« T < 4 A 70 Tesgn LJ"\\wr P
- s qn ~. 85 ¥ Py i
kgn,q‘;} gr:ﬁ,"?? = it 4\__ ‘\r.\\“) ~, ///’
i e sl 8 gn g &=, e ™ . s
=, 1 T ol .\_L_;n') — 73\611 gqv IV ggn 7
[N an v S
b T NG N V74
\L_> o A > - VA
P B — ? z & 9 g 1 &)
) 4(/ = L_;lp - \_]Vﬂ ?@Y ‘5:} (:. - “g‘(ﬁ > /////
- p : 4
S iy > — ]f/ \ - jl_) KDt ) -55%) ~~gv Jf,// T
= oo sl i i — — —— — __ I
84 ;W = - v i, &
4V - == ¥y My, e T, o~
*+ HORLE  al . O e e T '
82 & . ] 2 : . G - v
\ & - 3 . preon] P N ' /,/{
9'39 \“‘V - &' % S g S - ﬂ s O R ' o
\\ ] - . [RKG 337 : o ¥ Tnls \ : ; |Qun .7
& gn a ; ) ‘I;'\ gn . T ; . . . - o : ; D fo .' L) _‘ B 5 ’ q i _’//
P gn ; - i AL . : OISO B0 T ST ot cLSe o T RYG 335 Wt -
i "y L% S ;
—v AR i L ‘ y L7 @9
67 o PageRe— . 1B . S Ly e : \ 7 J \ '//,/f -
(\ B ! r1.]FiJ, 4 ; ! . S R P ) - . =
# ; . . gn 'ﬁ . w64 =4 L i + [ E —+§ Gk L 1, ‘/" —f_ /
: F (i 3 ) ’ : : e pd : "‘?‘ 84 ’
_,\' : ' . k--\ ¥ or. - s . : . o ! : , : Hﬁ/// & P9l .
D ok . - . Ny ; : g r . . ) : .
= | . - " § R . . i 1 4 2
' ¢ , 82 ' T : ‘ KDH 2 (-70°) S e s x
= e M- [y A . e " : h 4 5 WO EL 8l KOH T (508) -
T~ F 5 MY : 2 - | o o . oz e { . -
T 5 8 4 g . { Z, 5
= e y : 2 2
(\:gn =1 = a= v JNn ] . y . ///, ) ] . ' /
‘ By - N s ‘ . : : ' i o) @gn A= 2 -
N ! ) T . : : [ y - K Y - . 2 . L £ G = N D
: ] ‘"KDH 8 (-60°) ' ! . . : ,// ) d — s
iy T 4 é ' 4 i ] ;&F—‘] ‘ + f}q ’//,/’ + @gn LN R;G ﬂ/ Ty and . alluvium  DOwyka residua .
- <0 fq ~_ : - = o # ? o . r
2 &= SemameE N I SR # Suboutcropping LCwyka shale.
» v (iR . ®gn /,//’ 7";)\\ ' o s | f
@©gn n i / Ay Ureconfermity
c.iﬂ Lg ////, /
/4 / —=3 | ;
‘\l P B3 Pyrexene granulite (hypersthiene, guartz, biotite, ptagioclase
o - “ : B * garnet * cordierite. }
\ -8 S S (1) @an @ ™ & . 6a®y/ i
i aiie > = i G / KDH 29 (- 60°) KDH 1b‘\_”“" Greiss, undifferentiated
D ¢ I J =k 25 Rl '
Y L 31 > @ = /\ \ Feldsp: S { ' 15¢ i |
3 @B gn (t Feldspathic guartzite \guartz,6 cligoclase, maucrocline. )
BROAD m;sb g -q'r;]) /,’/ KDH 3 (-60°) ) ( 9 / : g

density indicating “reiative concentration

DRAINAGE @ g < ¥ - I ¥ 4 \ - Gessan exposed only in trenches, float indicated by dots (.:7)
BASE LINE
" (7

: -+ v -
\FLAT - e — _\“kq + g K N S oL /
i . == ” ; e e : .
\ L”-‘J' Dgn - = @+ N P QA CK il W av| Quartz veins 4and pegmatites.
. 2 o, ALK = =S
T e QS ‘?*Q/’ ‘&N = 7'T¢ a

i
—+1q Ty 65\ KDH 9 gn e "N BF . + Grid co-oardinate’ interséections

507 ) s = . e = =3 . ) )
B e Aoes' ah A /(cfhj Di2 and strike of foliation, bearing and plunge of lineation,
L4 e S et / " 6 40 4
rf’,’ \ b= gl‘l'
B E= <4l 3 (M Trenches and pits ( showir gSsar tersect )
7 > A - irenctne and pits 5 R ng gqgossan |ntersection, )

Dritl hele collar and directien and inclination

© -y E o A - - = R
\ N . //f/ \‘) = = \? h_r_-_.ﬂ
i - Ve gr 2 5 . / , i

8
R
RKG 275]Szmple taken for thin sezction study.

7 B | . . e - % L U] i : /
-+ -3 gn = s A 4 v ESERS gv ’ y =
‘ g £ 2 s L * ; Jn 1 S -
@an 7. , ] ‘jx, i = _==% Farm track
. /4 . . . . s . & - )
& gn . 4 ! . : . & 1 2o
L el 1 c 7 0 . ‘“""*‘_4“‘} . ; , : -+ Farm ferce.
5 J : : T d \ i . ; =
/// : e ; ‘%qv - ?P
b . €D 2 4 3 N
,/// 2k / /\ e ' ?}5 Fault plane (interpretation)
7 e - ,. 4
/ . 27 -~ : . 1
j -/,/ ol \ = gn / 3 27 Direction of drainage.
kqv 1 . ,,” KD H.30 (—6%\ N e T et ~
7 - = ,"/ i . ...//’
+ + 4 | 7+ } T 20

1/ /’ i et
Yy ! -
/ - St
V/
/1 7 /"/ _~KOH 5 (- 70°) 2
/y —.< (g l =
7] / =
//// \ 'jl P g -
/4 f'l.l 3
/7 i -
4 3 i s : L/ +’
// 2 o 54€ SSE/ 555
i x_\!gn i ',_./, :
7 oy &y LT % GEOLOGICAL™ MAP OF THE K3 AREA
//// @&, gn ., = ../" .
J @ 1n / "7L\ ___//’ SHOWING DRILLING AND TRENCHING SITES
/// -y, L ®gn gn @ | \\ ( GEOLOGY AFTER P GRESSE, N.SAL COMPANY REPORT )
F n - _,"
/QV //// bgn 7 (\\ “q ! o | 1 e = = _r_ — : e )
7 \ - ! ) g le 0 260 50
//// e Kgn e / 6] 50 100 15L ; 250 m
7 i e o /
4 5& = Q
/// {ng"t 20

¥/ ./"'-.
TRACK TO K1 wgn //'{ R.C.3/80




WEST

10W

KDH 18(—

65°) KDH 17(5 °)

Amphibol:tc float

~-L EGEND -

EARLY TERTIARY

Altuvium, defiation residuaq, calcrete and sand . ..., ...
TO RECENT

Unconformity

Quartz -feldspar gneiss (quartz, orthoclase, plagioclase, biotite.)

Biotite-garnet gneiss ( quartz, plagiociase,

Banded Iron
Amphibolite ( hornblende,

plagioclase * quartz )

Felsic Sillimanite Gneiss (quartz, perthite, andesine, sillimanite. )

biotite garnet * magnetite.)

Formation (magnetite grunerite garnet, quartz, pyrite, m%lc)opy—

-

Amphibole Hypersthene Granulite ( plagioclase, garnet, hypersthene, quartz,
: biotite * hornblende
Massive Sulphide ( pyrite, sphalerite, pyrrhotite, chalcopyrite, gaiena,
quartz, phlogopite, biotite. D)
Felsic Stringer Ore ( perthite plagloclase, galena, marcasite, pyrite,

quartz, cf'\alcopyrlte spha(ernte )

‘ Magnetlte-llmemte Porphyrltlc Amphibole (plagloclase hornblende,

quartz, magnetite, llmemte sphene )

Pegmatite.

|
J

\\

100m

ARCHEAN
NAMAQUA
COMPLEX

200m

< v,
/ﬁ\\ \ 4
SO -
\~.\\. s
'\\ : S \
\\Q}
50&?5{
ir
7
.’//
o
//
/ 7L‘ ‘/RKG 241 ; .
/ } / / {!

/ /
v/
/ 5 // m \/RKGZAZ /V .

s

A N e = B ._.“.,\_-\%-\-_..

JERKG 236 (1

aw
SPARSE (Ross Mt Flo At

RKG232 |
RKG233  /
RKG 234 |
RKG235 | /

y BT

RKG 238
v

167 47 175,60m

i

RLHAT 55
(&

1007
«—RKG 233

“Digmond drill hole position (as surveyed) showing

hole number, inclination, depths and final depth.

Sample number {and position in dritl hole) of this section
sample description(in areas of ntense sampling
e.q su'phides not indicated).

14

Inclination of foliation and/or bedding planes as
measured in core samples, The longer line indicating

the more likely inclination.

Interpreted structural form line.

gl Lithological contacts , dashed line indicates inferpretation.
25
+ Survey grid position on section line.
f
/ Fautt plane.
J
AREA ko |
v . |
CROSS SECTION 2S5 (FACING NORTH) ;

SECTION BEARING 080°

: = —
9 30 40 50 60 0 80 0

00m FIG 1.

BH.

9/80




BIF RUBBLE

piol R I S ————

—> U I S e =

EARLY TERTAIRY

[5] Ahuvic i '
ot Alluvium deflation residua calcrete and sand { TO RECENT

A YAV

Quartz-feldspar gneiss (quartz,orthoclase, plagioclase,
biotite.)

Biotite garnet gneiss (quartz, plagioclase, biotite, garnet
t magnetite.)

Amphibolite(hornblende, plagioclase,tquartz.)

Felsic Sillimanite Gneiss(quartz, perthite, andesine,
sillimamte.)

Amphibole Hypersthene Grarulite ( plagioclase,garnet,
quartz , biotite * hornblende.)

i EE

100m

200m

RKG 304

KDH 27(-65°)

& ,
o Diamond drill-hole position (assurveyed) showing
o™~ hole number, inclination ,depths and final depth.

« RKG299 Sample number(and position jn drill-hole) of this
section sample description (In areas of intense
sampling e.g. sulphides not indicated.)

™ Inclination of foliation and/or bedding planes as
. ‘.\/ measured In core samples. The longer line indicating
/N 1he more likely inclination,
Interpreted structural form line
\ . .
\ Lithological contacts dashed line indicates
\ interpretation.
\
\

7W Survey grid positions.on section line.

v

z Fault plane.
§

CROSS SECTION 4 &

I = e " o~ st e e

0

0

AREA K6

FACING NORTH

SECTICN BEARING 080°
FIG 14

20 30 40 50 60 0 80 90 100m

RH Ql|’n





