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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 known 

as K3, Kl and KS 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 enclosing wall rocks in an area of poor 

outcrop with extensive calcrete and sand cover and, in places, 

in situ Karoo Super-group Owyka System varved shales. 

Geothermometry and geobarometry using garnet-biotite, garnet­

cordierite, garnet-hypersthene,and the FeS content of sphaler­

ites showed a gradual metamorp~ic gradient from east to west, 

with the K3 area suffering P-T conditions of 695°C and 6 0 0 Kbars; 

the Kl area 686°C and 5.8 Kbars and the K6 area sso 0 c and 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 53o0 c. Metamorphic mineral assemblages correspond to 

the Regional Hypersthene or Granulite high grade zonee The 

sulphide textures exhibit typical high grade metamorphic features 

such as coarse grain size ~O.BSmm), exsolution blebs of chalco­

pyxite in sphaleritu and pyrrhotite in pyrite. Abundant evi­

d~nce 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 granulites have similar trace elements con­

tents to their stratigraphic equivalents which formed the 

immediate hanging wall to the K3 mineralization and differ, 

geochemicallyt from the southern pyroxene gronulites 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 ~ace elements and Niggli 

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 wall rocks 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 galena with a gangue of barit~, 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 1<6 represents a more distal 

faciss whereas the K3 is a proximal massive sulphide deposit 

although they may not have had a common vent. The Kl 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 Kl body has intermediate characteristics. 

The chloritic/silicification alteration zone formed below the 

K3 (and the Kl) massive sulphide lens at the time of its forma­

tion has been metamorphosed to a quartz-cordierite rock. 

The manganese content in the wall rocks, as exhibited in the 

garnet chemistry, is higher in the distal K6 area than the K3 

and Kl arease Narrow manganese haloes (,..,5 metres wido) surround 

the massive sulphide lenses. 

Mineralogical and metal zoning and the presence of alteration 

zones in their hanging walls show the steeply dipping K3 and 
Kl sulphide bodies to be overturned. The K6 sulphide body is 

stoep~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 disccv€ries. 



./ 

"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. 

so 

"Go, my ~ons, buy stout shoes, climb the mountains, 

search the valleys, the deserts, the sea-shores and 

the deep recesses of the earth. Mark well the 

various kinds of minerals, 

and their mode of origin".• 

note their properties 

Petrus Severinus, 1571. 
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1.1. Location 

The Kieldei properties cover 8568 hectares in the district 

of Prieska,- Northern Cape Province and are situated 12 kms 

to the northwest of the operational (± 8500 tonnes ore per 

day) zinc-copper mine at Copperton (Fig. 1). 
Three massive sulphide bodies known as K3, Kl and KB 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 

surfa~e 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 south-

west respectively, form the lower elevations as broads 

sand choked, poorly defined "stream beds". Ubiquitous 

calcrete is developed to thicknesses of ~lm and this is 

covered by~30cms of red sandy soil (or ~l.Sm in the stream 

~beds). Pebbles and cobbles of Dwyka Tillite derived erratics 

are scattered over the sandy surface. In situ basal Dwyka 
\ 

.varved shalris occur below the sand and calcrete in the 

-e~treme 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 

yellow shale. Prior to the discovery of the gossan by 

Newmont South Africa limited prospectors in 1976,no 

knowledge of mineralizati~n was known on the properties. 

The area is sparsely populated and consists of monotonou~ 

undulating,barren,semi-desert with the only agriculture 
possible being sheep and goat ranching. Water is obtained 

from boreholes which yield feeble amounts (100-1000 litres 

per hour) of brackish water. 

1.2.. Aims 

The aims of the present study are:-

(1) To establish a detailed stratigraphy of the three 

sulphide bodies and the~r wall rocks by observation 

of thin and polished sections of core and surface 

rock specimens. 



(ii) To attempt correlations between the three areas 

(iii) 

major element geochemistry in an area where 

surface exposure is minimal to nonexistent. 

To determine 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 th~ properties using various 

mineral pairs as geothermometers and_geobarometers 

and the mineralogy and textural observations of the 

thin sections. 

(v) To observe the effects of metamorphism on the 

textures and mineralogy of the sulphide horizonso 

{vi) To establish a model for the origin of these base 

metal deposits and, using the model 1 to predict the 

existence, likelihood,and location: of further such 

deposits in the Copperton-Kielder region. 

1.3. Approach 

~3.1. Surface Ma£ein9 

A s~rface geological map (See Map4No. 4) was completed by 

the author during the last quarter of 1976 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 were employed but were of limited use because of poor 

outcrop and lack of vegetation patterns. In mar1y areas the 

lithology below the ubiquitous calcrete and sand had to be 

deduced from the cobble sized float. Outcrops 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 regional 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 we~e later modified (See Map Nos. 1, 2 and 3) by 
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the author using irlform&tion obtained from trenching, 

pitting, shallow percussion drilling and core drilling. 

The plane table mapping obviously suffers from the same 

limitations outlined above. 

Diamond-drilling and Core Loggin~ 

From April 1977 to July 1979 thirty diamond-drill holes 

totalling,..17500m of core were completed on the three gossan 

occurrences and their lateral pyritic extensions. The 

bulk of the core was logged by the author except for th~ 

early drilling which was done by P.G. Gresse (Newmont 
company geologist) and the later drilling which was logged 

by various geologists from Prieska Copper Mines Pty. Ltd. 

However, all the core was relogged and sampled by the author 

at a later date. 

Because the weathering is deep (,vlOOm),and the stratiform 

sulphide 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 detailed 

petrography was established by microscopic examination 

and enabled "hole to hols" correlations. (See cross­

sections 1 to 16). 

Sampling 

Specimens of 10-lScm of core were s~mpled i~ each drill 

hole for thin sectioning in 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 al&o thin sectioned. 
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La:-~:.:- (-:, ? !".g.,) -:;;:--:-c1rr::ns 1:.1hj_~h 1!!?'.C~ used f~r t•'hc:i,e :r.cck 

analyses (and thin sectioning) represent~d some 2 metres 

of core intersection. 

Intersections of sulphide horizons required for economic 

metal analyses were sampled in lengths up to 1 0 Sm split 

lengthwise; the half-core being retained for observation 

and polished thin sections. 

Ten kilogram surface specimens were also collected for 

chemical analysis and thin sections. (The localiti~s are 

marked on the geological maps l to 4). 

All samples from both core and surface were fresh and un­

b.reathered. 

285 samples of core were taken, 80 of which were bulk sampled 

for analysis and 15 surface bulk samples were collected (See 

Appendix V) ·• 

Petrographic Microscope Examination 

All 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. 

Any minerals which were difficult to 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 

(1970),which is strictly descriptive and devoid of any 

genetic connotations. 
The detailed petrographic descriptions of each rock unit 

. and photomicrographs are contained in Appendix I. 

1.3.5. X-ray Diffractometry 

The detailed methods of X-ray diff~action 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 

·-
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finer grained amphibalites and some of the ambiguous colou~­

less pyroxenes in the wall rocks. 

Hexagonal and monocli~ic pyrrhotite were distinguished semi­

qGantitatively 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 p~rrhotite 

polymorphs) within the mineralized zones. 

Geochemistry 

The detailed X-ray fluorescence analytical and microprobe · 

methods are contained in Appendices II and III. 

It has been attempted to prove that certain elements remain 

immobile under the conditions of metamorphism attained here. 

Variation trends, metal ratios, and ternary diagrams involving 

these elements have been used to distinguish between amphibo­

lites and basic granulites of igneous and sedimehtary parentage. 

Secondly, it is attempted to distinguish between the different 

stratigraphic units. Thirdly, it is proposed, after the 

methods suggested by Pearce and Cann (1973) and Winchester 

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

. the volcanics were formed. 

The bulk rock analyses for Cu, Zn, Pb, 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

pyrite, galena and sphalerite were analysed semiquantitatively 

by microprobe for silver to find the host when no discrete 

silver minerals could be identified in the ore. 

Quantitative analyses of biotite, garnet, cordierite, 

orthopyroxene and spttalerite were completed for geothermom­

etry and ·geobarometry and in the latter case to determine 

the impurities in the main ore mineral. 

The isotropic sulphide minerals were etched to enable the 



.... 
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study of the grain size and inte=nal textures. The results 
are discussed in section 3.3o 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. 

le4o Previous Work 

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

(1977 to 1980) have not been studied in any detail prior 

to this present research. A company report by P.Ge Gresse 

(1978) included the surface mapping and drilling up to that 
date and subsequent progress 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 (1980) on a paper on metamorphism 

north of the Kie1der area by Botha et.al (1979)~ The latter 

authors were cautioned for extrapolating metamorphic isograds 

across areas 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 always be 
more· definitive., 
Recent lead isotope work on the K6 banded iron formation by 

o. 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(l980) 
and Koeppel (1980). These provide excell.ent material for 

comparison with the Kielder ore bodies and it has become 
clear that th~y have similar origins and deformational 
histories. 
The only published regional map of the area (Middleton, 1976), 

-' 

which was based largely on aeromagnetic and other geophysical data 

~u~ported by aerial and satellite photograph~ is incorrect. 
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Sub~~ c;u 2 :-rt rr:::p ~in~ :_; i. :·Js L::;1cri~ :G~ -t;1 r.; r ica L l r;~i !:.8 L aild 

Prieska Copper Mines has proven the previous idea of a 

volcanic pile to be fa~acious. Wagener (1980) inter­

pr.ets the stratigraphic sequence enclosing the Copperton 

ore body as being predominantly meta-aediments with 

dacite in the footwall. 

Lead isotope data (Koeppel, 1980) and Rb/Sr data (Cornell, 

1975) from the Copperton ore body and-wall rocks respect­

ively,suggest an age of 1305m.y 0 and the lead isotope 

characteristics indicate a mantle origin. Notwithstanding ~­

the isotopic data, the age of the Copperton /Kielder rocks 

and the entire Namaqua Metamorphic complex remain contro­

versial (Joubert, 1976; Kr5ner, 1976; Koeppel, 1980). 

The relationships between the Marydale banded iron 

formation and greenstones dated at ~2990 m:y.(Cornell 

and Barton, 1979),the Haib Volcanics at 1980 m.y. (Reid 

1975), the Bushmanland sequence hosting the Gamsberg and 

Aggeneys orebodies at 1300 m~y.(Koeppel, 1980), the Kaaien 

quartzites, and the Namaqua Metamorphic rocks hosting the 

Prieska and Kielder sulphide deposits remain unresolved. 

Pressure/tempera~ure conditions from wall rock;geothermometers 

and barometers are reported for the Copperton ore body as 

680-720°C and 4-6 Kbars (Cornell, 1975). 

At present,a South African Geodynamics project to produce 

a strip map across the Kaapvaal-Namaqua metamorphic complex 

close to the Copperton-l<ielder area,is in progress (Scott, 

w.o. and Cornell, D.H.). 
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2. STRATIGRAPHY 

ThP ~~+?c~~ ~P the ~-~s~s~stc~~>!~t~=~!n;~~!~g n~turc of 

the stratigraphy are best observed on the cross-sections 

( Cross~-sections l to 16); nevertheless, the macroscopic 

features of the units are briefly described individually. 

The detailed mineralogy, textural features and hand speci­

men description for each unit are in Appendix 1. 

2.1. The K3 Area 

2elele The K3 Footwall Stratigraphy 

The banded biotite-garnet gneiss (Unit 15),and the felsic 

sillimanite gneiss (Unit 14),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 - SOm in thickness inter­
bedded with the handed hypersthene granulite biotite garnet 

gneiss (Unit 13). Except for the central section of K3 

(i.e. the well developed massive sul.phide),there i.s a narrow 

band of Unit 14 (5 - 10~ wide) immediately below the sulphide 

zone. 
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-

ten~ 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 5) this unit forms 

the bulk of the footwall. 130m below the massive sulphide 
is a 10-lSm zone of 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 15-2Dm immedi­

ately below the massive sulphide unit. The unit 



/ 

._. ........... ._~---~..--~-----~--·-------C-O_N_S_1_1_1_U_E_N-1 1_S....,_....,.,_. __ .... _..~,I 
. - ----- ·----. -- __J I 

-0.. ~ -<> 

gneiss. 

Hypersthene-cordierite- pyritic 
granulite 

-?- J· -?.- Sillimanite -augen pyritic quartzite. 
<>- -<>- -0-. . . 

8 

Banded biotite gneiss. 

A mph i bol it e. 

Felsic sillimanite gneiss. 

Hypersthene quartz garnet granulite. 

Porphyroblastic hypersthene biotite 
granulite. 

Amphibolite. 

Cordieri te -hypersthene quartz granulite. 

Quartz-cordierite-sillirnanite granul i te. 

Massive sulphide with intercalated 
siliceous zones. 

Oiopside plagioclase granulite. 

Banded hypersthene granulite. 

Felsic sillirnanite gneiss. 

Banded biotite garnet gneiss. 

Quartz, oligoclase, perthite, b;otitP., 
pyrite. ' 

Hypersthene, cordieri te. andesine, 
quartz, biotite,pyrite, pyrrhoti te. 

Quartz, sillimanite, pyr;hotite, pyrite. 

Quartz, oligoc I ase, ort hoc lase, biotite. 

Hornblende. labr adori te ·,hypersthene, 
diopside,· biotite _ 

Quartz, perthite, andesine, sillimani te. 

Quartz. hypersthene, andesine, 
biotite, orthoclase, garnet. 

Hypersthe11e, quartz ,plagioc lase, 
biotite, orthoclase. 

Hornblende, labradorite, hypersthene, 
diopside,_ biot it e. 
Quartz ,cordierite ,biotite. hypersthene, 
orthoclase, pyr!te,pyrrhotite. 
Quartz ,cordierite .biotite, pyrrhoti te, 
sillirnani te, pyrite. 
Pyrrhoti te, pyrite, ph!ogopi te, sphal erite, 
quartz, cha!copyri te, bari te ,chlori te ~ 

Oiopsi de, labradori t e, hypersthene, 
hornblende, magnetite, biotite. 

Hypersthene, andesine,quar tz / biotite. 

Quartz, perthite, andesine, si llimani te. 

Andesine, quartz,hypersthene bioti te, 
garnet, hornblende, magnetite_' 

THE K3 AREA STRATIGRAPHY 
FIG. 2 
I E3. 117 -rwww t 
o m ro m ~ ~ w ro Wm 

•A 

! I 



• l 

' . r-· _ ... - ····· i ,_ __ _ 

. i 
I 

! 

.. ·10· 

MINERAL AS~EMBLAGE 

Quartz,co.rdierite. biotite, 
pyrrho!ite, sillirnanite . 

[iiE UPPER PYRRHOT11E ZONE I 

Pyrrhotite. pyrite, phlogopite, 
serici te. quartz, mar ca site, 
chalcopyrite, sphalerite. 

Quartz, plagioclase, biotite, 
pyrite. 

-• chlorite -

Pyrite, pyrrhotite, sphalerite,. 
chlorite barite marcasite, 

·chalcoi:>yrite. 

Pyrite, pyrrhotite, sphalerite. 
bari te, marcasi te, chalcopyri te. 

if:'({'.~l:}~'.;r,:·~: [THE PYRITE - PYRRHOJJ_TE ZONE] 
ti~i'.}.11.:~,,~/;J Pyrite pyrrhotite chlorite. 
~:<·'.'o',..1:'·' ·i·<;<< spha,le~ 1 t e, qua,rtz, chalcopyn te, 

·· · cord1erite, liarite. 

0 19 ..J.Q. 

2 3 I. 5 6 7 J. ,3 ·" ·,5 ,01 .02 ,03 

I 
l 

d 
I 

THE K3 SULPHiDE ZONE 
( OOH KOH 3 ) 

FIG. 3 



- ~ ... 

wedges out to the east (and downdip) but reappears as a 

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 

vicinity of the ore, horizon the sulphides are not massive, but 

disseminated within a quartz cordierite-sillimanite gneiss. 

Towards the west of the K3 area this unit is found deeper 

down in the footwall. On Sec~ion 53E the unit occurs as two 

thin (1-.13rn) bands interlayered with felsic gneiss,and on Section 

52E the unit is 22m thick. The contacts with adjacent rocks 

are sharp and conformable. 

2.1.2. The K3 Sulphide Unit 

The unit has a maximum thickness of 18m (including the inter­

calated 5-6m thick siliceous zone)in the central part of the 

K3 area but thins to <Gm along strike and down-dip. There 

are sharp contacts with the footwall diopside plagioclase 

granuli te (Unit 12) and. the hanging wall quartz-cordieri te­

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 rnassive,until the unit is represented by 

-thin lenses (t.J30cm) of semi-massive pyrite, pyrr.hotite,and 

traces of chalcopyrite within the quartz- cordierite­

sillimani te unit (Unit 10). This facies change takes pl~ce 

over N50m. 

The individual zones, with their co~responding m~tal contents 

are illustrated in Fig. S.~ it ~.e/ 
The upper pyrrhotite zone varies in thickness from b~S 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 ~O.Sm to Sm thick, 

and is either a discrete uhit separated from the other sulphides 

by lenses of siliceous rock,or it grade~ into the 
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ovarlying pyrrhotit8 zone. 
The siliceous zone lenses vary in thickness from lOcm to Sm. 
Al though usually· free of sulphide i L 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 from lm to 3m~ The 
unit usually grades upwards into the sphalerite zone (i.e. 

in drillhole KDH2)s 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 

Pyrrhotite Zone (~s.sm) 

(i) Py /po· 

(ii) Sph/Cpy 

(iii) % Sulphide 
(iv) Ag. (PPM) 
(v) Major Gangue 

Minerals 

o.i.s 
1 

85% 

3.5 

Phlogopite 
Sericite 
Quartz 

Sphaleri te 
Zone (~Sm) 

'3.o 
10 

75-05% 
5 

Chlorite 
Edenite 
Barite 
Quartz 
Apatite 

BASE 

Pyrite-Phyrrhotite 
Zone (Max •. $5m) 

2•0 
2.s 

60-75% 

6 

Chlorite 
Calcite 
Cordierite 
Barite 
Apatite 

X-ra)' diffraction indicates a predominance (i.e. N85-90%) of 
monoclinic pyrrhotite over the 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. 

The K3 Hanging-wall Stratigrapby_ 

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 sharp. 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 
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sulphides, the Py/Po ratio varies from 0.1 - o.s with traces 

of chalcopyrite and minor sphalerite within 4cm of the mqssi·1~ 

sulphidec )"o~ards the east,Py/Po VEric~ frcrn 2 to 6, and 

sulphide/oxide (magnetito) ~10. Towards the west of the 

central massive sulphide occurrence,Py/Po varies from 10 to 2 

and sulphide /oxide ~l. 
The cordierite-hypersthene-quartz granulite (Unit 9) occurs 

above the thickest development of massive sulphide (i.e. central 

K3 area) and varies in thi~kness'. from 5 to·2om. Where 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 hypersthcne 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 Bm on Section 52E) and east (i.e. 

zero on 55E and 20m on 56E). The unit also interfingers with 

the overlying hypersthene-quartz-garnet granulite (Unit 6) and ~ 
underlying hypersthene-cordierite granulite (Unit 9); the con­

tacts wit~ both these units are gradational. 

Amphibolite (Unit 7) forms two marker units in the hanging 

wall. The upper unit is usually 5-lOm thick and is developed 

at the. contact between the banded biotite gneiss (Unit 4) an~ 

the hypersthene-garnet-quartz granulite .(Unit 6). The lower 

uni~ is found 10-40m above the ore horizon. Both units are 

best developed in the western K3 area (Cross-sections 52E and 

53E) and lens out towards the eas~ although the upper unit is 

more persistent. 

downdip. 

Both units appear to wedge out rapidly 

Hypersthene-quartz-garnet granulite (Unit 6) oecurs as two 
well defined bodies. The upper body reaches its maximum 
thickness (55m) on Section 52E in the extreme west of K3. 

The lower unit is Sm thick on this section. The units inter-

finger with the felsic sillimanite gneiss (Unit 5) towards tha 
east. Neither unit. was encountered on Section SSE but both 

reappear in the extreme east on Section 56~ where they are 15m 
and Sm thick. The upper unit is banded (50cm wide bands), 

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-
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wall c~ the sulphide unit has been discussed separately. 

On Section 54E the unit reaches fts maximum thickness of 

llOm but decreases in tl1ickness down-dip and towards the 

east, where it becomes interlayered with other unitse 

Towards the west it thins to a unit 30m thick with a sub­

ordinate layer (~lOm thick) lower down in the sequence. 

At a depth of 440m on Section 54E the unit increases in 

thickness (w60m). 

Numerous pegmatite lenses and bodies occur within the gneiss; 

up to 40% of its mass consisting of pegmatite. The contacts 

between gneiss and pegmatite are gradational. There is a 

gradual increase in grain size from the gneiss to a massive 

pegmatite in which the sillimanite content is generally less 

than in th~ adjacent sillimanit~ gneiss. Large amounts o~ 

pegmatite lenses were intersected in drillhole KOH 4 (Section 

1) within the banded biotite gneiss (Unit 4). These are 

thought to represent lit-par-lit intrusions of pegmatites 

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 the interfingering 

of these units is most pronounced. eegmatites are found in 

the banded biotite 'gneiss on Section 54E. 

The sillimanite-augen pyritic quartzite (Unit 3) has a minimum 

thickness of lSmJbut 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 0f 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. Nenr 

surface the rock is highly weathered to a clayey gneiss. 

The upper pyritic units (Units 1, 2 and 3) are assumed 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)o However, geophysical surveyst 

in particular ~1ro1.1nrl man.net.:l.~s ;:ind :t'P.~i~ti.v~t.y/TP~ tenr! 

to support a correlution. 

The K3 lntr0sives 

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

one drill hole (i.ea KDH4 on Section 54E)> where it exists 

below a major fault breccia zone. The breccia zone is 

1.5m wide and consi3ts of highly fractured quartz and feldspar 

(altered to clay minerals) with extensive (~30%) -quartz and 

calcite veining. The granite body is 15m wide, and its basal 

tontact is shearedo The rock has no preferred orientation 

of minerals and is a post-tectonic oranite. 

A granodiorite sill (U~it 18) i~ best developed on Section 

54E,and dips to t~e north-east. 

Consequentl~the rock is not encountered on Sections 53E and 

52E. 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 (tvlOOm) along this contact. The upper granodiorite 

contact is well praserved and sharp and can be observed in a 

single thin section (RKG 88) over a distance of N5mm. The 

contact cross-cuts the foliated diopside granulite and from 

this it is estimated that the granodiorite sill dips shallowly 

to the north-east. 

2.2·-·~~T_h_e~K_l~_A_r_e_a 

ld•.1 • The Kl Footwall Stra tigraphl 

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 3Dm. 

In the extreme north-east the unit is underlain by a quartz­

biotite gneiss (Unit 3) with a gradational contact between 

them .. 
Diopside amphibolite (Unit 9) forms the bulk of the footwall> 

with the thickness varying greatly from ~lOOm in the south-

west to ~15m in the north-east. The change in thickness is 

accompani~d by a slight mineralogical change,i-e. a minor 
amount of quartz is found in the north-eastern unit)whereas 

it is abs~nt in the south. Towards.the base of the unit in 

the south the diopside content increases from <5% to-v2D%. 

The diopside content in the north (only the upper unit is 
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int.P:i-~ectPd) .i.s onl~1 pr<=>s?-nt ir rnino,.. r;uc.nt~t~_rsc Th~ 

plagioclase composition varies randomly within the unit 

(particularly in the southern unit) from bytownite (Ab 28An 72 ) 

through labradorite to andesine (Ab 52An 48 ). 

Felsic sillimanite gneiss (Unit 8) is similar to the gneiss 

(Unit 14) found in the K3 area and the intercalated coarse 

pegmatitic rock is also present, with the same relationships 

as described before. 

A maximum thickness of 30m is attained in the south-wes~with 

thinning to the· north and east to a minimum of 4m. In all 

five (Kl) 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.Sm. Minor 

bands (<Sm wide) of this lithology are found lower in the 

footwall interbedded with the diopside amphibolite and the 

quartz cordierite garnet gneiss (Units 9 and 10). 

.2.2.2. The Kl Sulphide Unit 

The massive sulphide unit (Unit 7) varies in thickness from 

4-Sm in the south-west to l-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 KOH 23, Cross-section 10) 

. the sulphide unit changes its character. There are two thin 
sub-units (N2m 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 typical. Co~se­

quently>the thinning of the amphibolite (Unit 9) and the 

sulphide unit in the north,together with some minor m~alo­

gical differences is not sufficient evidence to postulate 

separate stratigraphic units. Structural evidence (See Map 2) 
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exists at surface to indicate a fold closure. N6vprthclcss, 

conclusive evidence can only be obtained by coredrill 

probing dc~n plunge of the fold axio. 

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 sympatheticallyo The contacts with the adjacent units 

are sharp. 

The quartz-plagioclase-garnet gneiss (Unit 5) has an average 

thickness of 25m, and is fairly consistent in the Kl area (see 

Cross-sections 6-lO)e The gradationa! contact with Unit 3 

· is manifested in a gradual decrease in garnet content. The 

contact with the more mafic amphibole-quartz granulite is 

sharp. 
The hypersthene-cordierite-biotite gneiss (Unit 4) is 

impersistent and is found on the south-west of the Kl 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 lithology 

is intarbedded 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 Kl is 12-lSm~ 
The unit changes towards the east in that the overall thick­
ness increases ('30m), it becomes interbedded with quartz­
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 30m. The rock is similar to the 

banded biotite gneiss of the K3 area. 
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2.2.4. The Kl Intrusive Rocks .. -._.. _______ .,..... ---
Apart f~om th~ numerous pegmatitic lenses within the fnlsic 

sillimanite gneiss~ minor amounts of thin (<lm) quartz­
orthoclase pegmatites cut the various rock units. 

~~3· The K6 Are,!_ 

2 e 3 .1. The 1<6 r:E,ot.wall Strtl_igraphy 

Biotite garnet gneiss (Unit 2) forms the bulk of the foot­
wall (and the hanging wall) of the sulphide unit and all 
other units arc intercalated within it. In the footwall 

there is at least 80m of this gneiss containing intercalated 

amphibolite and falsie sillimanite 9neissc 
Varfations in quartz and plagioclase contents are random 

and not related to proximity to major amphibolite~units, 

massive sulphides, or any other lithologies. Neither can 
any systematic mineralogical variation with depth or strike 

be established. 
The amphibole-hypersthene granulite (Unit 6) is more common­

ly· found in the hanging wall, howeve~ minor bands (<15m 
thick) are found within the biotite garnet gneiss of the 

footwallo 
Minor bands of amphibolite (Unit 4) usually ~ Sm thick occur 
within the biotite garnet gneiss below the sulphide zones~ 

Magnetite-Ilmenite porphyritic amphibolite (Unit 9) is found 
within 10~ of the massive sulphide unit,usually in the 
immediate footwall$ It is always intercalated with the 
biotite garnet gneiss, except where forming the immediate 
base to the massive sulphides, and has well defined contacts. 

The K6 Sulphide Units 

The felsic stringer-sulphide unit (Unit 8) is a narrow (<2m)~ 

impersistent zone,which underlies the massive sulphides in 
places; its upper and lower contncts, 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% sulphides). The 
over~ll thickness of the unit varies considerably from o.3 
to Sm, 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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ljiotite g;;i.rnet gneiss. 

Quartz - feldspar gneiss, 

Biotite go.met gneiss. 

Banded Iron Formation. 

Biotite garnet gneiss. 

Felsic sitli mani te gneiss. 

Biotite garnet gneiss. 

Felsic sillimanite gneiss. 

Biotite garnet gneiss. 

Amphibolite. 

Amphibole hypersthene · granulite. 

Biotite garnet gneiss. 

Felsic sillimanite gneiss. 

Massive andfcr micaceous sulphide. 
Felsic stringer ore. 

Amphibolite. 

Magnetite-ilmenite porphyritic 
amphibolite. 

Biotite garnet gneiss 

Amphibole hypersthene granulite. 

Biotite garnet gneiss. 

; 
1 

Qllartz, plag1oclase, biotde, garnet. 

Quartz,orthoclase, plagioclase, biotite. 

Quartz, plagioclasc, biotite, garnet. 

Magnetite, actinolite. quartz ,rhodonite,' 
pyrite, chlorite. 
Quartz. plagioclase ,bioti te, garnet. 

Quartz, perthite, piagicclase, cordierite, 
si!!imanite. 

Quartz, plagioc!ase, bioti te; garnet. 

Quartz, perthite, plagioclase,·cordieri te, 
sillimanite. 

Quartz, plagioclase, biotite, garnet. 

Amphibole, plagioclase, quartz, 
biotite. · 

Plagioclase, quartz, hornblende,biotite, 
hypersthene, gdrnet, grunerite. 

Quartz, plagioclase, bioti te, garnef. 

Quartz, perthite. plagioctase, cordierite, 
sillimanite. 

Pyrite, spt1aleri te ,quartz, chlorite, 
chalcopyr 1 te. 
Quartz, plagicclase, perlhite,pyrite, 
galena. 
Hornblende, plagioclase ,quartz .. 

Plagioclase. hornblende, quartz ,magne­
tite, ilmenite. 

Quartz, plagioclase, biotite ,gar net. 

Plagioclase, quartz, hornblende, bioti t e, 
hypersthene, garnet,gruneri te. 

Q.uar tz , plagioclase, biot i te, garnet. 

t__ 1~E6 K6 AREA STRATIGRAPHY 

I r -w-~-~~~m ~l~~eft!:~·~ .. ~o/~~~-~-~~-~~~~~--~~~~~~~~~~.._~~~~~~~--~~~~~~-·--2.!.'!.;J. 
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upwards; the underlying falsie stringer ore also has sharp 

relationship between the massive and semi-massive varieties 

is gradational, and usually occur in equal proportions. 

The KB Hanging-wall Stratigraphy 

The felsic sillimanite gneiss (Unit 5), mineralogically 

identical to the units found in Kl and K3, is found as 

impersistent bands throughout the sequence,varying from 
~lm to 2Sm. The thickest development is in the hanging 
wall in the north of KB, iMtercalated with the biotite­
garnet gneiss {Unit 2). 
I\ narrow (f'l5m) band of this rock fox:·ms the 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 galenae· 

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 lSOm respectively)o 

The amphibole-hypersthene granulite (Unit 6) is impersistent 

but usually occurs below the amphibolite (Unit 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 1. 
Amphibolite (Unit 4) is found in the hanging~wall within the 

garnet-biotite gneiss (Unit 2) and at its thickest is BDm 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 (~2~) usually separates two banded iron forma­
tion units {see Fig. 7 ). 

The banded iron formation (Unit 3) occurs as two distinct 

units within the biotite garnet gneiss. BetliJeen the two 
iron formation bands is amphibolite and minor folsic sillima1tlte 
gneiss. Their relationships can be seen on Cross-sections 11, 

12, 13, 14 and 16e. Both units vary in thickness from Del to 

lm,with the upper being consistently thicker at 0.75m. Minor 
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lenses of B.I.F. {Nl - 2cms) occasionally occur within the 

intercalated &mphibolite~ 
This unit is persistent throughout the K6 ar8a and se~ves 

as a valuable marker horizon consistently 135m above the 

massive sulphides. 
Quartz-feldspar gneiss' (Unit 1) exists as intercalated 

bands ( 10 - 20m thick) within biotite-garnet gneiss and 

felsic sillimanite gneiss (Units 2 and 5 respectively)e 

It has gradational contacts with the former gneiss. 

2.3~4. The K6 Intrusive Rocks ...._ __ ~II'------......... ·--.............. 
Acid pegmatites occur throughout the K6 area as narrow 

(<3m) lenses, usually concordant with the foliationc The 

felsic sillimanite gneiss, as was the case in the Kl and 

K3 areas, contains frequent pegmatite lenses. 

Z2 4 2 The Southern Granulite 

Due to lack of exposure and no drilling in this area a 

minimum thickness of this unit, a pyroxene granulite, can 

only be obtained. The widest outcrop in the south-east of 

the property (see Map. No. 4) is·approximately 100 metrese 

The enclosing rock types can only be described as felsic 

gneisses. HaweverJthis 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 around in a regional structure to 
strike northerly west of the K6 area (see Map, 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 associated 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. Nb. 4). The minimum thickness 

of this unit isf"'50m and is enclosed by undifferentiated 
felsic gneisso These pyroxene g~anulitesappear as strike 
extensions of the K3 area stratigraphy. Poor exposure, 

particularly to the west where thick sand obscures all outcropp · 

prevents positive correlation. 
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~., Over~ll Stra t.i_g_raehy _§~!l!P.C?..3:..Y. 

Employing the regional strike trends obtained from the rare 

outcrops and the detailed stratigraphy which has been pro­

vided by the core drilling in the areas of sulphide minerali­

zation> a comparison, and possible correlations is made 

between the three areas cf mineralization and two areas of 

pyroxene granulite outcrop. 

The wall rock-sequencea of the three sulphida bodies have 

only the broadest similarity to each other. The most 

noticeable faatures of the K3 mineralization are the presence 

of porphyroblastic hypersthene granulites in the hanging-wall, 

lack of significant amphibolite units,and the prese~ce of large 

granodiorite dykes and sills. In the case of Kl the presence 

of up to 150m thick amphib6lite unit in the footwall~and a 

more felsic edenite (amphibole) quartz granulite in tha 

hanging-wa11,make it unique. In the K6 area ~ significant 

(dp to 80m thick) amphibolite occurs in the hanging-wall 0 

The stratigraphy is relatively uncomplicated with the pre­

dominant wall rock being a biotite-garnet gneiss and 135m 

stratigraphically above the sulphide zone, there is a thin 

but persistent banded iron formation. 

However, in a broad sense the stratigraphies are similar; 

the predominant rock type is a banded biotite gneiss with 

or without garnet, ubiquitous lenses of felsic sillimanite 

gneiss and, naturally, the presence of massive sulphide 

lenses. 
The strati~raphy of the massive sulphide units can also be 

compared in this broad sense. 
The general widths are comparable, varying from 1 to Sm, 

the ·sulphide mineralogy is relatively simple with predomin­
antly pyrite, sphalerite, minor pyrrhotite and very minor 

chalcopyr!te and galena, there are thin impersistent siliceous 

zones 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 5s typified.by the presence of significant amounts 

of pyrrhotite (po/py ~l), there is strong mineralogical zon­

ing with a pyrrhotlte-rich top and sphalerite-rich base and 

the sulphide unit is thicker than in the other (Kl ~nd K6) . 
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areas~ 

ihe Kl area is typified by a much thinner (l - 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 galena 

stringer zone below the massive sulphides, the minor quanti­
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 micacerustypes 
of ore. 
These features of fue sulphide zones will be discussed at 
gre~ter 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 horizbns~ The pyritic 

horizons intarsected in the hanging-wall of K3 area (s~e 
Cross-section No~l) are the strike extensions of the north 
limb of the Kl sulphide 2 kilometres to the w~st (see Map 

No.4)$ 
The northern granulites are.possible strike extensions of the 
~ranulites associated with the K3 sulphide mineralization. 
Although the mineralogy is slightly different (iess hypersthene 
and cordierite than the K3 granulites) the major and trace 

element geochemistry does indicate some affinity. This tdill 
be discussed at length in Section 4.2.4. (see page 51 ). 
The banded iron formationJwhich serves as a marker in the KB 
area,is also seen to outcrop at co-ordinates 32 east/13e5 
south (see Map No. 4), 4 kms east of K6 and 700m south of the 
Kl area. 
It is therefore tentatively suggested that the sulphide horizons 
occupy three different stratigraphic levels within the sequence 
of gneisses, granulites and amphibolites. However, the 
stratigraphic "distance" between them does not appear to be 
more than soom. 
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3. METAMORPHISM 
.. P .... .-.-.... -, ..... ""'-•> • .--, .. >:'• •" ,_,.. • ._....._ .... ............--.. '• p•~ 

3.1.. G~,.EEmetr¥__,~d Geotherm~trr 

3.1.1. Garnet-bioti te Gr'.3othe:cmometr..:t. 

The iron and magnesium partitioning between almandine 

garnet and biotite is tempe1-ature 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 etoal 

1977, Plimar 1976, Mocrc, Kartun and Waters 1979 and 
Ghent et.al 1979). 

Ferry and Spear (1979) experimentally calib~ated the 

Fe-Mg partitioning between garnet and biotite and their 

results produced the following equation: 

12454-4~662T (°K) + 0.057P (bars) + 3RTlnK = 0 

where K 
• 

These results are used to calculate peak temperatures of 

metamorphism in the wall rocks of the Kielder sulphide 

bodies. 

Garnet-biotite pairs (from ten core specimens) were 

analysed by electron 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; 

Kl 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% Mn9, but did not seem to have any marked effect 

on the K values. ~Jork done by Albee (1965) and Dougan (1974) 



suggests a decrease in KO by o.003 to 0.007 per atom 
Mn percent of Mn+f.e+~ garnet. From the data obtained 

in this study the effect appears to be the reverse or 

to have very little effect~ The rnanganes~ content is 

therefore not corrected for, when calculating KO here. 
The results are as follows: 

Specimen/Thin Section No6
1 

Footwall or HanginJ % MnO_in T 0c 

AREA 1<3: 

RKG 10 (Pair 1) 

RKG 10 (Pair 2) 

RKG 111 (Pair 1) 

RKG 111 (Pair 2) 
RKG 71 (Pair 1) 
RKG 71 (Pair 2) 

AREA Kl: -
RKG 179 (Pair . 1) 

RKG 179 (Pair 2) 
RKG 190 (Pair 1) 

RKG 190 (Pair 2) 

RKG 209 (Pair 1) 

AREA K6: 

RKG 217 (Pair 1) 

RKG 217 (Pair 2) 
RKG 288 (Pair 1) 
RKG 298 (Pair 1) 
RKG 298 (Pair 2) 

RKG 255 (Pair 1) 
RKG 255 (Pair 2) 

Wall of Ore Zone Garnet 

2.43 

2~52 

hw (Unit 

hw (Unit 
fw (Unit 

fw (Unit 
htt1 . (Unit 

hw (Unit 

8) 

8) 

13) 

13) 

8) 

8) L 2.24 

x = 695 c 
(S = 13.4) 

hw (Unit 6) 
htll (Unit 6) 

fw (Unit 10) 

fw (Unit 10) \ 
immediate hw I 

(Unit 6) 1 

X = 686°C 
(s = 3D.7) 

2.91 
2.ao 
4.48 

hw (Unit 6) 3.5 

hw (Unit 5) 306 

hw (Unit 5) 14.5 
fw (Unit 2) 9.8 
fw (Unit 2) 7.91 
hw (Unit 2) 7.37 

hw (Unit 2) 7.37 

"V' oC 
(

I\ = 590 0 ) s = 29.7 c 

711 
709 

686 

678 

689 

702 

(n=6) 

63£~ 

68? 

706 

693 

711 
(n=5) 

587 

558 

588 
585 
557 
632 

627 
(n=7) 
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Iron and magnesium partitioning betwe8n 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 1971, Hensen 

and Green 1971 and Wood 1973) produced contradictory results 
where the KO (i e VD - X98 ~ Xcord ) ~as found by Currie ta . • . • ' - Fe Mg , , 

xga xcord 
~lg Fe 

increase with temperature1 whereas Hensen and Green found the 

opposite effect. Subsequent work, experimental and theoret­
ical, (Thompson 1976, Hensen and Green 1973 and Holdaway and 

Lee 1977) has proved conclusively that the KO is inversely 

proportional to temperatureo Subsequent use of this geo­

thermometer has been extensive and successful (Moore et.al 

1979, Selverstone 1980, Ghent et.al 1979 and Weaver et.al 

197B)e 

In this study the equation from Holdaway and Lee (op-cit) 
has been used to calculate the equilibrium temperatures: 

ln KO = 2.Q.95 + D.0152 (P(K bars) - fl - 1.035 
T (°K) 

(where KO is defined as above) 

For the microprobe 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%) constit(uents 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 calculated from the 
latter tended to be lower, probably reflecting 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 Kl areat in both the hanging and fcotwall of 
the ore zone. (For petrography of these rock units see 

Appendix 1 - Units 6 und 10 ~espectively). 
The tempe~atures were not corrected for manganese content 

in the G3rnet because at 2 - 4% Mn~ the correction is 
insignificant. 



Tho results are: l<l Arca 

Specimen/Thin Section I No.,,! 
j 
t 
! -· 

RKG 209 (Pair l) 
RKG 209 (Pair 2) 

RKG 190 (Pair 1) 

Stratior8ohic I % MnO in 
posit.ion w. r.., l:. .! yarne t 

j ore zone ___ j 
I 

immediate hw 4.70 

4o80 " ti 

f ootwall 2.so 

·X = 631°C 
(S = 30.8) 

Tor. 

596. 

643 

654 
(n=3) 

It is psssible to use Hensen and Greens' (1973) garnet­

cordierite-sillimanite-quartz geobarometer which givess in 

spite of an absence of sillimaniter a maximum pressure 

value~ Hensen .and Green~ isopleths were determined for 

higher temperatures and therefo~e at 631°C an extrapolated 

curve gives a maximum pressure of 5.8 Kbars. This figureJ 

in spite of the above limitations, agrees well with other· 

methods. 

Garnet-hypersthene Geobarometrl 

The solubility of Al in orthopyroxene,in equilibrium with 

garnet~decreases 0ith increasing pressure at constant temp-

ature. B.J. Wood (1974) has experimentally developed a 

geobarometer using ( x:f opx) over a range of pressures 

(8-30 Kbars) and temperatures (800-12S0°c). Garnet and 

hype rsthene exists- in equili~rium commonly in the K3 and Kl 

assemblages and rarely in the K6 area. However, the 

pressure-temperature conditions do not allow the quantita­

ive use of Wood's (op cit) barometer. Nevertheless, the 

x~f for the hypersthene in equilibrium with almandine have 

been calculated and can give relative pressure conditions. 

The results are: 

x ml o.2so (mean, n=6 S= 0.034) 
Al = {P~Kl»K6) 

K3 Area: 

x mI = 0.269 {mean, n=S o.oos) 
Al 5= 

(P~ K3:>'> 1<6) 
Kl Area: 

KS Area: x mI = o.669 {mean, n=3 0.004) Al S= 
{P<< K3~ Kl) 

The K3 and Kl garnet-hypersthene assemblages have equilibrated 

at pressures which are in the same range. This agrees with 

other results (See 3.1.2. and 3.1.4.). 
The pressure at KB appears to be lower than in the other 
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SPHALER!TE WITH PYRITE ANO 
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i=13,79 (s=0,61) + (n:J6) 

16 14 12 10 

Mol •r. FeS in Sphalerite 

ASSEMBLAGE NOT PRESENT IN AREA K 

i = 12,86 ( s: 0,17) 
"' ( n= 9 ) 

14 12 10 

8 

I J-.,. •., 

ALL SPHALERITE 
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Frequency 
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areas (the X :f - pressure relationship is not lineat)which is 

The presence of hypersthene in the K6 area is rare and 

the above figures were calculated from one garnet-ortho­

pyroxene pair found in specimen RKG 217. 

Sphalerite Geobarometr¥ 

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 1967 and Boorman, Sutherland 

and Chernystev 1971) has disproved its use as a geothermom-

eter. However, the FeS content of sphalerite is a useful 

geobarometer3 One criterion essential for geobaromstry 

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 could 

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 

hexagonal pyrrhotite and pyrite. This was shown to be 
I 

effective in the Ruttan Mine, Manitoba (Bristol 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 Mines Noranda;and Ethier et.al 1976 

at the Sullivan Mine, British Columbia) the method was 
found to disagree with the silicate geobarometers. In 
both cases the FeS content of sphalerite was highly vari­
able and because of lower greenschist f~cies metamorphic 

conditions it is unlikely that equilibrium was reached. 
In a recent publication (Stumpfl 1980) the author dis­

cards the sphalerite geobarometer as unreliable; however, 
the weight of evidence from other workers does hot agre&.· 

The method was applied successfully on ores from the Ruttan 

Mine, Manitoba {Bristol 1979); Bodenais Ore, Oavaria (Boctor 
/ 
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1977); Anvil Ore Body, British Columbi~ (Campbell and 

Ethier 1974) and in the Balmat-Edwards District, New 
York (Brown et:aL 1978)p 
The presence of Cadmi~m, copper and manganese in sphalerite 

can lead to erroneous results (Brown et al,1978). However, 

with contents less than 1% MnO, CdO (as is found in Kielder 

sphalerites) the geobarometer is not affected. The 

presence of copper within the sphaleriteJand as chalco­

pyrite exsolution blabs and rims,has an insignificant 

effect on the pressure determinations (Hutchinson and 

Scott 1978; Wiggins and Craig 1980). 

Hutcheon (i978) has calculated P-T-X relations of the 

pyrite-pyrrhotite-sphalsrite asnern~lage frcm pyritG­

pyrrhoti te equilibrium, molar. volumes and activities 

from sphalerite solution modelso These calculated iso­

bars agree well with BristoJ:s ( 1974) and Scott's ( J. 973) 

experimental work. In this study the isobars published 

by Hutcheon (1978) have been used to calculate the meta­

morphic pressure. 

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 as described 

by Scott (Scott s.o. 1974 Sulfide Mineralogy: Short 
course notes) was used to identify hexagonal pyrrhotite. 

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 grains,usually with a vari­

ation of ~D.1% Fe within grains. 
The results, together with the overall mol.% FeS content 

of sph~lerite 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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(i = 13.79 s=D.61 and i = 12.86 s= 0.17) contrasts 
markedly with the oroad distribution of the overall mol.% 

FeS (standard deviations for the KG, Kl, K3 areas being 

l.DB; 1.82; 1.63 respectively). 

These results are plotted on the working curve (Fig 0 4) 

established by Hutcheon (op cit), using temperatures 
given by the garnet-biotite geothermometere Because of 

the absence of pyrrhotite in the Kl area,the sphalerite 

geobarometer was not employed there. It is of interest 

that if the mean Mal.% FeS in the Kl sphalerites is used, 

the pressure is approximately equal to the K3 ar~a (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). 

Results 

Although the garnet-biotite and garnet-cordierite methods 

disagree by only so0 c in the Kl area,the garnet-biotite 

geothermometer results ar~ quoted because: 

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

in sufficient abundance to allow perfect pairs to be 

selected; whereas garnet-cordierite pairs are rare and 

only found in the Kl areao 

(ii) There was no zoning in either mineral, this with 

the petrographic observation suggests an equilibrium 

assemblage; whereas zoned cordierite introduces uncertainty 

as to the equilibrium and retrograde effects. 
(iii) The results agrse wi~h the metamorphic mineral 

assemblage for the given temperatures and pressures 

(Winkler 1974)0 
(iv) Water in the cordierite lattice has an unknown 

effect on the analyses. 

The results are: 

AREA K3 AREA Kl AREA K6 

682 - ?08°C 656 ~ 716°C 560 - 620°C 

(mean 695~C) (mean 686°C) (mean 590°C) 

5.9 - 6ol Kbars s.s Kbars 4.9 - 6.4 Kbars 

{mean BoO Kbars) (maximum) (mean S.6 Kbars) 
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The ~incral assemblages and metamorphic 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 un­

equivocally in the Regional Hypersthene or Granolite* 

High grade zone as defin~d by Winkler (1974). These 

assemblages and P-T conditions agree also with the observ­

ations of other workers (Ghent et.al 1979, Selverstone 1980 

and Mehnert 1972). 

The conditions of pressure and temperature of the three 

areas are plotted on Fig.lOo 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 {N6 Kbars). However, as is found in most other 

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 reftect ed in the 
mineral assemblages. 

(i) Abundant hypersthene in the K3 area; rare hypersthene 

with occasional cummingtonite in the K6 area (th~ ~etro­

gression of hypersthene to cumrningtonite;also noted by 

Himmelberg and Phinney 1967). 
(ii) The K6 almandi_ne-garnet has a higher spessartine 

component than elsewhere. 
(iii) The presence of sphene in the K6 area. 
The diagnostic granulite minerals with the pertinent 

characteristics are listed below. These can be seen to 

match the mineralogical features listed by Winkler (1974; 
pft 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~ 

* 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 

labradori te (occasionally oligoclase) , also exhibits 

exsolution phenomena~ However, the lamellae form 
only 5-10% of the rnineralo The more Ca-rich plagioclase 

is found in the more basic rocks (i.e. amphibolites)~ 

indicating that the plagioclase composition is controlled 

largely by the bulk chemistry of the lithology r~ther 

than by P-T conditions. 

(iii) orthopyroxene - is nearly always hypersthene, · 

strongly pleochroic with Al
2
o3 varying from 6-12%(See 

Appendix IV). · Bronzite is occasionally intergrown 

with hypersthene (See Plate D Appendix I). 
(iv) clinopyroxene - usually a pale green hedenbergitic 

variety (low in Fe 3+); the A1 2o3 contentJhowever,is not 

kno.wn. 

(v) garnet - usually almandine with the pyrope and 

grossularite components varying inversely (MgO l-B%s 

CaO l-5%)(See Appendix III). The spessartine component 

was significantly higher in the K6 area, varying between 

3 and 14% MnO (MnO in K3/Kl area was 1-3%). The garnet 

grains were not significantly zoned, in contrast with 

Turner's (1968) observations. 

(vi) hornblende - is usually green to olive-green and 

rarely brown. Green hornblende from the K6 area {specimen 

RKG 298,See Appendix·rir) proved to be iron-rich. Heinrich 

(1965) observes that green hornblende is characterized by 
high Sio2 , low A1 2o3 , Na 2o, K2o and Ti02 o According to 
Winkler, however, granulite grade hornblende usually has 

higher Tio 2 ,.and therefore would be a brown colour. 

(vii) biotite - usually rich in Mg and Ti {MgO 8-16% 
and TiO 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)e The biotite also 

appears to be of two generations; the first as ~ntergrowths 
with hyp6rsthene (See Plates A and c, Appendix 1) and the 

second as skeletal intergrowths with quartz and feldspar. 
(viii) Al 2Si05 polymorph - is almost invariably sillimanite; 

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 ~edimentee somewh?t r5ch~r 

in iron.than these yislding pleonaste (Deer et.,&l 19GG), 

is a common accessory in most of the Kielder wall rockse 

The occurrence of hercynite with iron-rich cordie~ite 

(See Plate AJ, Appendix I) is common and is a probable 

metamorphic product of chlorite rich rocks (at 6?5°c 

and 7 Kbars chloritoid breaks down to form iron~rich 

cordierite + hercynite +vapour, Winkler 1974). Hercynite 

and magnetite solid solution intergrowths are ubiquitouso 

Cordieri te, a common mineral in the wall· rocks of all 

three mineralized zones>also occurs in the sulphide 

·' ~nits and has been shown to be higi1l y magnes:ian rich> 

but .. the cordieri te in the wall rock is slightly more 

iron-richo This is presumably due to it's recrystalli­

zing with the iron-rich sulphides which have "captured" 

most of the iron. 

A typical wall rock cordierite (150m below the sulphide 

zone) and a cordierite occurring within the sulphide 

zone are compared below: 

Element 

SiD2 
TiD2 
AJ.203 
FeO 
MnO 
MgO 

cao 
. Na2o 

K2D 
H o+ 

2 
TOTAL 

I 
I 
I 
I 
I 

I 

Wall Rock Cordierite 
(RKG 190) 

4706 
o.o 

33.4 

6.4 

D.17 
8e96 

o.o 
0.14 

o.oJ.s 

Sulphide Zone 
Cordierite .. 
(RKG 211) 

47.7 
o.o 

33.l 

0.,70 

Oe30 
13.,57 

o.o 
0086 
0 .. '21 

96.44 

Scottish 
Hornfels 
Cordierite 
{Deer, Howie 
and Zussmann 

47.69 

tr 

32.52 

8a50 

0.,04 

7o56 

o.s2 
Oe53 

0.42 
1.85 

99.63 

The magnesian cordierite found in the sulphides (and their 

immediate wall rocks) are considered to be metamorphic pro­

ducts of the chlorite alteration zone) typically associated 
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with massive sulphide deposits of thi~ nature; whereas 

Lt.~ r~l&Lively iron-rich cordierite is typical cf mota­

morphosed, argillaceous>iron-rich sedimentse 
The element partitioning between almandine and cordierite 

has been discussed at length in Section 3.lo2.>where it 

was shown that pressure is a co~trolling factor i~ the 

cordierite-garnet paragenesiso The presence of garnet­

cordierite pairs, found only in the Kl area, also reflect 

the higher MgD/FeO and lower CaO than in the K3 and K6o 

The garnet chemistry and overall mineralogy also supports 

this observationJicee the Kl pelitic rocks were magnesium 

rich and lower in calcium. 

The tendency to more soda-rich amphiboles (edenite as 

found in Kl hanging wall and southern and northern granu­

lites) is often found in granulite grade rocks (eogo 

Marydale metabasit~s, Cornell, 1975). The reaction can 

be seen as follows: 

albite actinolite edenite 

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
formJcoarse-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 1968) has replaced ilmenite in some of the Kielder 
rocks (See Plate BQ, Appendix I). Zoning in the cordierite 
grains probably reflects retrograde temperatures of 530-5G0°C 
(See Section 3.1.2.). Consequently• these retrograde over-· 
prints obscure many of tt1e high grade assemblages with 
virtually ubiquitous hornblende and biotite. 
The Kieldar hornblendes>which have lower TiD 2 contents than 
generally rBported (Heinrich 1965, Winkler 1974) for granu­

lite grade rocks>also suggest a retrograde origin. 
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Turner (1968) quotes some typical gra~ulite grade assemblages 

a11ci til1'liJ: ~.1i:obabj.e parent lii:.nologies; some of these are 

found ~t. Kielder and are listed below: 

Granulite Assemblage~ Parent Lithol6gy Equivalent Kielder/ 
Unit 

----~ . - ·- I 
(i) quartz-perthite- aluminous Kl-unit 8 I 

plagioclase sediment K3-units 5 & 14 • 
sillimanite +(garnet) KG-unit 5 I 

(ii) quartz-hyper:thene~:----- ----sedimentary-- i----Ki-unI t _3___ i 
garnet-plagioclase {arkose) or K3-units 6s8 & l~ 
± (perthite) igneous rocks KG-unit 5 

-------------------------~-- --------------- --w ----- ----- - -----------~------
(iii) p lag i oc lase-hype rs then e noritic K3-unit 12 

diopside (quartz ~ igneous KB-unit 9 
orthoclase) . rock 

Assemblages quoted by Winkler, 1974, which h~ve formed under . 

granulite grade conditions are listed below: 

Granulite Assemblage_ Parent Lithology Equivalent Kielderj 
Unit 

In all cases add 
{Quartz+K-feldspar+ 
plagioclase+magnetite) 

(i) almandine-cordierite pelitic rocks I t<l-units 2,6 & 10 I 
biotite and greywacke ~ . 

peli tic rocks (K3-:uni t~-6, is _____ i (ii)almandine-biotite-
hypersthene and greywacke I Kl-units 6,10 I 

·--
pel i tic - r ocl;~-1-{ ~=~~~ t ~~{----· -1 (iii)cordierite-hypersthene 

biotite and greywacke Kl-uni ts 10, 6 & 4 ! 

The major and trace element evidence for the igneous and 
sedimentary parentage of the amphiboli~e units and some of 

the granulites will be discussed under Section 4.2ol. 

Table I incorporates the geochemistry and the foregoing 

discussion on metamorphic mineral assemblages to give the 

original lithologies of each area. 
Metarno_FP .. hic Textures of the Wall Rocks 

The textures observed in the. petrographic study and described 
ih Appendix I ate 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 acco1npanied by severely strained quartz grains. 



TABLE I. SUGGESTED PARENTAGE OF THE KIELDER METAMORPHITES 

r--U 't N l 1rn 0.,1 Name Premetamorphic Lithology 

1 Felsic pyritic Gneiss Pyritic quartzite 
-- ----- -- --····-···. ··---···· ·- ·······-·-- -··---·-· ---------------·-·-- ... --···--------·-----·-

I 2 I Hyperathene-cordieri te- 1 Chlori t e al tera ti on zone 

•------ --------t-!>Y_X:_~-~~~--g-~':1.~u~i te +~--':L'-~ ~~ -~i:sem_i_na ted PX:r'i te 

I
I 3 · Sillimani te-augen I Disseminated pyrite miner-

~ 
py~itic gneiss alization in aluminous 

1 j quartzite 
1--- ----·------- -··--------------------- ----------------· ------·------- ··-----·- -
I 4 I Banded bioti te gneiss 1 Arkoslc sediment 
I- ---1--··-··--·-- ----·-- -·-------------·-----------t--------------------------'- ·---···- --·---- -- ·---·-· 

I 5 I Felsic Sillimani te I Quartzite minor aluminous 
(14) I gneiss . component 

t----------1,-·-------- -----····------·-
l 6 i Hypersthene-quartz Daci te or· pel-i tic r-ock 
I · I garnet granulite I i ----- ·---~·-~-----··---------~-- ... ~--·----·--·-------

!-~ ~t ::~~~~~~1~~St1c------· -~::~:~-~-~~-~i-~
81~-d{·~~-;·t ________ _ 

I hypersthene-biotite 1 (supported by geochemical 
l granuli te I data) 

·----11------------------------------------..,..---------------------.. ·-·----·-·· -·-·--· -·- ·-·- -· ... --

[ 
9 ,

1
> Cordieri te-hypersthene ' Chlori te alteration zone 
; quartz granulite f (minor disseminated Py) 

, ----10 --;--au81:t-;-:c-~r-ci-f~-z.i t~=------,--chi-~-~~1 t;--~1 t-~-~~-t-1;-;·-~~~;---·-
1 sillimani te granuli te I with disseminated sulphide 
I I (Py) 

11 
~-----------------------------------·-·---·· 

Massive Sulphide and ! Massive sulphide with 
intercalated siliceous 1 chert lenses 
zones 

12 l Diopside plagioclase j Nori tic basic igneous rock 
! granulite ! 

L_ _____ l . ---------·--·-··---.. ---- --f-·--·--------·------------ --L 13 I ~~-~-~;!"-~-~ pe~s the""__ ____ i Pe liti_:__~~~~~~~k~--- _ -----

j 15 I Banded bioti te gneiss ~Peli tic greywacke 
I I I 

1 Banded bioti te gneiss I Peli tic greywacke 
------------- ------ _______________________ . .; ____ .. ___ - ---------------- --· - --- --

Amph i bole quartz l Pelitic rock 
granulite . 

-----·---------· ---------- --------------------- --------· --~-------------

2 

3 Quartz~bioti to gneiss ! Arkosic quar·tzi te 

----··----·-·---· ___ ---------·-------- ----~----~~~-- p OS ~i b:.~-~~-=! te ) ______ _ 
4 Hypersthene cordierite 

1

. Pelite 
biotite gneiss 

--s--·---~~-~~;-~~~~:r!~c:-18~-~-- -·· --r----Greywack-~-- -------· ---- ··-------- ---

--------·-·--------.. --.. --------·-·- ·---- --·- -- -------.. ------t---··---·-·----------- .... --·-··--···--·-·· ..... 
Quartz-cordierite '! Chlorite alteration zone 
granulite 

,___ _________ -----------------·------ ---·!-----·- ... -·--·-------------·-··-·-----·-····-- .. ------ ··-· ----

' 

7. Massive Sulphide I' Massive sulphide mineral-
ization in strongly 

L_____________ L chlori ti zed rocks 
--------------·---- -·~- -----· -- ---------------·--------·------ - -·-·- ---· -

6 
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AREA Kl CONTTNUED~ 

______ __,,_~~ ,...,.,.;-_...,_,.II< __ -4 -----~~·---· ., __ ...,...., ..... ·---............ -------.. -----

Unit No.! NamE . Premetamorpilic Lithology 
i--~~--~i--~--~~--~---~--~~~~~~"'!"."'' ~ - ~~~~~· 

,B_REA ~: 

j__ ~-·-l-~a~!-~.:~ ~!-~~_?a_:__~~=~.:_:_ ___ -----~ r~~-~-~c met~- s e d 1. m_e ~_! __ _ 
. 2 I B~-~~-~~!..:_~!-~~-:-~--~-~~~-ss _______________ Gr_:X~~·a~~-=-----·-----·-·· ____ _ 

-q~~~~i:a~i~~~=:a~io:-= -1~~~{~IIHE~;~:;~?~
0

==:-
5 Felsic sillimanite gneiss Arkosic quartzite with 

some chloritic alteration 
·----r-·--·----···----··-·-··------··--------------

A mph i bole-hype rs then e Pelitic greywacke or aacite 
granuli_te 

6 

7 Massive sulphide Massive sulphide 
--·---··-·--·-·--~-~-· -·-~--~--. ---------····------------- --- ~·-·- -- --- - -·-·-----·-

8 Felsic stringer sulphide Cherty rock with 
zone disseminated sulphide 

. pyrite and galena, 

t--r--Ma gn-e tit e porph yr itiC-~---r--~~:~: ~i{i~ t ~~sa it----··--------' 2--t--~:~~::~~::-11-et gnei5_5 ____ · 

1

. ·-c;-i~-;Y-wacke _________ ---
1 I . · 
-----------------------------·---~---~·~--



- 33 -

The broken crystals are often accompanied by chemical de-

grad~tion to biotiteo 

observed in the K6 area (See Plat~s AV and.BE, Appendix 

I) only& Harker (1939) explained the presence of shattered 

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 of quartz 

and feldspar is common in the more acidic granulites. 

Numerous pegmatitic lenses and veins are characteristic of 

the felsic sillimanite gneiss unitp the contacts are grada­

tional, and in places the felsic gneiss and pegmatite are 

difficult to distinguish. The partial melting of the 

more acidic rocks is to be expected at these P-T conditions 

(Barth, 1962; Chappel and White, 1977; Fershattet, 1977). 
The aligned platy and acicular minerals, ribbon like grains 

of quartz
1
,and twinning in the hypersthene (See Plate H, 

Appendix I) indicate that most of the metamorphic minerals 

crystallised during a period of deformational stress. 

Howevert some stress was present after the main prograde 

metamorphic -event. The weakly foliated amphibolites (retro­

grade products) and strained quartz grains illustrate thisc 

Isochemical Metamorphism 

Considering 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 important to consider the question 
of isochemical metamorphismo 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.eo 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 a~d other minerals~it is 
apparent that a lower grade overprint exists on these rocks. 

Isochemicel metamorphism cannot therefDre be assumed, although 
certain elaments (See Section 4~2.) may have remained immobile 

notwithstanding the movement of water,and the more mobile 
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elements. 

_.3,.36 · iJf,ects of 1'1etamorg_hism 

The slight metamorphic 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 conte~t of sphalerite are due to different P-T 
conditions, 

The behaviour of massive sulphides under metamorphic 

conditions has'been studied extensively (Stanton, 1959; 

Gilmourt 1965; Mc0dnald$ 1967; Vokes, 1971; Sangster$ 

1972; Mikkola and Vaisanen, 1972; Rockingham and 

Hutchinson, 1980) ahd the Kielder bodies provide further 

excellent examples. 

Mobilization ... _ .. _ 
The Kielder sulphide horizons have remained essentially , 
stratabound and support Vokes (1971) observations· that 

mobilization of the ~ulphide elements involve distances 

of 1 - 3 meters, if any at all. In both casesJwhere 

mobilization appears to have occurred 1it is difficult to 

prove that a primary halo was not present prior to meta­

morphism. In the K3 area,disseminated iron sulphides 

form a halo 15m into the hanging wall granulites. 
The pyrite and pyrrhoti te {Py /Po r:J O .10.) reach a maximum 
of 10% (by volume) up to 2m from the ore zone and gradually 
decrease to 1-2% at !Sm from the massive sulphide contact, 
with a Py/Po ratio of rv2.0. 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 

contact. 
In the K6 area galena occurs as veinlets and fine dissem­
inations {See Plates BN, BON, Appendix I) in the felsic 

~tringer zone (Unit 8? Appendix I). The silver content 

ia. not higher in the "mobilised" galena as was observed 
by Vokes (1971) for massive sulph~des in general. 

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

I 
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that the felsic stringer zone contained galena prior to 

metamorphism. Consequently,the veins and disseminations 

bie:re w11l >' ... ~,ul1iseu cen l..i.111E:d::.J:8s J. . .., i..i 1i::r U 1C1n 111et1·es Q The 

chalcopyrite which occurs with the galena has been affected 

similarly. 

3o3
1

..,1o211 _ Mineralogical[Chemical Eff~~ 

An important chemical effect that metamorphism has had on 

the sulphide zones is the variation in the iron content 

of sphalerite (discussed fully under Section 3.1.411 Sphalerite 

Geobarometry)~ 

The results of microprobe analyses of 109 sphalerite grains 

can be seen in Taqle II. The colour of the sphalerite in 

transmitted ligh·' is dependent upon the iron content and 

varies from a deep red-brown to pale 11 biscuityn yellow., 
However,becaus~ it is critical to the colour variation in 

thin section,thickness precludes any quantitative measure­

mentse The sphalerite colour/iron content relationship 

has been researched extensively and in only one case 

(Roedder and Owornick, 1968) was the relationship reported 

to behave unsystematically. In one thin section (RKG 99) 

two types of sphalerite occurred within D.5mrn of each othero 

A pale yellow sphalerite (4.56% Fe) was in contact with 

pyrite only)while a deep red sphalerite (B.47% 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). The revers~ (i.e. hexagonal lamellae) is also seen. 

Because the monoclinic variety is not stable above 26D°C 

and reverts upon cooling to the hexagonal variety,this 

te~ture formed during the cooling frcm higher temparaturcs. 
Pyrrhotite polymorph ratios have been used to reveal latent 

mineralogical zoning (Hutchinson, 1979) 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 or lateral) of the pyrrhotite polymorphs 
was observed in the K3 or K6 bodies. However, in the K6 
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area hexagonal pyrrhotite was more often present than in 

K3, where the hexagonal/monoclinic ratio appeared to vary 

randomly. 

The desulphurization of pyrite to pyrrhoti t e~ ( Fes 2 ~ Fe1_xs 
+ 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 overprinf of marcasite on pyrrhotite (See 

Plate BG, BL, Appendix I) the pyrite-,,.._. pyrrhotite reaction 

could not be readily observeda It is not possible to 
distinguish between primary and secondary pyrrhotite and 

assuming that the metamorphic pressure gradient between 

K6 and K3 W3S not sufficient to produce significantly 

different Py/Po ratiosJthen it is suggested that the K3 

area may have had considerable pyrrhotite prior to meta­

morphism. This will be discussed in Section s. 
Rutile occurs as discrete grains, occasionally with pyrrhotite, 

within the massive sulphides and the immediate wall rocks 

which contain ~2% disseminated sulphide in the K3 and KG 

areas. Rutile has been used as an indicator of sulphur 

fugacity (ilmenite + ~s 2 = pyrrhotite + rutile + ~o 2 ) 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· is no correlation between 

the zone thickness and the rutile presence. However, the 
absence of rutile from Kl, the least well developed 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 9) of the KB massive sulphides 
does not contain rutile but sphene, which occurs as halos 
around euhedral magnetite (not the ilmenite/magnetitG grains). 
(See Appendix I). These observations suggest a low sulphur 
fugacity around the Ki~lder sulphide zones. 
Gahnite, which is found as fine inclusioris in sphalerite in the 
most zinc rich portions of the sulphide zones ,is typical of 
metamorphosed z~nc deposits (e.go Broken Hill, N.s.w.) and has 

~en ascribed as a reaction product of sphalerite and aluminous 
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silicates" 
The preseric~ of phlogopite in the sulphide zones and 

immediate wall ~eeks alsc ~uggest a ~eaction between 

oangue and sulphides during metamorphisme The gener­

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

been noted in North American ores and in the Kielder 

sulphides two generations 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 p~rphyroblastic 

growth of pyrite at the expense of pyrrhotite. 

Poikiloblastic grains of pyrite occur in the Kielder 

massive sulphides and enclose ether sulphide mine~als 

and gangue. A similar phenomenon wa~ observed in the 

Geco ore (Suffel, et.al, 1971) and was taken as evidence 

for the premetamorphic presence of sulphide. An epigenet­

ically introduced sulphide phase would not enclose both 

primary silicates and "later sulphides"c 

The sulphides (if massive) are totally oxidized to gossan 

down to depths of 90-lOOm as is the case in other massive 

sulphide bodies below the Bushmanland surface, namely 

Gamsberg (Rozendaal, 1980) and Copperton (Blain and Andrew 

1977)$ 

Partial oxidation is present between 100-150m below surface. 

Pyrrhotite is altering to marcasite (See Plate BL); 

sphalerite, pyrite and chalcopyrite to limonite; chalco­

pyri te has intergrown covellite,and the magnetite euhedra 

are altering to hematite (See Plate BA)o 

The process from fresh sulphide to gossan is not studied 

in detail here because of lack 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 (1977). 

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 antigoritet Plate G, F)s cordierite (to pinite), biotite 

(to chlorite) and plagioclase (to clay minerals). 



TAGLE IIL, 

lsuLPHIDE DEPOSIT METAMORPHIC GRADE ·I PYRRHOTITE 

--~---- ·=---·a$---1---2.I ZE_. (.!;:ru 
GRAIN 

Kidd Creek* lowef green-schist 

--------+---- J 
X = Oa031 

(S Dc03) 

----~· . __ (_n __ ;_!~~~l__ _______ _ 
Lake Dufault* greensch.ist­

amphibol i te 
I X = Ocl2 

(S =--= 0.,063) 
(ri =--= 500) 

Hood River* 

Ge co* 

K6 

lower amphibolite 

----+-------------

amphibolite 

x = 0.12 

(s = o.oss) 
(n = 515) 

x := 0"53 

(s = o.26s) 
{n = 505) 

-- --=-·--·--···--··----
granulite grade I x = o.s4 

---r-----·------

(590°C; 5,,6 !<bars) i (S = 0.,34) 

!-------·---------· I < n - 15) 

K3 granulite grade 
(695°c; 6.0 Kbars) 

x = 1.,05 
(S = 0.,55) 
(n = 121) 

·------------·----------:.. r ---- - ~,,.,. . 

(* Data after Rockingham and Hutchinson 
(1980)). 
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Textural Effects 

Th;;i stud; JY l\cckin9;1a111 C:4f1u iiLi..;~l1iii~u11 \~1.38C) of i:.he 

textural features of metamorphosed sulphide deposits 

has provided excellent comparative data for this study. 

The sulphide giain sizes provided the most reliable 

textural/metamorphic g~ade relationship. The other 

textural features (grain intergrowths, grain boundaries) 

are not sensitive enough to reflect the P-T variation 

between 1<3 s- 1(1 and 1\6 • Pyrrhoti te·, because of its 

anisotropic nature was the most useful mineral. ihe 

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 

.overcome crystallobJastic 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 dif~iculty in standardising 

the etch effects. The grain size>neverthelesS;, is 
qualitatively observed to increase from K3 to K6. 

At this grade of metamorphism the sulphide minerals 

have totally recrystallised and no relict primary textures 

were observed. 
Triple junctions in polygonal masses of pyrrhotite were 

measured and found to be a very uniform 120° . (See Plate 

BM). This was found to be the case for all metamorphosed 

sulphide deposits of higher rank than greenschist facies 
(Rockingham and Hutchinson, 1980; Sangster ·and Scott, 1976). 

The exsolution features and intergrowths between the major 

sulphide minerals are typical of high grade metamorphic 
facies. Chalcopyrite exsolution blebs in sphalerite are 

very common (See Appendix I); the exsolution is more marked 
in zones of higher overall copper contente This effect 

could also be observed on a microscopic scale where the 
sphalerite grain abutting chalcopyrite carries a heavier 

concentration of chalcopyrite (See Plate BG, Appendix I). 
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This effect has also been noted in the Normetal Mine, 

of latent zoning effect~ This latent ~oning is evident 
in K3 sulphide body but not in the Kl and KB. The 
chalcopyrite blebs are ~elatively coarse c~ o.04mm),and 
as in other sulphide deposits of this metamorphic grade 
are rod like and in places continuous (illustrated in 
Plates S and BF). 
Pyrrhotite exsolution blebs in sphalerite are relatively 
rare and tend to occur in grains of sphalerite fr~e of 

chalcopyrite. Rockingham and Hutchinson,(1980),observe. 
a tendency for the pyrrhotite to chalcopyrite (blebs in 
sphalerite) ratio to increase with metamorphic 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 
studied by the above authors, contain very few sphalerite 
grains with pyrrhotite exsolution blebsc The Kielder 
sphalerites therefore refute the above author/claim that 
the Cpy/Po bleb ratio reflects the metamorphic grade. 
However, it is interesting to note that pyrrhotite blabs 
occurring in sphalerite occur only in the K3 area, which 
supports the earlier speculation that the K3 had pre­
metamorphic pyrrhotite (See :Section 3.3.1.2.) 
The distribution and grain shape of chalcopyrite (and 
pyrrhotite) blebs in sphalerite are controlled by twin 

·planes and grain boundaries (See Plates s, BF, Appendix 
I) within the host sphalerite. 
Other sulphide mineral intergrowths are not as common, 
although sphalerite in pyrite (Plate N) chalcopyrite in 
pyrite (Plate BH) are found. 
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 polygonal 
grain shape (120° ) of the parental pyrrhotite (See Plate 

BL). 
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Etching of the polished thin sections reveals strongly 

twinned sphalerite and galena_,again typical of stra~ned 

sulphide bodies (Ramdohr, 1969)# 

The apparent order of crystallisation of the chelcopyrite­

pyrite-sphalerite varies according to the relative abundances. 

Where sphalerite forms a minor phase it occurs between the 

ouhodral pyrite and chalcopyrite (See Plates BG, BH and AM). 

Whereas where chalcopyrite is a minor component it occurs 

as an intergranular phase between pyrite and sphalerite 

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

Stanton (1972) fuha ascribes it to different interfacial 

free energy ratios altering the idiomorphism of a particular 

minerale This effect neccesitates e great deal of caution 

when attempting to unravel a paragenetic sequence within a 

metamorphosed massive sulphide section. 

The mineral zoning seen in the sulphide zones cannot be 

taken (when primary textures have been destroyed) as a 

simple paragenetic sequence (Larges 1977) as there is over­

lap in the precipitation of the different layerso 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 KB (See Plate BP) is considered by Ramdohr (1969) to_be 

a fairly common high temperature phenomenon. 

The durchbewegt "kneaded" texture described by Vokes .(1969) 

and seen elsewhere in metamorphosed sulphide deposits(Geco Mine, 

Suffel et.al, 1971) is common in the Kielder·s~lphide deposits. 
These "balled up" silicate-rich patches are, enclosed in coarse 

grained granoblastic ~ulphides ~nd tend to have irregular 

corroded rims (See Plate AL, Appendix I). Th~se silicate 
balls in the massive sulphide are typically l-5mm across and 
generally rounded in shape; usually consist. of 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, 1974) and escribcd to 

primary slumping of unconsolidated sulphide sediment is 

unlikely to have been p~eserved here and no te~turcs of 

this description have been noted. 

The effects of deformation on the macroscopic form of 

the sulphids zones cannot be accurately judged due to 

insufficient drilling., In the Copperton ore body, rapid 

pinch and swell of the ore zone is very common (pers 0 

comme Copperton mine geologists), although the. ore remains 

within one stratigraphic horizon. It is assumed that 

the Kiel~er ore bodies are similarly affected(as described 

by Sangster and Scott, 1976, p. 190). 

Banded Iron Formation 
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& 
TABLE IV. GARN~T COMPOSITIONS IN B~I.F. (PT/5 No.RKG 240 
(c~~T·l_~-~~- . 1~_£.b . .f\TE~ .. r-..1\L,_i\~L-~~ 

SiO · 
2 

Al 2o3 
FeO 

MnO 
J'fJgO 

cao 

L/\YER 3 6i 

I' U·\YER t;. 

3 Grain l 1
1 

2 1
1
; 3 ! 4 j: 1 I 2 

' l ' ! . 
36.74 136.85 i 36,.67 i 36.951· 36069 '1 36.87 36.72 
19 0 41 llS.55 i 18,.92 I 18.85 : J.9.26 19.91 19.,78 

I I I 1
1 

11.49 113,.12 i 12.07 111.97 I, 15068115.17 I 15,.52. 

22.,64 121.32 l 22,,27 122<)191; 21.74 l 21 .. 92 21.80 

o.5o , o.57 j o.55 I o.t1s1
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1.561 1.231 1.43 
9_~.Pl !~[·2..s J 9.~7_.: ~._£!4] 1_~~.93 1 s .. 7_3.L ... s_.,_69 __ _ 

TOTA~ --~OOcOO J~_:9~~1~:~.~-fooG2s /.,~co.61J100 .. _ss j100.9~_L~·~ 
Th8 ninbed 11 . ve.riation is illustrated in Fig. 88) and the across 

bed variation.in ·;, garnet composition in Figo BA. The Ca 

and Fe show a greater variation than does the Mn and Mg, 

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

Coarser bedding (D.5m) exists in the B.I.F. unit with 

quartz rich bands alternating with quartz poor rhodonite 

bearing bands (See Appendix I). 
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Within the B.I.F. units (See Plate AX) larger· garnet grains 

(0 0 4-G.,51om) have a sJ.ightJ.y oifferern:. eppearance ir. that 

they have no inclusion-packed centre and there is more size 

variation than for the smaller grains associated with the 

magnetite. These grains sho~ a variation in composition 

(Cao 2.57..i,. 6065%; !YlgO 2"12-+3.,97%; FeO 17 .. 9~16.,34% and 

Mn 17045~1?.,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 effects probably add a further vari­

abl~. Although Stanton (1972, 1978) states that the "well 

known" zonal variation of garnet composition with respect to 

MnO and FeO is common in metamorphic rocks, this was found 

not to be in the case of Kielder gneisses or B.IgF. 
Yardley, 1977, established that garnets within metamorphic 

rocks which have suffered temperatures >7D0°c have undergone 

diffusion and any zoning has been obliteratedo Retrogression 

may impart a "zoned" edge to the garnato This confirms the 

geothermometry results (See Sec ti on 3. 1o5 o) . (This would 

agree with Stumpfl's (1979) findings that at higher grades 

of metamorphism zoning in garnets is rare). 

The sulphide minerals in the B.I.F. (See Appendix I) exhibit 

the same textures as in the major sulphide horizonse 

The original iron-rich sediment probably consisted of quartz, 

iron-oxides, rhodocrosite, siderite, manganiferous 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) 

MnC03 + Si02 ~ 

rhodocrosite 
quartz 

MnSio3 + co2 
rhodonite 

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 Si4 D1o<DH)2 = (Fe,Mg)7Sis022<0H)2 + 4Si02 + 4H20 
minnesotaite actinolite quartz 

Thu· amphibole contains sitjnificant amounts of MnDo 

The garnet was derived in situ from impure manganiferous 
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chlorite of chamosite type and tho biotite from glauconite~ 

It would appear that the garnet composition in particular; 

and the overall mineral assembla~e,have been influenced by 

the original fine banding in the parent rock and that dif­

fusion of elements has taken place only over minute dis­

tances (<5mm)o 
It is unlikely that this conclusion could b8 applied to the 

other mineral assemblages considering the refractory nature 

of the B~I.F. 



4.1. Introduction 

Major ~nd trace element compositions of amphibblites and 

pyroxene granulites were obtained as ~ further attempt 

to identify parent lithologies and in the case of igneous 

varieties,to predict the premetamorphic tectonic setting. 
Furthermore, trace element geo~hemistry will be used to 

evaluate a possible correlation between pyroxene granulites 

associated and not associated,with mineralizationo 

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, Als P, Mn, Y, Zr, Cr, Co, Ni, 

Nb, Mg and the rare-earth elements (Dostal and Capedri$ 

1979; Davies et.al., 1979; Brooks and Coles, 1980)~ 

Past research (Orville, 1969; Armbrustmacher, 1977; Beach 

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

suggest that isochemical metamorphism, per s~, is seldom 

attained, particularly at granulite grade conditions. 

In addition hydration of granulites during retrograde 

metamorphism may compound the problem of chemical _mobility 

(Beach, 1974; Plimer, 1975 and Condie et al., 1977). 

Concerning this important issue of the chemital mobility, 

techniques devised by Oeswick and Soucie (1978) and Davies 

et al 0 ( 1979) have bee'n evaluated. These authors have 

used a series of cartesian plots of immobile/mobile element 

ratios to demonstrate the behavioui of various (both major 

and txace) elements in a particular rock assemblage which 

has undergone metamorphism. Frir example, a plot of 

A1
2
o3

/K
2

D versus SiD 2/K 2D for a series of ~amples from a 

single amphibolite body should produce a straight line 

passing through the origin, assuming: 

(i) that primary vari~tion 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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the alternative that supposedly immobile elements 

were modified by metasomatism in a highly systematic 

manner is unlikely. 

Successful identificatfon 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 numerous authors 

(e.g. Van de Kamp, 1969; Geringer, 1979; and Stephenson~ 

1980) using the techniques of Leake (1964). 

Following the identification of basic orthogncisses'using 

the Leake diagrams, these rocks were subsequently evaluated 

using discriminant diagrams of Pearce ar1d CanM (1973), and 

others in order to predict the tectonic setting of their 

igneous precursors. Jensen·(1976) used the A(Na 2o + K2D)-
F(Total Fe as Feo)-M(Mgo) plot to distinguish magma types; 

Winchester and Floyd (1976) used i~mobile 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 N200 basaltic rocks from known tectonic 

settings; this method has produced inconsistent results 

(Cornell, 1975 and Stephenson, 1980) 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

tings. They used rocks with 51-56% SiD 2 (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
amphibolites with theii Si02 content (recalculated anhydrous) 

ranging from 47.9 to 55.3%. 

Finally, lithostratigraphic correlations between the southern 

granulites, northern granulites and those granuliteG 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 Intereretation 

Bulk chemical and modal compositions of ten amphibolites and 

ten pyroxene granulites are contained in Table V. · Four 

analyses of amphibolite from the Copperton mine reported by 

Geringer (1979) have also been included. Analytical methods 

are described in Appendix II, together with the calculations 

used to determine the Niggli· Values. 

Identification of Immob5.~ 

Data for five amphibolite (Unit 9) specimens from Kl were 

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= 0.9505) 

between TiD 2/K 2D and Al 2o3/K 2o. This relationship is inter­

preted as showing TiD 2/A1 2o3 to be constant . .>with the variation 
in K2o being ascribed to metamorphic mobility. A constant 

Ti02/Al 2o3 is furthermore taken to indicate these elements 

were not affected by metamorphismo 

Other plots, not included to save space, have shown that Mn~ 

Y, Fe, Si, Zr, Cr, Ni, P, Co, Nb . are relatively immobile, 

and the appropriate correlation coefficients are listed below. 
. . 

The results agree with the elements regarded as immobile by 

most recent researchers (e.g~ Grayt 1977; Elliot and Harvey, 

1980 and Stephenson, 1980). 

Ratios Correlation Coefficient (rl 
.-. ... 

TiD2/K 2D vs Al 2o3/K 2D .9505 

TiD2/K 2D vs Si02/ K2D • 91ol05 

Al 2o3/K 2D vs SiD2/K 2D .9988 

Mn0/K 20 vs SiD2/K 2D .9884 

Y/K 20 vs Al 2o3/K 2D r7863 

Zr/K 2D vs Al 2o3/1< 2D .8255 

Cr/K 2D vs Al 2o3/K 2D .3518 

Ni/K 2o vs Al 2o3/K 2D .6181 

Mg0/K 2D vs Al 2o3/1< 2D .9150 

Co/K 2D vs Al 2o3/K 2D .9780 
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(«· .l\ftcr; Geringer C.J. (1979)) 
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Ratios 

::-a 2o3/1c 2o 

P2o5/K 2o 
Nb/K 2D 

... t~.a -

.8'762 

.6575 

Since the metamorphic conditions in the K3 and southern 

and northern granulite areas are similar to those at Kl, 

these elements are inferred to be immobile in those areas 

as well. 

The fallowing discriminant diagrams display data from all 

the areas on Kielder. 

Ortho and Para-Basic f~etamorehi tes 

Results obtained from the Leake diagrams are p=esented 

below, bearing in mind such limitations as the potential 

mobility of certain elementso Inspection of Fig. 13, 

which shows the igneous differentiation trend, pelite 

field, dolomite field and the field of various pelitc­

limestone mi}<tures with respect to the Niggli c and mg, 

reveals a strong correlation of the amphibolites (K3, Kl, 
K6 and Copperton) with the igneous trend. The northern 

and southern granulites plot as pelite-limestone mixtures 

·and the K3 hyper~thene granulites plot in the pelite field. 

Amphibolite data from the Kielder areas of mineraliz~tion 

plot on the igneous trend on Fig. 14, but at the dolomite­

pelite tie-line intersection. The granulites tend to be 

scattered around the igneous trend and pelite-limestone tie­
liAe, so no confident interpretation can be made • 

. I 

Hy~ersthene granulites of the K3 area fall on the mg side 

of the dolomite-pelite tie line,which is 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. Fig. 14) may 

reflect the probable mobility of Ca and the alkali elements, 

which will have a profound effect on the Niggli c and Alk 

values. 

Amphibolites show a strong po~itive correlation between Niggli 

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 trand to lower 

mg values .. 

Other granulites are scattered and further data aro required 

to confirm any affinity with shale-carbonate mixtures. An 

analagous relationship is shown in the Niggli mg-Ni plot 

_(Fig. 16) with the amphibolites and southern granulites 

showing an igneous-type trend~ 

Scrutiny of Fi gs" 1 7 and 18,.t·Jh ich show the Ni ggli mg vs Cu 

and Co respectively,show the southern granulite~ and northern 

granulites to be within the pelite field or just beyond,and 

the other granulites separated with lower Co rind Cu contents 

from the amphibolitese 

Further variation diagrams reflecting magmatic differentiation 

involving elements least affected by metasomatism (i.ep Ni, 

Cr, Ti and Mg) plotted against 100 x _FF~il (Cornellr 1975) are 
S<t·• •9 

presented below. Figs~ 19 and 20 shO~ the amphibolites to 

have well defined igneous type compositional trends,while 

the granulitcs show very little chenge in Tis Mg, Ni and Cr 

with differentiation. 

The Kl amphibolites fall within the basit igneous field in 

Fig. 21 while the southern granulites correspond to a 80:20 

shale-carbonate mixture. The K3 granulites plot in an in-

determinant high Fe+Mg+Mn fibldo 

On the basis of the evidence presented above,it is concluded 

that the amphibolite~ are meta-igneous rocks and the basic 

yranulites are metasediments& 

Parent rock types deduced for all samples analysed are listed 

in Table VI summarised b~low. 

TABLE VI. BASIC METAMORPHITES AND THEIR PARENT LITHOLDGIES 

Name and Rock 
Unit ffo e Present Mineral Assemblaqe 

Parent 
Rock 

j I 
Arnphibol i te t i<l .! Labrador i te, hornblende, diopside; basic 
Unit 9 I and quartz \ igneous rock 

A"~·i)hi"b-oii:t~-~l<i·- .. t· ·L~b~~ci~~·i·t·~ ~---h·~-~:~;1;~ci;;---· ci-i"~'P~ici-~------··-·-- -----·· - ·- . 
Uni ts '7 9 12 I and hypersthene_ _ _____ _J_ ___ ~-----·-

A-~ph-.fb_o_f:ft·e;·i(6-----1··La b-ra'" do ri te~--h ~ r nb 1 end e, quartz : " 

~~-~~ s .. 4 '·- 9 ·---- ·-·· ----·-J·------------------··-----·-·-----------·-·--~-·------ --·-----···- -· ····-
A mph i b o lite, l Andesine, hornblende, quartz, : " 
Cop pert on j bioti te and garnet 
(cf.Geringer 1979)1 -'----·--··---·--

~-- ·--- .. . ... . _._ ... --· ·----.--·-l----.---.. -·------· 
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Name and Rock 
Unit No. 

. _ _...,,_,.,.._,,..1.,.... ___ • -.-.~ , ·------ J·,;.~ ....... , 

... 50 -

I Parent 
1. 

1 Present Mineral Assembl.aoP Roe~ 
-- .. ~~···- .. ·~#•II. ... _ .... ,_ .................. - ......... • •• .__, - ."J" .,,... ~- -~·>-- . -.... -._ ..... ,_ ........... ,.....:.._.-...i,...,~.----· ,,.,_......, .... -" ____ .. _______ _ 

f l 
·Amphibolite-quartz ! Labradorite, hornblende, imnrly pelitic 
g:ranuli te, Kl Unit 2 j edeni te, quartz, diopside l rock 

I and cordieri te ! 
.. -.. -· . ·--· -· -- ' - ' . .. . ·------·---.--· ---·---+-·- --- -- --------·-· .... - . --~------·- -------··--------·------i- ------- ·- -· ·----~- . --· --- .... 

Hypersthene granulites: Quartz, andesine, horn- ;magnesium 
K3, Units 6, 8 ~ blendes hypersthene and !enriched 

----·-- -· ------·---- .: ... . ...... ··-·---------_ J. --~.~~-". ~ -~-----------·------------ r.£~}:~-~-~-c--~-~~-~-
5 out her n Granulite ! Labradorite, quartz, ;carbonate 

l; 'hornblende, diopside, I peJ,i tes 
I hypersthene, carbonate I 

·-· --- -------·--+·-·-------- ----------·--·------------- -··-----·--·-·-- ----
Nor the rn Granulites I Labradorite, hornblende, ! marly pelites 

i cordierites garnets diopside! 
1 carbonate .:t quartz I· 
l I 
I ! 

~----~-~~~~~--~~---~~~~~~~~-~~~~--i~~~~~-

Tectonic Setting of the_~rtho~a~R.~ 

Tholeiitic affinities of most of the amphibolites are illustratod 

on the AFr1 plot in Fig. 22. Thole ii tic affinities are; confirmed 

for the Kielder ortho-amphibolites on the diagrams using Zr, P, 
Ti shown in Figs. 23 and 24. 

Amphibolites plotted on Figs. 25 and 26 fall within or very close 

to the low-K tholeiite field, and in the case of Fig. 26, there 

is some suggestion of oceanic affinities-

Inspection of the Davies (1978) YTC diagram (See Fig. 27) 

shows the ortho-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-arnphibolites") show considerable scatter. 

The discriminant diagram of Pearce et al. 1977 shows the 

Kiedler 6rtho-amphiboiites 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 tnem alone. 
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Stratigraphic Correlation 

lJiscriir.irio.nt diagrams of Davies et al., ( 1878) are illusb:·atecJ 

in Figures 29 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 TiD 2 vs Cr ~lot illustrated in Fig. 32 separates 

the ortho and para~amphibolites~ no distinction within the 
latter group is achieved. 

Arguments against using cheraical trends to distinguish para 

and ortho-amphibolites have been put forward by Orville (1969), 

who suggest that amphibolites could be: / 
i 

(i) meta-igneous rock; produced by recrystallisation of a 

basic igneous sill, dyke or flow •. 
(ii) metasediment; by recrystallisation of marl or carbonate 

shale with a change only in the volatiles. 

(iii) metasomatic rock; by recrystallisation of some parent 

material combined with addition and/or subtractions o~ 

significant non-volatiles. 

Orville (1969) points out that any amphibolite (i.e. hornblende­

plagioclase rock) will plot in the igneous field because the 

plot bf pure hornblende overlaps with the igneous field« The 

results will show that the Kl amphibolites which are diopside­

plagioclase-hornblende-edeni te rocks, plot in the igneous field 
and do not correspond to the hornblende field. Most rif the 
amphibolites studied by Orville (1969) are thin layered variet­

ies occurring with calc-silicates, marbles and gneisses)~hereas 
the Kl and KB. amphibolites ar~ wide (up to lOOm) bodies, with 

gradual 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 

mar~le, 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 

to the amphiboli te • 

(iv) decre8se in total Mg and Fe adj3cent to the amphibolite. 

Because none of these features are observed, in fact .the 

opposite is the case with (iii) and (iv) (See Section 3.2.1.), 
a metasornatic origin .for the arnphiboli tes is rejected .. 

The amphibolites identified to be of igneous origin are • J. inceru 

preted as basaltic flowa. 

Their chemistry shows a similarity to ocean island tholeiites. 

Since the Kl amphibolite body is ~ relatively homogeneous mass, 

the specimens are likely to satisfy the assumption that they 

are comag.matice However, if the KB and Copperton amphibolites 

are included,the correlation coefficient is only slightly re­

duced, suggesting a common parent magma for all the basic 

igneous rocks in the Copperton-Kiclder district. 

There appears to be some basic differences between Archean 

"greenstones" and Cenozoic data on which the tectonic fields 

of Pearce, Gorman and Birkett (1977) (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 beltso Bearing in mind the association of these 

amphibolites with stratabound massive sulphide~and horizons 

of banded. iron formation,a case for an oceanic setting is con-

siderably strengthenede The suggestion of Geringer (1979) 

that the Namaqua 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 

Gamsberg-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 succes~on,and evidence for a continental margin 

andesitic province is entirely lacking. 

The lithostratigraphic correlation of the K3 hanging wall 

granulites uith the Northern granulites confirms the earlier 

conclusion ir1 Section 2.6 that these are stratigraphic equi­

valents. It is therefore postulated that the stratigraphic 

horizons hosting massiue sulphide mineralization in the K3 



area continue to the west in the area of the base line (See 

Map No. 4, from 32E to 40E) into an area of sand cove~. 

Further sampling and analyses would be required to establish 

stratioraphic suitability for associated mineralization of 

the other outcropping pyroxene granulites (i.e. at 40E/11N$ 

26E/11N and 45/14E; See Map No. 4)o 

The so~thern granulitcs are chemically distinct from the 

Northern granulites and sulphide associated granulite horizons, 

which also confirms conclusions reached 111 Section 2.6. 

The controversy regarding the presence of a fold closure or 

two separate sulphide horizons in. the Kl 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 sequence by folding. 



- - 54 -

2" _iilJ1~QE. '!HE 1<1El~OEfL£J.8SST\/E SULPHIOE DEPOSITS 

The primary depositional features t1sed in the interpretation 

of the genesis of the Kielder deposits have been partially 

ci~scured by the high grade metamorphism; as in the cases of 

Copperton (Middleton, 1976; Wagener, 1980), Broken Hill, N.S 0 1IJ. 

(Stanton, 1972) and the Sc~ndinavian deposits (Vokes, 1976). 

In spite of the steeply-dipping and complex nature of the 

regional structure (not discussed in detail for lack of data) 

the stratigraphic "way-up" was determined using metal and 

mineralogical zoning b1ithin the massive sulphides and recog­

nition of an alteration zone. 

Some caution is necessary 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 

iock association outlined by Hutchinson (1979) and Sangster 

(1979). 
All the classification schemes and genetic models for massive 

base metal sulphide deposits are based on occurrences in 

North America, Japan, Europe and Australia. NeverthelGss, 

it will be seen in the following sections that the Kielder 

deposits can be classified as exhalative stratabound massive 

sulphides, as defined by Large, (1971), Plimer (1978) and 

Sangster (1979). 

s.1.1. Vertical M~eralogical and JVJetal Zoning_ 

The K3 massive sulphide unit (See Figo 3, Section 2ol) has a 

pyrrhotite-rich top, barite toward the bottom and a zinc-rich 

base. Lead is vaguely concentrated toward the top and silver 

appears to ·vary randomly throughout the sulphide unit o _Copper, 

although present in minor quantities, shows an increase (from 

D.2% to 0 0 5%) toward the base of the sulphide zone., l!.lithin 

the Kl massive sulphide mineralogical zoning has not been 

detected but the zinc tends to in=rease toward the base; the 

lead and silver contents are higher in the top.of the unit 

(See Fig. s, Section 2.2.). The massive sulphide-of the K6 
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area lacks any mineralogical or metal zoning but the felsic 

s.tringcr =~n~ ~.:-:ra ;~lcnz. :ind c!~~l~o~y::-l·:.~ (~,;th rict-. in 

silver) underlies the massive sulphide. 

The. usual zoning pattern in exhalative massive sulphides 

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

(i) 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 usually found towards the top of massive 

sulphide. 

(iv) Barite and sphalerite 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 overlying the massive sulphide (i.e. hanging 

wall Unit 9). The subtle metal zoning in the Kl sulphides 

also suggests inversion of the stratigraphy and is similarly 

supported 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 normal stratigraphic sequence. Large (1977) states 

that, except for the cu_preous pyrite type deposits, no reverse 

zonation has been reported in exhalative massi\le sulpliides o 

The metal/mineralogical zoning was used to establish the 

stratigraphic "way-up" in the Geco deposit (Suffel, et al. 

1971). 

La tera1 r~_ineral ogical and Metal Zoning 

Lateral metal zoning within the massive sulphide units of 

Kielder is not observede In the case of the K3 massive 
sulphide lens the Cu/Zn ratio varies randomly from c06 to 
.10. The absolute abundances of the individual sulphide 

species do not appear to vary laterally within any of the 

th~ee occurrences. The massive sulphide lens in the K3 
area changes laterally in all directions into disseminated 
iron sulphides within a quartz-cordierite rock (0nit 10, 

Appendix I) which also contains occasional massive sulphide 

pods varying in thickness from lOcm to 1.0 metre. This 
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disseminated halo shows marked mineralogical zoning; the 
Py /~u i·a tio :Lncu~ases from 2 to j_O Hnd from ~ to o awey 

from the edge of the massive sulphide to the west and east 

respectivelye The decrease in the pyrrholite content is 

accompanied by an increase in the magnetite con-

tent from a pyrrhotite/magnetite ratio of 10 near the massive 

sulphide toNl more than 50m from the ore zone. 
\ 

The vertical (i~~e perpendicular to bedding) mine?alogical/ 

metal zoning (See Section s.1.1.) 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 

out onto the sea floor with a consequent decrease in tempera­

ture and simultaneous increas~ ~ pH, ro 2 and ~s. The 

envisaged temperature contours surrounding_the "hydrothermal 

system" and the resulting mineralogital zoning (vertical and 

lateral) are shown in Fig. 33. 

~-----.L./ bonded P'/•sp.!lj<lf ore 

'---Alte~ pi~ 

l 
FIG. 3S. Idealized temperature regime during the formation of, a proximal 

massive sulfide deposit. Contours in degrees Centigrade. 

. ----'------ tatter, Large 19771 

·- ·--------------·· -·-------

. I 

The distal ~2 km) facies equivalents of the l<l mineralization 

(i 0 e. Units l~ 2 and 3 in Appendix I) found in the upper units 



of the K3 area contain up to 12% pyrite and pyrrhotite with 

r10 ai..:ctJ111j.)d11y.ing base or precious mei..e:d. mineraliza·c.ion. 

These distal extensions differ from the. disseminated sulphide 

halo closer to the ma.ssive sulphides in the following ways: 

~150m from massive sulphide ___ .,.__ ... ~_, __ s- ---- .... • _?. 2 kms from rnassi\/e_ sulQhid_E _ 

,.. 
,-........... ..,:=~~~~···~-_,.---~ -,-_....,..;: .. -..-..~-·---'·-·-------... --,,, 

IV 1 (i) Py/Po ~2 (up tri 10 nearer the 
ore) 

. _,. -------·-------····~-----·---··· ..... --·~·--'"·-·-"-·~·---·-----··----

( li) sill imani te content ""15-25% rv 0-20~ 
rrI-rr-c-ar-i:fi~-I:I·f~-----·~--·---~~·~~-~-15-40% -- ~------:------o:-2s~-------
-·----------·-·- . -- -·. -----·---···· -----~---·---·---·-····· ....•. -··----·-···· .. ···--···---"-''·-····--"·~-----~--·""- ' ...... ( ···----~,,·---~---
(iv) occasional massive sulphide fine-grained evenly distri-

pods buted pyrite and pyrrhotite 
-·----------·--------·--· 

The "within. deposit" variation in the Py /Po ratio was discussed 

in Section Sel.l., but the regional variation in the pyrrhotite 

presence remains to be explainedo 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 

Kl and K6 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, 1978) 

that pri~ary pyrrhotite records the depositional historyt 

pyrrhotite forming in deeper water more distal from the exhala-

tive centre supplying the metalso On the other hand, Large 

(1977)~ supported by evidence in the New Brunswick deposits 

(Jambor 1979),. uses the presence of pyrrhotite as an indicator 

of proximal deposits (See Section 5.1.5.)~ based on the mineral-

solution equilibria in the Fe-S-0 system. There is convincing 

evidence (Seo Section 5olo5o) that the K3 and Kl are proximal 

deposits as opposed to the K6 which has the characteristics of 

more distal deposition. 
Therefore from the evidence provided by pyrrhotite, the K3 and 

Kl proxim~l deposits appear to differ in the depth of water 

during exhalation, t~e K3 forming in deeper ~ater than the 

Kl m2ssi\/e sulphides. 

The commonly occurring feature(Plimer and Finlow-Bates, 1978) 
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of bc.ri te accurr ing with pyrite ··rich deposits uihich supposedly 

reflects the relative abundance of sulphur in tl1e system was 

not found in the Kielder deposits. Barite occurs in signifi­

~O.ii!: quZin:;.,;_:,.,;_.;s (3~b 3aSG4 ,. Sphctle1:.ib~/Bari.te r.J~) in the !\:S 

massive sulphide which contains the larger amount of pyrrhotite 

(Py/Pc ratio in K3 < K6 << Kl). A higher ratio of hexagonal 

pyrrhotite to monoclinic pyrrhotite polymorphs occurs in the 

KG area which also has a higher pyrite content than at K3. 

This relationship ha~ been noted elsewhere by Plimer (1978). 

5.1.3. The "Footwall" Alteration Zorie* 

In the Kielder deposits the sili~eous, Mg-rich cordierite­

bearing rock (K3 area; Units 9 and 10 and Kl area Unit 6, 

See Appendix I) is interpreted to be the metamorphosed equiva­

lent of the chlorite alteration zone normally found adjacent 

to massive sulphide deposits (Sangster, 1972 and Large, 1977). 

These rocks can roughly be compared to the dalmatianite of the 

Noranda Area •. Sangster has noted that the exhalative massive 

sulphides developed in sedimentary sequences are usually under­

lain by zones of silicification, and less often a zone of 

magnesium enrichment (more often associated with volcanic 

hosted sulphides)o 

Sillimanite-bearing rocks occur persistently as footwall (in 

the K3 and Kl areas) and hanging wall (K6 area ) units. This 

felsic sillimanite gneiss is basically indistinguishable from 

its equivalents elsewhere in the sequence. Stanton (1972) 

attributed the aluminous material found in the footwall of 

:Broken Hill deposit (N.S.~.) to be formerly hydrothermal 

kaolinite. 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, 

1972). The cordierite-rich zones stratigraphicnlly below the 

massive sulphide in the K3 area contain disseminated pyrite and 

pyrrhoti te with little Cu-Pb-Zn mineralization al thoug
1

h the Cu/ 

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

* The term ' 11 footwall"'alteration zone' is used here following 
Sangsterrs (1972) terminology whereby it refers to the alteration 

zone underlying the massive.sulphides at the tirne of their forma­
tion and does not imply the alteration zone to be physically below 

the massi0e sulphide in the present configuration. 
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Kl area the auartz-cordierite rich rock (Unit 6, See Fig~ 4. 

Section 202 .. ) contains only disscmir.ate::d pyrite :::.nd pyr:-hotite. 

The presa nt shape of the al te:cation zone in the K3 area. i~ not 

known exactly because of the wide ~pacing of the drill holes, 

but it varies in thickness concomitantly with the massive 

sulph~de unit thickness- In drillhole KOH 3 (See Cross-Section 
l~ 54E) the thickest intersection of sulphide was overlain (n.b. 

stratigraphically below) by the thickest intersection ("'15m) of 

"footwall" alteration zone (Unit 9). Up-dip, in drillhole KOH 

2, the alteration zone is much thinner (N6m) and down~·dip in 

drillhole KOH 5 it has pinched out. The alteration zone there­

fore oVorlics the massive sulphides asymmetrically. The 

possibility that the alteration zone has a funnel shape pointing 

upward (i.e. inverted Fig6 34 (A)) between drillholes KOH 3 and 

KOH 4 is considered unlikely in view of the extent of def orma­

tion of the country rock and sheared massive sulphide/wall rock 

contacts. The KOH 4 sulphide intersection has been cut off 

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

~he K3 massive sulphide lens remains somewhat unknown~ 

f.\ouive ore l 
Sttin;er ore 

(A} 

Mass!v~ ore ( 

· ..... ~ ... / 

(B} 

Figure 34. (A) Schematic diagram illustrating main geological features 0£ an 
undeformed volcanogenic massive sulphide deposit. 

fB) S~me deposit as (A) -but modified b7 shearing in the sense 
shown by hea.vy a.rrows above and helo-..': the orebod.,.-. · 

I 
I 

-"'--------~---
,:Jdfter,Sangster 1~72_, __ _ 

The hypothetical cross-section proposed by Sangster (1972, 1979) 
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lying many of the Canadian deposits and the Cobar deposit 

in New South Wales is considered partially appliccble here 

(See Fig. 34 (B)). The K3 geometry is probably intermediate 

between (A) and (8) in Fig. 34. 
The paucity of drilling in the Kl area prevents similar 

interpretation of the geome~ry of the alteration zone in 

this area. The distal KB massive sulphide does not have 

· ~ "footwall" alteration zone. 

Tour·maline Ditlribution 

Tourmaline (dravite) is found .in minor quantities within the 

cordierite-rich alteration zone (Unit 9) in the K3 area but 
not in the massive sulphide. In the Kl and K6 areas zoned 

tourmaline (with a schorl-rich core) is found within the 

.massive sulphides. A metamorphic origin for the zonation 

does not explain the distribution in the K3 and Kl/K6 arease 

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 hut upon 

reaching the cooler environment above and within the sulphide 

horizon the solutions would precipitate albite and chlorite 

with boron being lost to the sea-water. This explanation 
fits the facts as observed in the K3 area. However ir1 the 

more distal KB (ahd possibly Kl) where the massive sulphides 

may have been transported in a type of turbidity current the 

presence of zoned tour~aline may be explained differently~ 

The tourmaline, as part of the massive sulphide gel, tontinued 

t.o crystallize as the mass slid down the slope under changing 
temperature (and pH and Eh) conditions, thereby becoming zoned 

with an iron.;.poor .rim~.;· , . 

This process of turbidity currents uas envisaged by Jambor 
' .. , 

(1979) in the genesis of the New Brunswick "distal allo~th~nous 
''· . 

massive sulphides" which wer~ depositod "distant from the hydro-

thermal conduits". The abundant textural evid~nce of transport­

ation of particulate sulphide~ in the New Brunswick ores wduld 

not have survived the Kielder mcitamorphism. 
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Th f 11 · d' t' .i- 4-' ('.~i·g. 3c:;'J of the . e o owing iagramma ic represen~a~ion • ~ 

wall ~ocks expressed as pre-metamorphic equivalents is based 

on interpretations discussed in Sections 3.2.2. and 4.2.1. 

The correct stratigr~phic sequence or "way-up" is deduced 
from the mineralogical and metal zoning and "footwall" 

alteration zones discussed in Sections 5.1.lo and 5.l.2e 

K3 AREA 

S . P l't' ~I emi- e ). J.C 1-1r<ose 

A luminous 
Quartzite 

Semi~·Peli tic GreytJJacke 

~ / / / ~;r-&/// ~~~.S~I\~~ j~_z_ E f 

Alt .. Zone 

Basalt 

Pe lite 

Dacite (?) 

Arkose and 
Aluminous Quartzite 

.__ 

Pyritic A luminous 
Quartzite 

~-

Arkosic Sediment 
( '?) 

• 
(f) 

E 
.::I. 

N 

l<l AREA 

Basalt 

Pelite 

Basalt 

-~~-~~-------

Alumincus 
Quartzite 

K6 AREA · 
I I l Arkoses and .Greyt•i::i.cke 

'---·--·----------·-----! 
B.IoF• 

Greylllae::ke and 
• Arkose 

Ill 
E I 

~~·--~~~~~~----~-J 
'+Basalt 

PeH tic Greyw~cke --1 
(or Dacite) I 

Aluminous Quartzite 

12-/ / 7. / / 7" ,f'i]A~SI\ly.:iULPHI.DE,. / 
I/ / / J ,,..~ / ~ -

!jasalt 

Palite and Greywacke 

I I I 
Fig. 35 0 Pr8metamorphic Lithologies of the Wall Rocks I 
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volcrrnic Noranda-~type mine ra). ization and the entire! y 

sedimentary association of the Sullivan deposit are des­

c~ibed by Sangster and Scott (1976) as typically being 

volcanic sediments, sedimented volcanics, slightly reworked 

tuffs and tuffwackeso At the· grade of metamorphism attained 

at Kielder the recognition of these "sediments» by trace or 

major element geochemistry would be difficult. However, in 

the Kielder wal.l rocks the geochemical data have indicated 

probable igneous rocks (amphibolites) and sedimentary rocks 

(h~persthene granulites). Other rock types such as the 

B.I.r. and felsic sillimanite gneiss are assumed to be 

sedimentary from their mineralogy. A spectrum of inter­

mediate rock type~ exists in the Kielder wall rocks which 

is likely to have a similar origin to those described above 

as volcanic sediments (Sangster and S~ott, 1976)0 

It is important to note in the more recent publications 

(Sangster, 1979; Hutchinson,1979; Jambor, lS79) that the 

application of exhalative massive sulphide genetic thecry 

is applied across the entire spectrum of volcani~ to 

sedimentary host rocks (e.g. Sullivan Mine, Cobar Mine, 
Tasmanian tin and base metal deposits). 

The position of massive sulphide mineralization within the 

Kielder sequence of pelites, greywacke, arkose, quartzite 

and basalt appears ~nrelated to any stratigraphic marker 

indicating an hiatus or change in depositional style. The 

K3 sulphide is underlain by a narrow basalt horizon, the Kl 

sulphide is overlain by a significant thickness of basrilt 
and the K6 has a thin basaltic base and a unit of basalt in 

the hanging wa11· of variable thickness. A correlation 

between the Kl and KB basalts is possible based on geochemical 

sifuilarity and outcrop evidence. The mineralization appears 
then to nmigrate 11 laterally and vertically within the host 

sequence and to be controlled by the 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 the following scheme to classify the distal 

and proximal types of exhalative deposits: 
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rich .. Cu poor. 

may be present in 

1

, (KS) 
econo~ic quantities 
Pb generally low 

1 (K3 and Kl) I 
-~~~~--~~~~~-tt-~~~~~~--o---~-~~~~--'~r,~~~~~~~~--~-~-

2 .. Alteration Underlain. by a . No distinct foot-
distinct alteration wall alteration 
zone (pipe) {K6) 
( !(3 and Kl) 

3. Iron Sulphides 
and Oxides 

Pyrite and Pyrrhotite 
dominant~ Sulphides, 
Magnetite in footwall 
( 1<3) 

Pyrite dominant, 
(Kl?). Pyrrhotite 
absent, Magnetite 
may be in hanging 

4. Form 

5. Zoning 

Pipe like or mushroom 
shaped, generally 
massive and cross 
cutting. 
Banding only in hang­
ing wall. 

11 ( 6'' wa .. _ K ! 

Well banded~ strati­
form and blanket 
shaped (K6?) 

Good zoning, Cu tm1.1ard l Genera 1 lack of 
footwallo Zn/Cu increases zoning. 
upward. (K3) (K6) 

MassivG sulphide deposits formed in more distal environments 

are likely to be less "massive" (Jambor, 1979), the less dense 

KB and Kl massive sulphide units can therefore be taken as 

further evidence of their distal nature. 

The diagramma~ic representation shown in Fig. 36 summarises 

the depositional environment envisaged for the K3, Kl and KB 

massive sulphide units. 

DISTAL F'l\-Zn R!CH al!! VOLC~.NOGENIC S!':OIM!WT PROXIMAL Cu - Zn ORE 

t!AtCtO PYAITIC TYPE (chert, jcsper, bif,gr:ip.'l. shdft) MASSIVE ANO STRINGER P'P"'.:.S 

1· ~1~:~ ~ 
' ti~~.~ v v b~~~~~!'lll=--'~. . ... ·.. ·; . \)lt Al•wor..,.. fl u w.,~~· ..•..• ' ' .. . V V\ ~ 

-::.~:..:: :.·'. ·-.: .. .' ·.-_ )-~<"·>:~· .·.~ ·.:-.·:- '· A t:. . V ' 11~.19.<1·~. "':~ t:. 
', . . , . , . • · : .~ . . . . . . . . . . . . . :: fl \ ~-- Cu • R;cH ORE . . ... . ..... .-: . : . ... . . . · ....... .-: ·.7 v v v I (CJ"1-po-py) v 

P:::;<::i::=!C::'i· c::::!=:I' v i::\CY---'!'.._L_£..,.-,r> v /J. . I/ I' 6. 
·:::·.:.::··.-.·.·~·:.·.·.:·.:-.-::.:.::· ... VA 1l:v ·: . ._ ·.' < .' .'. '.. : '. · · . ,'.- : ·. : ".' . A A v II V f;;. 
.... ·.· ==::c c · · v ·II v 

6 
'I 

> ..... ·.· .. -.:-:.-"..· . .- .. ·_-:_:_:_:>·._· ... ··:: .. v V ti. V V ,. A 
i-:--~-'-~-"-~----'---·~_:_.:.._.;~-

-- M!XED SEDMEIH.AF>Y •· --• ~----
VOLCANC PILE 

Fic.36. Schematic reprcsenta~ion of the gcol?gical . setting of proximal ores, 
clistal ores, and volcanogcmc sechments. 

tafter,Large 19771 
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The KB is placed between ths proximal and distal types 

because of its intermediate characteristics.· J9mhor. 1 

(1979) envisages a complete spectrum between Large's (1977) 

two end members ~nd this type of gradational change appears 

to be present beh1een the Kielder deposits., Conflicting 

evidence exists frir the relative depth of water during 

deposition of the three massive sulphide bodies~ 

The deeper water deposition from the K3 to the K6 area 

shown in Fige 36 is supported by the higher copper content 

of the latter area (K3 Cu 50.45%, KG Cu $lc5%) in that the 

greater pressure of the deeper water prevents boiling of. 

the hydrothermal solutions anci resulting precipitation 

of chalcopyrite in the hydrothermal feeder zone (Large, 

1977; Plimer and Finlow-Bates, 1978). 

The evidence provided by pyrrhotite (See Section 5.l.2n)) 

using Plimer's (1978) postulation that pyrrhotite 

is formed in deeper waters, does not fit the picture pre­

sented heren How~ver it ~Hould be noted that Fig. 36 

represents a diagrammatic comparison between the areas ef 

mineralization and does not imply that the three bodiGs 

formed from.the same exhalative vento 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 Kl and K6. 

The Manoanese Halo 

·"The higher manganese content of the K6 wall rocks (See 
Appendix III) as reflected in the Mn0

1
content of the garnet 

is in accordance with the distal nature of KG massive sulphide 
environment. The ability of a manganese halo to 'survive' 

the g~anulite conditions atta~ned at Kielder can be deduced 
from the Sections 3.3. and 4.2. nnd has been shown to exist 

around other 'metamorphosed massive sulphide deposits ( e. g,. 

Gamsberg, N. Cape; Stumpfl, 1979 9 Broken Hill, N.s.w.; Plimer 

1977) .. 

There is a sym·metricaI manganese-rich halo surrounding the Kl 

ore body (See Figo 37 and Table VII). 
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Fig. 37 Variation in the manganese co~t~nt in garnets 
approaching the Kl massive sulphide unito 

150 

Insufficient data exist for the K3 and K6 areas but a similar 

situation is suggestedo The halo is restricted to within 5m 

of the massive sulphide, is narrower than that found at Gamsberg 

or Broken Hill, _N.s.w., and probably reflects the smaller size 

of the KieXder bodies. 

TABLFJII. 

AREA K3 
--~,,..,~,~,----

Sample % f11n0 
No. 

The Manganese Content of the Wall Rock Garnetso 
,4. 

ARE~r1-. ~l AREA K6 

iB.!5-G.L.. .. ,.__. __ 
~~~~a~~:~· ~~:ple % rr:nO ~~~-;--a-~-~-e8 ·j~£;1{01~~ .. ~;~~ 

.Crtl_. J.!3.-K.-G"---+-·---i.--J..!!l). ~l<_Gj -~T9.re u~: 
111 2.95 +15 190 2.87 +160 288 4o49 -4 

111 2.,75 +15 190 2.82 +160 

+160 

.+160 

+160 

71. 2.30 -33 190 2.81 

71 

71 

71 

71 

10 

10 

2.34 

2el4 

2.51 

2.,24 

2.43 

2.46 

-33 190 2.91 

-33 190 2o95 

-33 190 2.B4 

-33 209 4.69 

-50 209 4.80 

-50 209 4~41 

209 S.16 

209 4.48 

+160 

-2 
~2 

-2 

-2 

-2 

·>!-( - refers to 
distance 
into 
hanging wall) 

199 

199 
179 
179 

lo 78 +20 

l.'75 +20 
2 .. 53 -6 
2.71 .. -6 

. 288 .4.16 

288 13.08 

255 

255 

298 

298 

298 

217 

21'7 

217 

7.36 

7.43 

9.82 

7.91 

9 • 2L1 

3.37 

3.42 

3.53 

-4 

-4 

+l 

+l 

+25 

+25 

+25 

-27 

-27 

-27 

·X-( + refers to 
distance into 
footwa11o) 
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The manganese halo AS an explaratio~ tool (Rs su~~est~d by 

Stumpflt 1879) should be used with cautio~ in view of: 

(i) its narrowness (i~e 0 ~Sm wide) 

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

5blo7. Associated Intrusives · 

The granodiorite bodies which cross-cut the strati~raphy in 
the K3 area (See Cross-section 1, 54E) are definitely intru­

sive. (See Section 2el.4.)~ The poorly-foliated texture 

suggests a late-tectonic intrusion or possibly a pretectonic 

intrusion which because of its mineralogy did not bec6rne 

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.g. Geco deposit; Suffel et al. 1971 and the Sullivan 

deposit, pers. comm. mine geologists). Sangster and Scott 

(1976) state "Within many regions of massive sulphide deposits 

it is not uncommon to ~ind major intrusions of ultramafics, 

gabbro, diorite, granodiorite and even granite. Felsic 

intrusions are usually found as large stocks at or near the 

centre of the. volcanic pile. As such they may represent 

part of the magmatic hearth which originally spawned volcanism 

and later moved upward to intrude its own daughter products" .. 

The presence of more ultrabasic-tending amphibolite (with 

disseminated pyrite and pyrrhotite and nickel contents~1000-

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 alo (1971), for the Manitouwadge massive sulphide deposits .. 

Jk._b._ __ fQMPA RISON WITH EXHALATI\IE MASSIVE SULPHIDE MODELS 

Stanton's {lg_.7._.2,} M£9el 

In Stanton's (1959, 1972) descriptions of this ore type the 

following features typifi~d massi.ve sulphide deposits: 

(i) Form: usually lensoid with the two larger dimensions 
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approximately the same ~ith the lesser dimension an order 

of magnitude smalle~e · 

The shEpe of KJ (insufficisnt drilling on KB and Kl prevent 

a shape prediction) fits these dimensions (i.e. 200 x 250 x 
15m). The more irregularly shaped rods, plates and boJdinaged 

bodies described at Brok~n Hill (Stanton, 1972), Scandinavian 

deposits (Vokes, 1976) and Copperton (pers. comm. Wagener) 

were not identified at Kielder. However these may be 

detected if more detailed drilling were completed. Stanton 

(1972) noted a frequently-occurring phenomenon of semi­

continuous en echelon arrangement of sulphide bodies as a 

particular facies "migrates laterally up the sequence". 

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

lenses has been described in Section 2.6. and 5.1 0 5 0 

(ii) Setting: a broad association of massive sulphides 

with volcanic and ~edimentary rocks of marine origin. This 

feature fits the Kielder setting and has been discussed in 

Section 4. 

(iii) Metal Constitution: 

established: 

a) Fe 

b) Fe-Cu 

~ c) Fe-Cu-Zn 
d) Fe-Cu-Zn-Pb 

the following subdivisions were 

The Kl and K3 correspond to c) and KG possibly to d). · 

(iv) Mineralogical Con~titution: is typically simple with 

the common sulphides: being pyrite, pyrrhotite, sphalerite, 

galena and chalcopyrite with minor marcasite, arsenopyritet 

tetrahedrite, bismuth minerals and the non-sulphide minerals 

are magnetite, carbonate, barite~ apatite and fluoritee 

Except for arsenopyrite, tetrahedrite and fluorite the Kielder 
sulphides contain the typical su.i. te as listed ·above. The. 
trend for increasing mineralogical complexity with metamorphic 
grade (McDonald, 1967 and Stanton 1972) has not been found in 

the Kielder deposits which agrees with Sangster's (1972) 

.·_findings in. other deposits. 
In the Kielder deposits no cassiterit~ or discrete silver 

minarals wer.e detected and in the silver-bearing portions of 



... 68 -

the ore zones semi-quanti ta ti ve m:tcroprobe anr~l ysls sho1•1L.,rl 

galena to hold silver in solid solution and chalcopyrite 

to occasionally contain minute blebs (NlO microns) of silv2r~ 

This model empirically divides the massive sulphides into 

three groups based on host rock association without any 

genetic implication& The host rock associations are: 

(i) predominantly volcanic rocks 

(ii) predominantly sedimentary rocks 

(iii)~mixed volcanic and sedimentary lithologies 

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 brder perturbations" on the resulting 

massive sulphide deposite The Kielder deposits are classified 

in this system as type (iii)~ 

Solomon's (1976) Model 

This system is based on the volcanic rock type in the footwall 

with further subdivisions into metal ratio typos& The classi.;..; 

fication scheme is shown on Fig. 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 deposits) but never­

theless does occur. The tholeiitic basalts of oceanic origin 

Zn-Pb-Cu Zn-Cu 

MAFIC SEDIMENT . FELSIC lv'.AFIC SEDIMENT 

Cu 

MAFIC SEDIMENl' 

---1---
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of the Kielder wall rocks (Section 4.2~2.) agree with 

Solomons composition for the associated basic- rock~ 

Solomon postulated that the tholeiitic basaltic magmatism 

associated with Cu-Zn massive sulphides and elastic 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 deposits are plotted on a Cu-Pb-Zn ternary 

diagram with other deposits to show their composition with 

respect to previously described bodies. (See Fig. 39) 0 

Hutchinson ll.~73 2 19781 

Hutchinson (1973) defined volcanogenic massive sulphide 

deposits as: "stratabound, lenticular bodies of massive 

pyritic mineralization containing variable amounts of 

chalcopyrite, sphalerite and galena in.layered _volcanic 

rocks"o 

He subdivided the group into three varieties based on their 

elemental and mineralogical composition, relative and absolute 

ages, and their host rock association. 

The three subdivisions are: 

Type 1. 

Type 2. 

Type 3. 

Pyrite-sphalerite-chalcopyrite in mafic to felsic 

volcanic rockst found in Archean greenstone belts. 

Pyrite-galena-sphalerite-chalcopyrite in more 

f~lsic calc-alkaline volcanics in Proterozoic 

sequenceso 
Pyrite-chalcapyrite i~ mafic ophiolites of Phanerozoic 
age. 

Huttbinson (1973) explained the differences between the three 
' 

types in terms of evolution of the ea~th 1 s.-trustal·t~ctonisme 

Tl1e earliest type (Type 1) formed ~nder 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 increasi~g 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 depositedo The third type, 

(cupreous-pyrite) d8Veloped in Phan~rozoic time under plate 

tectonic activity similar to the present day. 

"The reappearance of types 1 and 2 in later time is explained 

by Hutchinson as a "recreation 6f the Archean type prcto-crusttt 

in the vicinity of subduction zones producing felsic domes on 

basic platforms. In the later "regenerated type 1 deposit" 

the associated precious metal appea~s to be gold and not 

silver and gold. 

In later publications (Hutchinson, 1978) expanded on the 

presence of "massive sulphides" (as described above) existing 

with predominantly sedimentary sequences in which volcanic 

rocks are not essential. The exhalative sedimertary n1assive 

sulphide conc~pt and terminology were pioneered by Oftedahl 

(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 were 

probably produced from convection of sea water in sub-seafloor 

~ocks (~ediments and/or lavas). The exhalative fuma~oles 

are observed in the present day in the Pacific Gal~~agos 

rift (Corliss, 19?$) ar.d Red Sea (Degens and Ross, 1969). 
{ 

In view of this simplified model of the origin of exhalative 

massive sulphides it can be seen that the divisions between 
sedimentary and volcahic "types" is arbitrary and a whole 

spectrum of host rocks may be present. The Kislder deposits, 

which are compared with a list of characteristics for massive 

base metal sulphide deposits (Table VIII) (from Hutchinson, 

1978) cippea. r to have an inter·media te position$ 

The age of the Kielder host rocks is controversial {See Section 

1.4.) with isotopic data indicating ages of 1300 m.y$. The 
Kielder deposits are not considered to be part of a "regenerated 

Archean tectonic condition" because of the 1aige size of the 
related Copperton deposit (47 million tonnes) ar.d the high ·Ag/Au 

ratio of both Copperton and Kielder. 
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The Copperton/Kielder deposits corrospund to the Sullivan 

and Broken 
1
Hill (N.s.:.u.) deposits in their ttJall rock associ­

ations and their isotopic ages. These deposits (Sullivan 9 

Broken Hill and l<ielder/Copperton) fit into an era ( 0. 74' 1. 8 

boYo) significantly free of volcanic hosted massive sulphide 

deposits (Hutchinson, 1973). 

Other
0
_f19_9_el§_ 

The above classifications and theories on the genesis are 

complemented 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 represented by chlorite alteration 

(Mg .metasomatism), silicification and pyrite/pyrrhotite and 

chalcopyrite stringer mineralization •. Frequently deposits, 
particularly of Hutchinson's type 2 (ioe~ Py-ga-sph-cpy in 

volcanic terrains), have no undsrlying alteration pipe and 

these were interpreted by Large as chemical precip~tates in 
I 

shallow depressions in th8 sea floor far away from the ex­

halative vent, and in this group he included layered and 

isolated ore bodies in mixed sedimentary-volcanic sequenceso 

Large (1977) stressed that the terms distal and proximal 
should refer to the exhalative centre and not n8cessarily a 

volcanic centre. Pli~er (1979) argued that the terms should 
be used relative to a volcanic centre because it is easier. to 
recognize. The Kielder deposits would support· Large's classi­
fication because although the K3 body has the least amount of 

volcanism associated with the mineralization, it has all the 

feat~res of a proximal deposit; whereas K6 has meta-basaltic 
I 

rocks in both·hanging and footwall and yet appears to be a 
more distal type. 
Large (1977) also 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 strike from the massive 

sulphide horizons on Kielder as was found in the Gamsberg 

deposit (Rozendaal, 1980). 

5.3. REGIONAL DEPOSITIONAL SETTING OF THE KIELDER/COPPERTQN 
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.eo 

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 

granulite grade conditions, particularly when the common 

lithologies ~ssociated with exhalative massive. sulphides 

are described as volcanic sediments, tuffwackes, etc., 

(See Section S~l.S.). Like the Kielder stratigraphy, 

Copperton has definite igneous (tholeiitic basalts) and 
sedimentary lithologies and a whole spectrum .of intermediate 
types 0 

Tho deposition of the sediments (arkose, greywackes, tuffwackes, 

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 dep_osi ti on 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 massiv~ 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 

di·stribution. 
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More important perhaps is to take cogni~ance 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 

structure which is little understood. Nevertheless it 

appears that the K3 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 formed the 

Annex (Middleton, 1976) and Kl ore bodies, and further 

away to the north-west the distal KB sulphides and associated 

B.I.f~ were depositedo 

Whether the tholeiitic basalt volcanism initiated an island 

arc type felsic volcanism as in the Kuroko deposits (Solomon, 

'1976 ; Horikoshi,.~1975 is not known and remains speculation 

for lack of further regional study. 

The Kielde~/Copperton region has five known (published) 

massive sulphide deposits with the Copperton ore body being 

the largest (at 47 million t~nnes; 1.7% Cu; 3.8% Zn) and 

four sub-economic smaller deposits with unpublished tonnages 

and grades (K3, Kl, KS and the Annex ore body)o These five 

deposits cover an area ~ith a minimum diameter of 20kmsa In 
a quantitative study of eight provinces in Canada and Japan 

(Sangster$ 1980),the size, metal content and numb8r of deposits 

within each province were measured and led to the establishment 

of a statistical model for a clas~ical volcanogenic massive 

sulphide province •. The-statistical review revealed that: 

( . ) i, 

(ii) 

each district has an ave~age diameter of 32 !ems 

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 ~f 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 sec~nd largest about 13%. The remaining 

'deposit~ range downward in decreasing proportions. 
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above points are: 

(i) a minimum diameter of 20 krns, although the shape in 

the original study is a complicating factor. 

(ii) the number of published deposits to date is Se 

(iii) the average total metal tontent has not been published 

for the district but the Copperton deposit contains 

approximately 2.5 million tonnes metal. 

(iv) the tonnages and grades of the smaller deposits have 

not been published. 

Since Sangster's (1980) model is based on felsic/intermediate 

volcanic associated mineralization some caution should be used 

in extrapolating to the sedimentary/volcanic hosted Kielder/ 

Copperton deposits. Nevertheless considering the similar 

exhalative genesis for both types it may well be applicable. 

{. 

' 

... 
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Mineralogical geothermometry 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 conditions of metamorphism between the three areas; 

K3 Area : 695°C and 6.0 kbars 

Kl Area 686°C and 5.8 kbars 

K6 Area 590°C and 5~6 kbars 

These figui~·es indicate a depth of burial for the K3/Kl area 

to be approximately 25 kms and in the K6 area to be 20 kms, 

and the metamorphic conditions straddle the "anatoxis in gneiss" 

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 consequences of these 

high grade P-T conditions. The sphalerite geobarometer if 

used correctly (iee• buffered by direct contact with pyrite 

and hexagonal pyrrhotite grains) gives reliable results whicl1 

agree with the silicate geobarameters. Retrograde metamorph-

ism, reflected in the _zon~d cordierite grains and uralitized 

pyroxene granulites, occurred at lower temperaturG conditions 

of 530-560°c. The precursor lithologies of the Kielder wall­

rocks as suggested by the metamorphic mineral assemblages are 

similar to the predictions of the bulk reek geochemical data, 

(i.eo tholeiitic basalt, pelites, pclitic greywackes and Mg 

enriched pelite). 

The range in sulphide grain 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.ee ~D.85mm)c 

The textural effects of the metamorphism on the sulphide minerals 

has been shown to be very typical (i,eo the coarse grain sizer 
the uniform 120° triple-junction points, the chalcopyrite ex­

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 suggests 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 mobilization of the metals 

involv~maximum distances of 1 - 3 metres. Pyrrhotite 
shows slightly greater mobilization than pyrite and sphaleri.te~ 

The effect of the metamorphism on sphalerite with respect to 

its iron content is the basis of the geobarometer::and behaves 

in a systematic manner (ioeo 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 

(e.g. 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 sphaletite and 

aluminous silicates; and phlogopite, another product of 

silicate/sulphur reaction). 

The metamorphic effect on the banded iron formation showed 

results similar to those rlisplaye~ by the Broken Hill (N.s.w.) 
B.I.F. as reported by Stanton and Williams (1978). The 

within layer and across layer analyses of garnet grains by 

microprobe show a strong bedding control 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.e. Al, Mn, Co, Ti, Y, Zr, Mg, Fe, P and 
Nb) which are generally regarded as immobile under conditions 

of upper amphiboJ. i te grade metamorphism ha \le been shown-in 
this study, using the ff1eth.ods of Beswick and Souci(=:! ( 1978 )and 

Davies et al. (1979) (See Page 45) to be immobile within the 
Kielder metamorphites notwithstanding the Granulite grade of 
metamorphism. Using an empirical method of chemical compori­

son of immobile elements devised by Davies et al. (1978), basic 
granulites which are associated with massive sulphides are dis­
tinguished from gra~ulites _that are app~rently not ass~ciated 

with mineralization~ 
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the plots of Tin 2 vs ZT~ Y vs Zr and T!o 2 v~ v ~ho~ 

significantly different fields for t~e northern granulites 

(stratigraphic equivalents of hanging wall meta-pGlites) 

and the southern granulites (which,· so far as is known, are 

not associated with any massive sulphide mineralization)o 

These discriminant plots n1ay provide a usef~l, quick and cheap 

method of distinguishing between basic granulites which are 

possible host rocks for mineralizationo Howeverf like any 
geochemical exploratior1 method, very careful orientation 

studies are essential in any new area. 

Major and trace element bulk rock geochemistry of the wall­

rock amphibalites and basic granulites has indicated the 

presence of metamorphosed basic igneous rocks~ marly pelitic 

rocks, pelites ·and in the immediate wall rocks of K3, magnesium 

enriched pelitic rockso The mineralogy and metamorphic 

petrbl~gy 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-hyp9rsthene granulite, some of the quartz-biotite 

gneisses and the hypersthene-quartz garnet granulite may be 

interpreted as dacitic or intermediate igneous rockso 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 meta-sediments from 

meta-lavas of an intermediate composition. Following the 

latest ideas in the formation of exhalative massive sulphides 

(Sangster, 1979; Hutchinson, 1979), 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, 

sp~alerite~ chalcopyrite and galena with gangue minerals of 

barit~,. chlorite, qumrtz, apatite and phlogopite is typical 

of exhalative massive sulphide deposits, as is the vertical 
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mineralogical and metal zon:i.ng in the K3 anrl Kl S!JlDh.i.de. 

lenses. Pyrrhatits is concentrated in the stratigraphic 

base with sphalerite and barite in the massive sulphide 

stratigraphic top. The K3 and Kl massive sulphide lenses 

are proximal after Large 1 s (1977) classification criteriae 

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 

of an underlying quGrtz-cordierite alteration zone, and the 

presence of zoned tourmaline grains are interpreted as evi­

dence of their distal origin. The sulphidest w,i th the 

tourmaline could have been transported downslope as an uncon­

solidated particulate mass to be deposited in ~ shallow de­

pression on the sea-floor distal from the exhalative sourceo 

All three sulphide lenses an~ their enclosing.wall rocks are 

steeply dipping and the ~ertical (iee• perpendicular to bed­

ding) metal/mineralogical zoning and the presence of alteration 

zones in the hanging wall of the K3 and Kl massive sulphide 

lenses indicate that these two bodies are overtur~ede There 

are no indications that the K6 body is overturned, in fact 

the evidence suggests a "correct stratigraphic sequence". 

The form of the massive sulphide lenses and tha associated 

quartz-cordierite alteration, in the case of K3, has the 
typical deformed asymmetric shape (See Fig. 34, Bo p. 59) 

which exists in many of the Canadian deposits and the Cobar 

deposit, New South Wales (Sangster, 1979). 

Lateral zoning is not apparent within the massive sulphide 

podse However if the classical internal metal zoning tllere 

developed with a Cu/Zn ratio higher in the immediate centre 

of the proximal massive sulphide lens (i.eo directly overlying 

the exhalative centre, without shearing present) the higher 

Cu/Zn ratio would be, in the case of the K3 area, located 

somewhere between drill-holes KDH3 and 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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Lnteral mi .. nP~aloglcRl ?.'l!l.·i.ng is 111elJ rlevelo'.'1Prl i.m:n~::ii~tr,_~· 

beyond thG ;nassi ve sulphide. pads in the disseminated pyr.i tic 

f:ringesw The pyrite/pyrrhotite ratio increasEs rapidly away 

from the edge of the massive sulphide but remains relatively 

constant further than 100 metres from the massive sulphidese 

The increasing Py/Po .ratio is accompanied by an increase in 
the magnetite contente 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)0 

Surface mapping aided by pitting/trenching, drilling and geo­

physics (magnetics and IP-resistivity) shows that th~ three 

sulphide bodies K3, Kl and KB may occupy different horizons 

arranged en echelon within the stratigra~hic sequence. Poor 

outcrop prevents detailed structural interpretation, neve~the­

less the approximate stratigraphic "distance" between them is 

a maximum of 500m. The eastern pyritic extension of the Kl 

massive sulphides occurs 300 metres stratigraphically below 

the K3 massive sulphide podo The Kl and K3 massive lenses 

themselves lie -2000 metres aparto The K6 massive sulphide 

which is situated 5 kms and 7 kms from the Kl and K3 area 

respectively, may occur stratigraphically above the Kl mineral­

izatiane The relationship. between the K3 and KS is not known 

but it is possible that the K3 and KG are stratigraphic equiv­

alents 9 (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 characteristics, is situated between the KB 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 

weste In the K3 ar~a (i.e. extreme east) minor amounts of 

basalt are found within the hanging and footwall rocks; in 
the Kl area, basalt is the major constituent of all the younger 
formations,and in the extreme west (i.e. K6 area) basalt is 
found in footwall and hanging wall rocks as a major constituent. 
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The derth of s~a-w~ter Rt thP t5~e of hydroth8rmal exhGla-· 

tions as indicated by the mineralogy ar1ci ruetal ratios is not 

clEar. The two lines of evidence ara contradictory. Large 

(1977) showed higher Cu/Zn ratios in massive sulphides to be 

indicative of deeper water (iee~ higher pressure) environment. 

However for Kielder where all the deposits formed from separate 

exhalative vents (in spite of possible stratigraphic 6orrela­

tions between K3 and KS they ~re ?kms 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 equally 

be questioned hereo The distal KB deposit has insignificant 

pyrrhotite. 

Anhaeusser (1980) emphasised th~ difference between the Canadian 

Archean greenstone belt made up of basalt, andesite and felsite 

(ratio of 6:3:1) and the southern African greenstone belts (i~e~ 

Barberton:and Zimbabw~)which are composed of ultramafics, basalt 

and felsites (ratio of 7:20:1). He concluded that "the metal­

logenic potential for massive sulphide occurrences in southern 

Africa is poor"o 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 invalido Massive base metal (Cu-Zn) sulphide 

deposits ·are relatively rare in southern Africa but since 1968 

massive sulphide deposits 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 

beeri a mining camp since the early part of the 20th century and 

new deposits have been discovered relatively recently. 

Base metal deposits 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 ye~rs since the discovery of ex~alative type massi~e 

sulphide deposits in the Namaqua metamorphic complex is a 
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relatively short period in terms of exploration in mining 

distri.cts~ 

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 

favourabla environment for massive sulphide exploration 

which is quite different from the dornal f elsic volcanic 

envitonruent so heavily favoured ~urrently in North America''• 

The author concludes here, that in a similar way the Kielder/ 

Copperton region, as for any other metallogenic 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~ 1980) with the Kielder/Ccpperton 

district it is concluded that potential for further dGposits 

within this limited ~rea is good. 
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The textures of the thin sections have been d~scribed using 

the terminology defined by Moore, 1970, and approved by 
Winkler, 1974, (See Figa a). 

· 1 

--------------· 
GRANO~LAS TIC-

EQUIGRANL;LAR 

c: po!ygona I 

b: inter lob ale 

c: amoeboid, 

·SER IA TE 

a: polygonal 

· b: interlobate 

· c: amoe:boid 

Fig. ci. Di11grnm:1•atic rcprc~c:ntation of the terminology for t"xtun.:s in grar1n1ites. 

·----------(""'A:..:..I t~e.:..:.r:~f,l"'-oo:..:.r=:::e, A,~" 1970 LHh.os v3, p 12?.I 

The mineral proportions· for each rock unit are quoted as a 

range nf values, giving an indication of the u~i formi t}', 
and the statistical parameter of mod8 to g5.ve the most common­
ly occurring mineralogical proportions. 
On the photomicrograph plates·. the symbol's used for the optical 

conditions are: 

r ~ reflected light 
xn = crossed nicols 

r,.., xn = reflected light with partially crossed 
nicols 

._ _ _. = bar· sc~le represents 0,, lOttun 
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The letters used to denote minerals are: 

q - quartz 
b - biotite 
pl - plagicclase 
h ~ hornblende 
g - garnet 
s - sillimanite 
ac ~ actinolite 

. hy - hypersthcne 
d - diopside 
se - sphene 
:rh - rhodonite 
cl - chlorite 
b:r. - bronzite 
a - apatite 
ant - antigorite 
he - hercynite 

p ~ pfrite 
po - pyrrhotite 
cp - chalcopyrite 
sp - sphalerite 
ma - marcasite 
ga - galer,a 
mt - magnet:i.te 
hm - hematite . 
il - ilmenite 
tb - tellurbisrnuth 

kf - potash feldspar 
t - tourmaline 

(perthite) 

c - cordierite 
gr - grunerite 

AREA !<3 

A fine grained micaceaus felsic pyritic gneiss was inter­

sected only on section 54E.(Fig. 1) and consists of: 

quartz 

plagicclase-oligoclase (Ab 70An30 ) 

orthoclase/perthite 

biotite (altering to chlorite) 

sericite 
pyrite· 

RANGE MOOE 
50-55% 50% 
10-15% 15% 

i..:.15% 

5-10% 

5% 
5% 

15% 

10% 

5% 
5% 

The texture is platy granoblastic seriate am6eboido The 

ortho~lase~ present as perthite, forms porphyroblasts {up 

to 2mm) with am~eboid grain boundarieso The ground-mass 
is composed of a platy (ribbon-like quartz grains) mosaic 

of quartz, plagioclase and biotitso The grains are mostly 

amoeboid. in outline and vary in size from D.25 to lmm. 
Bio ti te is interg:r.own with .serici te and both are strongly 
altBred to chloriteo The quartz grains exhibit undulcse 

extinction. 
Pyrite is present as discrete subhedral to euhedral (O.Smm) 

grains interstitial to the silicates~ 
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usually fine grained and poorly foliatedo The rock 

typically has up tc 10% disseminated grains and stringers 

of pyrite and pyrrhotite~ 

The rock consists of: 

HANGE fllODE _.-.,,...,...<: 

hypersthene 15-50% 25% 
cordierite 0-25% 25% 
plagioclase-andesine 

(Ab54An35) 10-30% 20% 

quartz 10-30% Jr.:% ...... 
biotite 5-15% 5% 
pyrite/pyrrhotite (py/po~ 1) 2-10% 5% 
magnetite 2-5% 4% 
diopsidc 0-25% Ofo 
hornblende 0-20% 0% 
orthoclase 0-2%. 0% 
apatite tr tr 

The microscopic texture is granoblastic seriate to lnequi-
granular,with the grains having interlobate baundariese 

Large~ irregularly-shaped grains of hypersthene poikilo­

blastically enclose quartz, feldspar and pyrite~ The 
biotite is associated with the hypersthene and both are 

at least partially replaced by chloritee The groundmass 
is of variable grain size but generally ~ 0.75mm and consists 

of an interlobate mosaic of quartz, plagioclase and some­
times diopsidee The hornblende~ where present, has replaced 

the pyroxenes 0 The cordierite forms anhedral rounded grains 
(~ o.Smm) with amoeboid edges usually altered to pinite .. 

The quartz and plagioclase in the ground~mass often exhibit 

a fine grained myrmekitic in~ergrowth~ The pyrite and 

pyrrhotite are concentrated in layers ( 3-Bmm wide ) in which 

sulphide concentration is up to 15%- the interlayered zones 
(alsor-'6mm) are free of sulphide. The pyrite and pyrrhotite 

typically fo~m1 anhedral>irregular,stringer-type composite 
grains betw~en the coarser gangue minerals. 

grains vary from Ool to o.Smm in size. 

These conipo3ite 
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S.i~liman.i t!:_.:_augen Py:d. tic Ouartzi te 

conspicuous sillimanite augen and disseminated pyrite and 

pyrrhotite. 
The rock consists of: 

RANGE MODE - -
quartz 60-70% 65% 
sillimanite l'"' ...... % ~-(;:> 0 16% 
pyrrhatite 6-7% 7% 
pyrite 3 ... 5% 5% 
1:1.monite 5% 5% 
sericite 0-2% 2% 
biotite tr tr 
plagioclase (composition'?) tr tr 
rutile tr tr 
sphalerite tr tr 

The rock has a fine grained (~ 0.5mm) granoblastic platy 

polygonal inequigranular textureB The ground-mass is 

composed essentially of a fine grained equigranular platy 

polygonal mosaic. The sillimanite augen (up to 4-Smm in 

length), are composed of minute (sub=microscopic in places) 

sillimanite prisms~ The sillimanite is generally associated 

with the sericite which usually appears as an alteration 

producto 

The sulphides occur as small elongate aggregates of pyrite 

end pyrrhotito parallel to the foliatione There are traces 
of anhedral sphalerite within the pyrite/pyrr~otite aggre­

gates. The pyrite tends .to be euhedral within the pyrrhotite 
(anhedral). Very fine (O.lmm) rounded sub-hedral grains of 
rutile occur within the quartz mosaic and sillimanite layerso 

QQ.ll.._4 __ .. __ B_a_n_d_e_d __ B_i_o_t_i_t_e __ ,G_n_e_!.,__· s-~--

In hand specimen the rock is a fine grained equigranular 
banded gneiss 11.1hich is characterised by fine (<Nlmm) imper­
sistent bands of darker minerals (mainly biotite) in a felsic 
ground~mass. 

The rock is composed of the following minerals: 

quartz 
plagioclase-oligoclase 

(Ab An J 
. 70 30 

RANGE 
:;o:w 

30-60% 

5-20% 

MODE 

60% 

20% 



biotit:e 

hyp'"1 J:·sthenP. 

magnetite 

... 101 -

pyrite 

bustamite/rhodonite 

zh.-con 

HANGE 

10-20% 
0-1 f·i:::b . ' 

tr-1% 
tr 

tr 

tr 

lC~ 

. l CJ~6 

0% 
tr 
tr 

tr 
tr 

The gneiss is fine grained (~ D.Smm) granoblastic inequi-

granular interlobateo The quartz and ortho6lase form 

porphyroblasts up to lo5mm in size. The ground-mass is 

made up of quartz, plagioclase and biotite, with occasional 

grains of hypersthene tending to poikiloblasticity. The 
pyrite and magnetite are extremely fine grained (~ O&lmm), 

. . 

anhedral and are disseminated throughout the rock., The 

zircon occurs mainly 1.1Ji thin the biot:Lte g:r.ains causing 

pleochroic halos. The biotite and hypersthene are inter­

grown and define the foliationo . Plate A shows the rela­
tionship of quartzj biotite and hypersthane. The biotite 

is green to green-brown in colour and is altered to chlorite 

at the edges.. The hyper~thenr.; is usual~y fc:1intly pleochroic 

with some alteration (to antigorite?) along fractures and 

grain edges. 

Unit 5.. . Fe,lsic Sillimani te Gnei%§ ( Ue,eer Unj,t )._ 

In hand specimen the rock is typically pink, pale-pink to 

white,or occasionally a very pale graen, with no dark minerals 

present,and varies from a fine grained weakly foliated granu­
lite (defined by sillimanite),to a coarse grained sillimanite 

gneiss. 
The rock .is made up of the following minerals: 

quartz 
pel:'thite 
andesine plagidclase 

(Ab55An35) 
sillimanite 

biotite 

muscovite 

magnetite 

pyrite 

RANGE 
~-

50-70% 

10-25% 

5-20% 

1-10% 

tr-2% 
tl.'-2% 

tr 

tr 

MODE 

55% 

20% 

20% 

4% 
tr 

tr 
0 

·. 0 
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The microsc opic texture is fine grai ned seriate int8r­

lobate with the quartz and perthite tending to be porphyro­

blastic. These (irreqular anhedral shared) porphyrohlasts 

arer--'2mm in g:i:-a)_n sizec The ground-mas s consists of a 

fine grained ( D.3mm) mosaic of plagio~lase and quartz~ The 

size of tl1e perthite porphyroblasts increases (up to 6mm) 

an d becomes more amoeboid in outline towards the pe ymatitic 

gneiss. There is usually some granophyric intergrowth 

be t wee n quartz . and f el dspar.., The sillimani te exhibits a 

preferred orientation an~ forms lenses up to 6mm long com­

posed of indi v idual silliman ite prismatic grains (OQl -

0"2 mm long).., (See PJ.2te B)o 

Th e muscovite anrl green biotite are fine grein~d (< o.s~~ ) 

and d isseminated t hroug hout the rock ~ The a nh edra l pyr i te 

s eems to be intergranula r and is probab ly a later introduced 

phase associated with secondary quartz crystall isati on ~ 

~___l:i.>.'.pe1·sthene-~~rt~~_garnet G~F_anuli ~ 

In hand specimen the rock is a medium gra inDd porphy r obl ast ic 

intermedia t e /ma fic g ranul ite with a va gue fol iat ion e The 

larger the po:r phy:i:-oblasts of garnet and/or· hy persth ane the 

less th e f oliati on is discernible, end c~nvers el~ the 

foli at ion increases with th e quartz c on t e nt~ Th e mo s t 

distinctive feature of the rock is the presence of large 

garnet µorphyroblastso 

The rock is composed of the f ollowing mineral s : 

( The quartzose coarse bands are not included)~ 

RP, NGE 
~-,...,-

quartz 0-35% 

h/persthene 20-·50% 

pl agioclase-andesin R 
( Ab55An35) 15-30% 

biotite 5- 15% 

orthoclase ( pa.:-thit e ) . 5-15% 
garnet ( a l ma ndi ne?) 5-10% 

magnetite 1-2% 

bro nzite 0-3% 

hercynite t - a1 r~J.;o 

pyrite t r -1% 
apatite t r 

!'lODE 

33% 
2r-ct '::J;o 

'JQ'1 .._ , o 

10% 

5% 
5% 
1% 
D% 
t r 

t r 
t r 
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The mi croscopic texture is medium gr ained granoblastic 

l• :o +,....,...~-,-.'"1··1 ~":"' ' ..... -1-1:1,..., ·-it--. ::>.+(:' 1:-inl "'"'f"ln"'1 . •• --- ~ "' i., · • ·· -• .-• - · .. __ , . ..J '- · ~ • • ' •' '"- · "-' ' I, . • • · • ,1 ~ . • (, .. (. ThP ]n~~~r nra~n~ 

( 2-6mm) of hypersthene are porphyroblastic or rarely 

poikilo!Jlastic. Porphyroblast ic garnetr is often inter-

grown with the hypersthene (S ee Plates C and D) and usuall y 

the latter ~ims the almandine6 Th e r e a ppear to be two 

generations of biotiteo The first is devs loped as over-

gr ow t hs on the hypersthene (Se ~ Pla te C); the sec 6nd fo rms 

sk e le ta l inte rgro~ths wi th quartz and feldsparo In both 

insta nces the biotite is browno Bronzite occ urs at the 

edges of hypersthene grains (S ee Plate D) in one instance~ 

The ground-mass is c omposed of interlobate ( approactiing 

polygonal) fine graine d (.-.JD .. Smm) qua rtz, andm;;ine and 

or t h oclase. The quartz also occurs as larger poikiloblastic 

(at time s ribbon-lik e ) grains and as gra nophyric inte~grow th 
'\ 

with feldspar .. 

r~ agneti te and here y ni t e invariably occur tog e ther (if 

hercyn i te is present) as irregular inters titia l g r ains 

within the polygonal ground-masso 

Un it 7 . - 8.!lip hiboli te_~ 

In hand sp e cimen the rock is medium grained mafic t o inte r ­

mediate with a poorly developed fol i ation . It grades into 

a foliated hypersthene granulite. 

The mineralogy is as follows: 

ho r nblende 

pla gioclase-labradorite 
( Ab35An5 5) 

hypersth ene 

diopside 

biotite 

musco1.1ite 

magnetite 

apatite 

RA ~JCE 

25-65% 

20-45% 

0-25% 

0-15% 

0-2% 
0-1 5% 

tr 

tr 

~100[ 

35;1a 

34% 

20~~ 

10% 

1% 
D% 

tr 

tr 

The microscopic t~xture is granobl a stic to namat oblastic 

(depending on the abunda~e of hornblende and micas), 

inequigranular interlobate to polygonal ~ The amphibole, 

usually a bright-green variety of hornblende, forms the 
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l arger ( N2mm ) grains and tends to be poikiloblastic. 

The amphib ole and pvrnxenes are int e roro~1n, the am~hiboJA 

~aving fo rme d by retrogress i on,i.e. the hornbl Gnde r ep lac ed 

both clinopyroxene and orthopy r oxe ne ( See Plates E and F). 

The orthopyroxene altered a lo ng fra c tures a nd cleavages to 

se rpentine ( a ntigorite?) (S ee Plate F)g The labra do rite 

forms a fine grained (N o.Smm ) poly gona l ground-ma ss~ and 

minor pl agioc lase i s enclosed in th e poi k i l oblastic dark 

min erals . 

On Section 56E, i n the e xt re me east of t he K3 a re a~ the 

amphibolite con tains no pyroxenes ~ t he amphibole is altered 

to cl inoc li l or e (c hlo:r.-ite ) , and musc ovite composes u p to 15/S 

of th e r ock. Th e pla9ioclase is &8 ver. e ly sa us s ur itzedo 

X-ray d i ffraction has ide ntifia d k~ olinit8-type clays in 

addition t o clinochlore and mus covi t eo 

U • t 0 _fil __ _ ':!...!r. po r p h ¥.rob 1 a s t ic H ·~::.ti f2 :r s the n e-b i_o t ~~E.§D u 1 ii£ 

In ha nd specime n it is a medium to c oa r se gr a ined inte r -

mediate granul i ·te ~us uall y poo1·.l y fo l iat ed. Th e hype rsthene 

typically forms coa rse porphy:r.:oblastic grains , which in t he 

mo r e mafic va rieti e s coalesce into massive hyp ersthene~ 

Tht=;: mineralogy i s as follCJl.JIS : 

hyp er-sthe11 e 

qua rtz 

pla giocJ.ase 

bioi:ite 

art.hoc lase 

mag nc:!ti te 

pyrite/pyrrhot ite 

hercynite 
(60% Al 2o3 ; 32% Fe 2o3 ; 

8% MgO J 

apatit e 

RA NGE - -
15-30% 

26-60% 

0-25% 

10% 

5~10% 

0~3% 

0- 2% 

tr-23 I 

tr 

fflODE 

30% 

30% 

20% 

10% 

9% 

1% 

0% 

tr 

tr 

The rock has a granoblastic inequi granul a r interlobate to 

amoeboid textureo The porphyroblastic to poikiloblastic 

hyp e rsth e ne grains (up to 4mm in size) dominate tha texture. 

The s e typically have irregular to a moebo i d grain boundaries. 

The hypersth e ne can also form smaller (lc5mm) subhedral grains. 

Hypersthene is us~ally altered to a ntigorite in cleavage 

fractures and grain boundaries (See Plate G). This effect 
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increases markedly near t he massive su l phides ( withi n 5-?m). 

lne u~tt1ucias e and quartz torm larger anhedral porphyroblasts 

with th8 quartz ter;ding to ribbon textu re o The gro und-mas s 

c onsists of a n interlobate fine gr a i ned (~l mm ) mosaic of 

qua rtz and plag i ocl aseo Th e bioti t e is i nva r iably associated 

with the hype rsthene. Pyrite a nd pyr r ho ti te occur as smal~ 

i r r eg ular,interstitial 5 c om po s ite grai ns ( D. l-D .2mm) an d as 

fine,roun de d grains withi n quartz a nd f eldspar~ Hercy nite 

and ma gnetite are always associa ted and occur as finely dis­

seminated i ntergranular gra i ns ft 

Uni t 9. Cordier i t?-12):'. per_s t_ll_,e ne-guart z Gra i!._ld_,l it_§ 

In hand spe ci me n th is unit is ciifficult to distiri guish fro m 

the porphyroblastic t1yp ersth ene bi ot ite gra nul i te ( Unit G~ 

pa rticularly if fels i c . The roc k is usua l l y fin e grained 

with little or no foli a tion visible - the rock is intermediate, 

wi th the cord ierite giving a pale blui sh tingae 

The roc k is composed of : 

RANG E ~lODE 

quartz • r: 35at l:J - /0 35% 
cordi eri te 5-30% 35% 

biotite 5-1 5~~ 15% 
hypersth2 r. e 0 30"1 

- / 0 5 L'f / 0 

orthoclas e 0-30% 5% 
pyrite t 7c1 r ·- /o 3% 
pyrrhotit e tr- 7% 3% 

ma gneti te tr- 10% ')o1 
<- /0 

plagioclase 0~ 2% 0% 
t ourma line 0-2% oat / 0 

spha l eri te · tr 0% 
hercynite tr-1% tr. 

c halcopy r ite tr-D.5% tr 

he matite 0-2% t r 

The r oc k ha s a granobla s tic s e ri a te ambe boi d te xture. Th e 

co r dier i te fo r ms rounded grai ns with ir r eg ul a r amoe boid • 
ed ge s , a nd te nds t o be poi kiloblast i c. Th i s minera l ha s 

us ual ly al tere d to pi nit e a t grain ed ge s a nd fractures. 

Py rite s eems t o be as s ociated with c ord ier i te a l ter a tion 

a nd is fo und as a n interg r an ul ar pha s e wi thi n th e pi nit e. 

Th e hyp ersthene fo rms l arge (2-4mm ) porphy rob l asts . enc losi ng 

quar t z a nd fe ld s pa r grai ns . The hyp e rsth e ne exh ibi t s t wi nning 
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( See Plate H) which is usua lly a sign of recrystallisation 

under deformation4 

hyper s thenc. Th e 

The biotite is always associated with 

qu~rtz a nd feldsp a r form an inter loba tG/ 

amoebo i d mosaic ground-mass and also exhibit a grR r l op h~ ri c 

inter g:r.owt.h .. Rare tou r maline is found within the ground-

mass as subh edr al grairls6 Magnet ite and hercynite are 

alway s associated and occur a s small ( ~OGSmn1) intergranular 

anhedral grains .. There is a gradual increas e in th e a bund-

ance o f dissemina ted sulphides ( up to 1 5% within l m of the 

massi ve ore ) towards the mas si ve s ulphideso Tl1e conta ct 

however is sharp from 15% sulphide 9 (d isseminated ) t o >75% 

massiv e sulphide over a distance of ~2cm. 

Wh8n the St..;ljJhids c::mtent increases t o "'15/fi , t i1e s u.l pliides 

fo rm i rre gul a r int ergran ul ar clots and veins within the 

silica te grains. There is a vag ue d e crease in th e py r it~/ 

pyrrhotite r a tio from 2, 15m from the massive sulphid e , to 

Del? lm from th e . ore. 

The pyrite , pyrrhotite a nd ma gnetite usua lly occur as dis-

crete f ine grains (<0.5mm ) ~ Howe ver , c omposite gra i~s cf 

pyrrhot ite-magnetite-hematite-sphalerite, pyrrhotitG-pyrite, 

pyrrhotite-pyrite-chalcopyrite-mag~etite can occur e ( See 

Plates I, J• K) . 

The pyrit e ( and more rarely the py r rhotite ) have haloes 

of mag netite ( See Pl a te K } ~ 

Unit 10 ,,, The Quartz-·cordie:::-i te-si 11 ~r.D..~.D.J :t.e Gra.nul i te 

In ha nd specime11 the r oc k is a fine t o medium grained f slsic 

equigranular non-foliated granulite which has a di stinct 

bluei sh-grey colour if the cordier i te content is high $ 

Diss emin a ted pyrite and pyr r hotite a re a lways present and 

there is a n increase in s ulphide a bundance,a nd the Po/Py rati~ 

towards the massive sulphide contact~ 

Sphalerite an d cha lcopyrita are present ~l Ocm from the ore 6 

The rock i s composed of: 

RANGE MODE ·-
cordierite 15-1~0% 35% 

quar t z 20-50% 35% 

biotite-phlogopite 5-1 5% 10% 

pyrrhotite 0-20% 9cit 
JO 

sillimanite 0-20% 5% 

pyrite 0- 20% sot . JO 

magnetite 0-4~~ 2% 
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Where th e sulphide/oxide ratio is low,composite grai ns of 

pyrite. maqnetitt~ and pyI'rhotite AI'P fc'1_1 n d~ ~' 11 th:rGC r. 2. r~ 

crals c a n also occur as discrete grdins . The opaque min-

erals ar e a l~ays as inters tit ia l grains cet~sen the mosai c 

of quartz and cordi e ri teo Skeletal pyrite grains have 

partially rep laced co r dierite w 

Within 4cm of the mas~ive sulphid e the rock contains up to 

4% sphalerite and 1% chalcopyrite within compos ite grains 

of py rite and pyr rhotites The c halcopyrite forms inter­

stitial coatings betwee~ silicate and sulphide g~ains and 

fine blebs within spha l erite. 

Unit 11 . Th e Massive Sulphi de Unit a nd Interc a lated Siliceous 
Zon es ---- - ---·-·. ---·------~~..a.._.__.,....,~ .... - ... ~ ..... -·-.-.._----

In hand specime n th e rock consist s of coarse grained 

pyrrhotite-pyrite-s ph a lerite with finely disseminated 

barit e , calcite and chalcopyrite~ The gnngue consists 

of chlorite~ red earthy hematite a nd biotitea X-ray 

diffraction has shown the green " c layey chlorite" to con­

sist of chlorite, amesite (both ma gne s ian chlo rites ) and 

minor qua rtze There is no folia ti on visible,although 

coarse mineralogical and chemical z~ning is pr esent$ 

Because of the marked mi neralogical z oning th e petrographic 

descriptions will be dealt with under four ~~b-headings: 

a) The Upp er Pyrrhotite Zone 

b) The Sphalerite Zone 

c) The Sili c e ous Zo ne 

d) The lower Pyrrhotite-Pyrite Zo ne 

N The Upper PyF_rhotit e Zone 

The rock is composed of : 

R/.\NGE f•10DE -
pyrrhotf.te 70-80% 75% 
pyrite 8~20% . oat .I. /0 

phlogopite 0-10% 5% 
sericite 0-20% 5% 
quartz 0-5% 1% 
marcas ite O·-L>% 1% 
chalcopyrite tr- 2% tr 

sphalerite tr tr 

calcite tr tr 
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The pyrrhotite occurs as large (~ 2cm) irregular masses~ 

lvhich a.t·H cumposed or' a. coarse pol ygonel r.ios~ic of gra lns 

(>3mrn ) .. 
Pyr i te occurs within the py r.r hot..it e mosaic either as 

(i) ambeboid blebs within th e individual pyrrhotite 

gra ins; th i s is usuall y a composit e of py r i te a nd 

ma :rcasite; or 
( .. . ' d l . t ' . t. 1 . f' . . • t\..i l.J. J euhe ra in ·crs·c:i. .::..a g:r8.J. n s arming a mosa i c wi ·,. 

pyrrhoti te., 

Pyrrhotite exhibi ts lamellae of optically differentiated 

py rrho ti te ( Sec Plat e L) s The pyrrhotite is usua lly 

clear of inclusions of gangue,whereas pyrite typically 

h a.s nume :i: ous qua :ctz and c a lei te inc 1 us ions" 

Chalcopyrite occurs in veins and a s an interstitial phase 

be t ween pyrrhotite and gangu e minerals, or a s subrounded 

bl~bs ( wit h occasional spha lerite blebs ) wi t h in pyrrh oti te~ 

In specimens where pyrite cont e nt is hig h 5 composite veins 

of chalcopyrite and pyrrhotite cross the larger pyrite grains 

( Si::e Pl a te ffl ). 

b) Th~_..2,phaleri t?-~~ 

The r oc k i s composed of the following mine rals: 

RA f\IG E f\1QOE 
~ 

pyri te S-80j·b c: r:% Liv c 

pyrrhotite tr-·70% 25% 

spha.lerite J.-30'.!s 10% 
chlorite tr-15% 3% 
barite tr- 20% 3% 
ma rcas ite 0-5% 2% 
ch o. lcopyri te tr-5% 1% 
sericite tr 0% 
edenite D-5% 0% 
orthoclase 0-2% 0% 
gahnite 0-tr 0% 
hypersthene 0~3% 0% 
phlagopite 0-15% 0% 
plagioclase 0-5% 0% 
calcite tr-10/~ tr 

biotite 0-1 0% . tr 
qu c. rtz tr-5% tr 
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The pyrite/pyrr-hotite ratio is hi ghly variabl e, t he 

sr~~l~rit~ ~~~t e nt i~ ~~== ccn~~ ~~?~ ~~ cnd t ~~ 

min e r al contents are also hi ghly varia ble ~ 

Th e py r ite oc curs as irr~gular anhedra l yrains 

l arge ( 4-5mm ) euhedral grai ns ~ The pyri te is 

. 
n:i~1e: :· 

and as 

usuall y 

c omposed of po l ygonal mosaic, altho ugh not alway s dis­

c a rna bl e unle ss de fined by inte r s tit i a l blebs of py rrhot ite 

or sphalerite ( See Plate N). Th e pyritG ma ss also contains 

l arge interst i tial gra in s cf sph a lerite, cl1alcopyrit e and 

pyrrhot ite ( See Plate s 0 a nd P) 3 

The py rrhotite has inclusions of a moe boi d marcasi t e and 

euhedral pyrite ( Se~ Plates Q and R) . 

Frequent ly chalcapyrite oc c1Jrs at t he c ontact be t ween 

py rrhotite and ga ngue mine ra ls . Polygona l mosaics of 

pyrit e , pyrrh otite~ quar t z 9 barits and sph alerite~ the 

grain s i ze bein g l-2mm, can occur ~ 

Ch a l copyr ite (in addition t o occurr ing a s a bovo) is 

ubiquitousl y present as exs olutio n bl e bs in the l arge~ 

(l-3mm) sphalerite grainso Th e grains c a n be ve ry fine 

( a l most su bmicroscopic - se e Plat e 0) or r e l at ively c oarse 

(O aO l - Dc03 mm ) .(Se e Plat e S). 

The chal c opyrite a lso f orms veinlets cutting al l the SLJl phide 

minerals but not the gangue minera ls e 

Irr e spec tive of the for m of the chalcopyrite ~the gra ins 

never exc eed Do05mmo 

Sphalerite ha s also recrystalli sed into a polygo na l mosaic 

( an d like pyrite ) made vis ible by t he i nterstitial g rn i~ s 

of chalc opyritec (See Pla te S)G 
Sphalerite also ha s blebs of pyrrhotite within the large r 

grains., 

The ba ri te which varies sympath8t i cally with the spha l erit e , · 

occurs as l mm polygona l grains wi t hin the s ul phide mosa ic. 

It is some times associated with sericite a nd edenitee 

Calci 'L e is pres e nt as veinlets cu t ting sulphides c.nd ga nguB. 

Gahni te whic;h is rare is found as fine grained ( ~ O. l ni m) 

euhedral grains within sphalerite . 

The silicates, (quartz, hypersthene, orthoclase, plagioclase , 

biotite 8nd phlogopite) occur as r are interstitial grnins 

usually in the less massive (~65% sulphide) sulphides. 
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£.2 The Siliceous Zone 

The reek is ccmposec of: 

quartz 
plagioclase-andesine 

(Ab 60An4 0) 
biotit e (al te red to 
chlorite) 
pyrite. 

• • J.. ser J.c i L E' 

py :rr:- hot i te 

calcito 

chalcopyrit e 

sphal erite 

and a lus ite 

Rt1NGE ~10 0[ - - -~ 

50-70% 65% 

0- 30% 20% 
• 

5~· 10% 5% 
0- 5% 4% 

2·-25% 2% 
0~5% 2% 
0 ., 18% t r 

tJ:' t:r 

tr tr 

tr t r 

The texture varies from gra noblastic seriate t o equigranul a r p 

wi th am 6eboid grai n outlines. Th e quar tz forms a fi ne 

grained (Nlmrn ) mosaic with plagiocl a se, bo t h minerals cen 

ho we ve r occur e.s iarge-r po:c phyrobl asts (,,..J3mm ac ross) .., In 

some instanc es the quart z for ms r i b bon-l.i f~ 3· g ):ains (.in tJh ich 

c ase sericita accentuates t he folia ti o n~ UsuaJ..ly th e rock 

shows no fol iation ). 

Th e plagioclase i s at leas t pa rt i a lly sericitize d& Fine 

inte rst itial flakes of biotite are us ua lly a l te r ed t o chlorite~ 

Sulphides are pre se nt a s fine ( ~O .lmm~ subrounda d or sligh t ly 

elongated sgra ins parall e l to the fol iatio i1~ The gr ains a~a 

composites of pyritet pyr r hotite , chalc opyrite and rare l y 

sphal erite. 

Calcit e forms veinlets which cross-cut sulphide and s il icate 

minera l sc 

d) The Lower pyri t e-£ yr_rh ot ite Z_~ 

The roc k is composed of the follo wing: 

pyrite 

pyr:r.hotite 

chlur.ite 
sphalcrite 

quartz 

calcite 

chalcopyrite 

Rf1 fJG E -
10-75% 

10-50% 

1-20% 
tr,.25% 

1-20% 

t:r.-5% 
tr-5% 

f•lODE -
50% 

20% 

8% 
c,<rt 
""/<J 

5% 
4% 
2% 



- · 112 -

r~ANGE MODE --
cord.ierite O-lA% 2~~ 

epati t e 0--5% 2% 
ba J:-ite \:r-5% J.% 
cubo.nite . tr 0% 
zi r con tr tr 
plagioclas e 0-·4% tr 
ph l ogopite tr-·20% tr 

'tell urbismutl1 t :c: t r 

Th e sulphide textures and relations hips are identical to 

the spha lerite z one. 

Apatite fo rms a po l ygo na l mos a ic (S ee Plate T) within the 

massive s ulp h id e. Th e r 2 is soma intersti tial sulph ide , 

and phlogopite, within t he mosa ic. 

Cordierite i Found only in the s e mi - mas s ive sulphide units 

( i. e 9 <50% to ta l sulphi des ) for ms a n he dra l s ubrou nd e d ( Oo75mm) 

grains with am oe boid e dg e s agains t quartz a nd phlogopiteo 

The cordi erite contains s ome sul phide i nc l usions e The 

chelcopyrite conta ins r are. bl ebs of tell urbi smut h (p os itively 

id e ntified by mi croprobe ) and fine ~!Omicr o ns ) si l ve r rich 

speck s (See Pla t es T and U)e 

12.. D i o p sJ;._d e -- Pl a g iocl ~.E;_ Gra nu~.it~ 

In ha nd specime n t he rock is a fi ne graine d mafic gra nuli t e 

wi t h disseminat e d pyrite and magnetite. 

weakly develop e d o 

The rotk is composed of: 

diopside 

plagioclase-labradori te 
{-Ab50 /l.n50) 

hornblende 

hypersthene 

mr::ig neti te 

biotite 

quartz 

pyrite 

apatite 

zircon 

Foliation is only 

R/H~ GE f11DDE --
20- 45% 40% 

7 ~ { 501 .,J..,- .i /0 35% 

0-2 0% 15% 

0-1 5% 5% 
2~5% 5% 
0-10% 3% 

0-5% 0% 
tr-2% tr 

tr tr 

tr tr 

The rock has a granoblastic equigranular interlobate/polygonal 

texture. (See Plates V and W). 
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Hyp ersthene is fin e r gr a in ed , more sub hed ral,and more 

alter~~ tha~ ~~~ Ji~pside. T;ic.: ~~ ::., f.JY:CiJ?. i:: 11 1:;;S Gi..~u.1.: i J u\~ 11 

discretely and intergrown (S ee Pla t e V). 

The diopside ca n bA porph yroblastic. 

The pyro xe nes are invar iably intergrown with hornblende, 

a nd in s oma i nstances the marg ins of pyra~e ~as huve alte~e d 

to a mphibol e ( See Pl a tes X and Y)~ The re is no systema tic 

variation in the de gre e of ural itizatio n ~ither with depth, 

strike or proximity to massi ve sulph id es~ Th e urali ti zat ion 

of pyro xe nes appea rs to have proceeded prefe re 11tiall y aroun d 

i nclusions of pyrite ( See Plate X) ~ 

Th e s ulphide phase s ( mainly pyrite , mi~or py r rho t ite) a r e 

inters tit i ali and occu r withi n cl 8a vages and fract~res of 

the pyro xe nes an d arnphibo l es .. Magnetite occurs as euhedral 

p rimary grai ns and i s conc entrat e d along p l a gioclase c leavag es~ 

Wit hin 2m of the contact b e t we 2n diopsidG granu l ita and 

gra na diorite the hornblende / pyro xene i 11ter~rowths a re rimmed 

by an alterat ion halo uf ch lori te ( See Plate Z), and the 

pla gi oc lase i s also str ongly saussuri ti zed . 

Uni~ 13. Ra nd _e~c1_1:!xJ~ n ~-llf.?...1:i ~ l~ 

In ha nd specimen th e rock is band e d, mediu m to coarse grained 

and in pla ces app ro~cli es a feldsp a t h i c amphibolite o 

The rock c onsists of : 

qua rtz 
hyp e rsthene 

plagi oclase-a ndes i ne 
. (Ab

52
An48 to Ab

65
An 35 ) 

biotite 

magnet ite 

hornblende 

co r di e rite 

Rl\ f'Jl~ E 

10-3 0/~ 

? r: I,-~ 
<..:J ••• ..+::J/O 

25% 

1 ? ., 5·cf/ ·-- <:. /0 

. tr-3% 
0-10% 

tr-5% 

f'tJODE 

3U/~ 

25% 

25% 

15% 

3% 
0% 

tr 

The minera ls form a coars e grained, gra nobl astic~ inequi-

granular, interlobate te x t ure. Th e hypersthene i s 

poikilobla stic (<"'3m m grains) and encloses plagioclaseo 

Quartz forms larger (up to 6e5mm) anhedral poikiloblast s 

enclosing hypersthene and plagioclase. The plagioclase 

together 1vi th smaller grains of hype1·sthene and quartz (-..10 .. 75mm) 

form an interloba te mosaic. The brown ploochroic biotite 
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occurs as ove rg rowths on the hypar s thene whereas the less 

fi lP. ocl->r nir. ~ P1. .{1!"'! -•~:r'P "'! rr bio t.tt <? i ~ 5.nt.P r- c;r c1o1n 111.i +.fi t.r:-

pl a gioclase grownd-mas s . 

The s ulp h i des (<--' 5% py1·i to t ....., 53 py r r·hoti to li trsce c h alco~~ 

pyri te ) occu 1~ a s s mall , inters ti tial , ( ~ 0.,5mm) composite 

grains* Whe n th e tota l s ulph i de ccntent re e ch e s a bout 

10% the grai ns me rg e fcrm i rregul a r stri ng e rs. 

Unit 14.. " Fe_l 3iS,_ S i~ll..l'.l~-D iJe C~~g i~t._~§_J. i) 

Th is un i t is mescscopical ly and micr os c op i c a lly i de ntica l 

to the o ne f ou nd in th e ha nging wa l l (U ni t 5 )~ 

Uni t 1 5 .. Ba nded Biotite-Ga r net Gneis s __ ,..Cl A~---.-..---

In hand specimen t h e rock is a banded inequi granu l ar 

med i um gra in ed in te rm e diate ro c k~ 

Th e mi nera logy is as f ollows : 

quartz 

plag i oclase-a ndesine 
( Ab5c: 70An -z5 ..,,0) 

~1- .J, -..J 

hyp ersthe ne 

bio t i te 

ga rnet ( a l ma ndi ne ) 

ma gneti te 

horn blende 

diop sida 

or thocl a s e 

h s r c ynite 

a patite 

Rf\ NGE 

l0- 5D% 

l 0·-3 5% 

1- 35% 

tr-2U% 

0-20% 

2-5% 

0-35% 

0- 20% 

0-3% 

t r~l % 

tr 

i'100 ~~ 

<c:rr/ ,, ;;:i;~ 

2LJ% 

20% 

1 Ll% 

5% 
{~ ~lb 

3% 
0% 
0% 

t r· 

tr 

The rock ha s & gr anobl a stic ine quigranula r or s eriate 9 

int er. lobate to am oeboid texture. 

The ga rne t form s large (2.5 - Smm) poikiloblasts enclosing 

quartz and feld s parc Garnet also encloses grains of 

biotite which usua l ly cccxiot ~ith qua rtz and/or pl3gioclass 

(See Plate f.H',). The ga rnet has irre gular amoeboid embayed 

edgesc 

Hyp e rsthene, which is partially a ltered to antigorite, 

poikiloblastically enclos~garnet grains (See Plates AB a~d 

AC). The hypersthene is usually intergrown with biotite. 

The quartz forms a platy texture with ribbon-like grains · 

up to 4mm long. The ground-mass consists of plagioclase 
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(antiperthit e , fine lamellac of orthoclase) and qua rtz 
r: ! c'· I l ; . ,.., ~.. ~· ' ..... 0 , I .I r, ... . - · , f" ~ ..... :""! • · ·-· .• . -~ l , ·. J ( ,.... ... , r:: 1 !"'I rTI ) r- · ...... ,. . -; · .• ' .. ...., .. "' .. .. ~ . c J. I '-.J.. ""'-' '-" t-" ..L)'~w•1-.1.. , ..._ , ,v ';jJ..~ ..... . ,'-"'' .._s• .... ,. ... ,, ., • .....,_..-. ... .._. v ... """"' ' ' 

am6eboi d mosaic. 

The ribbon- l i ke quRrtz witl1 t he bi otite define the foliation, 

while the ga r net and hyp ersthene ha ve grow n across the fo l i-
J • ucion .. 

The magneti te,wh ich forms finely disseminated a nh e dra l 

i rregular grains ( D.l - o~smm) 1 or ra rely euha dr al grains~ 

is alwa ys intergrown with herc ynit e . 

The hc r nblende has a sieve texture in which it encl ose s 

minute quartz grains ( SGe Plate AO ) and is in tergrown wit h 

biotite. 

U ' t '6 C G • . G . .._ _f!}. .i ,.!.,. . ~ 9n r.~~l.le<?~~D.~~ 

Th e granite is c oarse-grai ne d whit e to pink and pegmat itic ~ 

Th ~ rock c onsists of: 

pe rthite 40% 

quar tz 35% 

pl ag ioclase­
oligoclase 
(Ao 72 An 28 ) 25% 

The t a xture is coarse·-qrained i 11equigr ari u l ar interloba t a. 

The orthoc lase forms large subhedra l por phyroblasts (~ 12mm)r 

wi t h coarse lamellae of exs olv ed albit e ( See Plate AE) p Th e 

per th ite porphy roblasts ha ve quartz inc lu s ions (ro unded ) and 

veinl e ts which s eem to have acted as "cores " a ro und which 

the albite e xs olved preferential ly (See Plate AE)~ The 

aroun d-mas s consists of a n interl obate mos a ic of fi ne orained _, . _, 

(ND.5mrn) quartz and pl agioclase. Quart z also forms anhedral 

c~smm) porphyroblasts. 

Unit 17.. G:r.anodiorite ----"----'--'--·-----···----· 
In hand specimen the granodi orite is a fin e grain e d inter-

mEdiate rock with a va gue foliation. Th e characteristi c 

featu re of this rock un it is its homogeneity ( both in hand 

specimen and macroscopical ly). The feldspar gives the rock 

a typical grey and pink speckled hue. 

The rock is composed of: 

quartz 

plagioclase-andesine 
(Ab55An35) 

RANGE 

35-45% 

25-35% 

!~O DE 

35% 

25% 
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RA f~GE MODE --
lii1.C:t: u.;J.il1t:: liJ-2tJ /b iSi; 
biotite 10% 10% 

muscovite 0-5% 0"1 ;a 

magnetite tr-2% tr 

pyritG tr tr 

calcite tr 'tr 

The rock has an inequigra nul a r inte rlobatc texture with 

the micrccline tending to be porph yroblastic. The ground-

mass consists of a fin e grain e d (D . 75 - l ~ Omm) mosaic of 

anhedral qua r tz , pl a g i oclase 3 nd mi crocline. The grain 

boundaries a r e irreqular and there is ubi qu itous gr::>n aph yr i c 

i nte rgr owt h ., B iot it e is generall y fin e r grained (.:<-10 .. t+m:i :) 

and form s irre gul a r gra ins. Zirc o n inclusions in biot i t e 

are common. The magne t ite is fin e-grained ( «0.5mm) , 

anhedra l and interstitial, and occurs ~ith biotit e . Th e 

plagioclas e is rarely zoned with the cores being more c a l c i c 

(highly saus s uritized ) . 

The granodiorite,ne a r its contact with the country ro t k, 

shows evidenc e of shearing,with a f oliation defined by 

biotite orientation. The quartz c ontent is increased in 

the granodiorite towards the edge~ (up to 70% ln thin s ec tion 

RKG 89) and the microcline is deve l oped as coarse (5mm) 

twinned porphyroblasts. This asse mblage seems to represent 

an acid phas e of the granodioritea 
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A REA Kl 

1Ln :LLJ.._!_.£~29 i:SL .. .SJJ~ .. ~t it ~__llQ.!: .i.~ 

Thi s unit has no t been extensively sampled by dia mond 

drill ing and its detailed petrogra phy is not kn own£ 

The unit where intersected was always highly weath eredo 

In th i s state it appears similar to the banded biotite 

gnei3S found in the K~ areas Th e imp e rsistent fine 

bands of bic1t.i t e in th e felsi c gr:ound- rn a ss character ise 

the rock. 

Th e unit has a minimum thickness of 30me 

Unit 2! Am e hi bol e-Quar tz-G :i;a nul i te 

In ha nd sreci1nen the rock is an intermedia te,fj.ne graine d, 

non - foli ated ,gra nular r ocke This uni t is unique in tl1at 

it outcrops re lative ly commonl~formi ng r oun ded bl a ck 

boulders a nd cobbleso The ubiqu i t ous pre sence~ of de s3:r:t . 

varni s h on th e surfa ce gj ves a ma f ie appearc=H1 c e to the 

rock., Th e fr es h rock is usually g1'een ~ but if Uw gar nP (. 

conte nt is high the rock i s a dark orangeo 

Parallel alignment of elongate qu a rtz gra ins gives the 

rock a distinct li ne atio n in plac e sG 

Two variet ie s of this a mphibole-rich unit are recognized: 

( i ) The edenite-quartz granulit e is compos e d of the 

follo wing:-

Rt1 NGE . ~10 D E 
--~-

quartz 30-40% 3L~% 

edenite 25--l~5% 30% 

plagioclase-labradori te 
(Ab45 ·1\n55) 18-23% 20% 

cordie rite 0-10% 5% 

garne t (orange) 0-5% 4% 

hornb lende O-lf% 4% 
sphene 1-3% 2% 
pyrite 1% 1% 
apatite tr-1% tr 

The texture varies from platy granoblastic in th e more 

siliceous varieties to isot ro pic granobl astic where there 

is less quartz 1 oth e rwi se the textu re is ine quigra nular 

and interlobate 0 In the platy rock quartz forms ribbon-

like composite grains up to 6mm long. Edenite and th e 
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rere r ho r nblende end ga rnet form larger ( 2-Smm) porphyro-

t~ == ti s ~r: ! ~2 . w ~ i ~h e r e a nh c d ~ c l ~ n d c c ~ o ~cl ~s~ ~ w~ r ~z 

and fe l d s p a r. 1 he co r dierite And plagioclase form 

s111a ll e ;:- (1 - 1. 5rn1il ) p oi k::. l obl a s'd.c g rainse Sph e ne is 

al wa ys i nterg r o wn wi t h e de nite . 

inte :rg:ra nul a r (< o e 75r.im) g :ra i ns 0 

Pyrite for~s ir re gul o r 

(i i) The amphibolit e c o nta ins :-

horn bl en de 

pl a gi o clas e -l a bra d o r j.te 
( A b '· 1- A n - 5 ) <.j. ,J !;) 

diopside 

b .iot ite ( br own) 

ga rn e t ( ora nge) 

apa tit e 

RANGE 

30-40% 

25·-/~0% 

5-15% 

5-10% 

0·-1 0% 

tr 

ffj QDE 

4 0% 

:35% 

15% 

5% 
.:. u f 
;_1 70 

tr 

Th e texture is gra nob l ast i c inequi gr a nula r i nt e rlob a t e s 

Th e gr e e n horn blende pr e domina t es with large (N5 mm) cc m­

posit e gr a ins po i k i lobl as tically e nclosing pl a gi oc l a s e 

( ~ O o?S m m ). The pl a gi oc l as ep di op s id e a nd s mall e r 

arn phibole grai n s for m a fine r grai ne d (O c5-0.,75 mm ) mcsaic ., 

Th e amp h i bole a ppears to be fo rm i ng at t he ex pa nse of t he 

diopsid e and bi otite aft e r amphi bole. The garn e t ia 

~rese nt as l a rge ''l a cy" po i kiloblastse 

Un i t 3. f~ uar t z- Bi o ti te,_Gneiss 

In ha nd spec ime n thi s is a fine grain e d f e l s ic la mina ted 

gn Gi s s , with gar net fo rm ing occ a 8 io nal l a rga porp h yr oblast s e 

The rock is composed of the follOlving mi nera l s: 

RANGE MODE 

quartz !15 - 65~~ SU% 

plagioclnse-labrad orite 
(Abl15An55) 10-45% 35% 

biotite (green) 5-1S% 1 r:d 
..!. ::l ; o 

hype rsthen e 0-10% 0% 
pyrite 0-2% tz-

magnetite 0-1% tr 

Th e textur e is granoblastic inequigranular 5.nterlobateo 

The qua~tz forms larger ~loSmm) ribbon-like grains wh ich 

exhibit strongly undulose e xtinc t ion. The plagioclase , 

qua rtz and hypersth e ne form a fine grained (0.5mm) inter-

lobate mosaic. Myimekitic inte r growths of quartz and 
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plagioclas e are presento The hyp ersth e ne has replaced 

biotite and fo rms a sieve te xt ure with r ounded quartz 

grains (Se e Plate AF) -
Magnetite forms discrete disseminated sub hadral grni ns , 

a nd the pyrite grains are irregula r and i ntergra nula r. 

Th e magnetite sh ow s skeleta l in t or gr.ouith with bioU.te 

and quart z ( Se e Plat e AG)~ 

Un it 4 o 
~--· 

_'::l.ZE. e r s th e n e -C (2,l' d i e r i ·12~.::fil_st. i t e__G n,.~ i ,s ~ 

In hand specimen t h e rock is band e d me d ium-grained inter­

medi a te gneiss with lam i nae of gr eenish biotite a nd 

po r phy r obla sts of hyp e~s thene~ 

Th e rock consists of: 

hype rs th e ne 

c o rdi. ar i te 

biotite ( gr e e n-bro wn ) 

quartz 

orthocla se 

RANG E 

5-3Cl% 

15-25% 

20% 

10-30% 

5% 

f"l ODE 

257~ 

25% 

20% 

15% 

5% 
plagiocl ase (co mpo s iti on? )l D-2 5% 1 0% 

magnetit e · tr t:r: 

The texture is granobl a stic ser ia te ama e boido Th e 

hy persthene oc8 urs as larger (2 c5mm) poiki lablasts and 

a s smaller gra i ns within the a mo eboid mosa ic . (O ~S to 

l.O mm) of co r dierite, bioti te and plagioc la s e~ The 

qua rtz a nd orthoclase are porphy robl a stic (3mm a6ross) 

with amoeboid an d interlobate grai n boun daries r espoct-
• 1 
1VB ~. Yo Biotite and hy pers thene are inva riably a ssociated 

and together define the foliationo In s ome coars e bands 

(5cm) the quar tz content increases at the expense of 

hypersthene an d biotite~ 

Unit Se Qu a rt z-Pla q ioclase-Garnet Gneiss 
=-.. -·--··---~-·~-----· ---~--

In hand spe8in1 e n the rock is similar to unit 3 as a fine 

grain ed felsic laminated gneiss except that garnet is 

ubiquitous and becomes, in places, a major. constituent. 

The mineralogy is as follows: 

quartz 

plagioclase-andesi ne 
(Ab An ) 

50-70 50-30 

RANGE 

45-50% 

25-30% 

MODE 

45% 

30% 
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fl ANGE MOOE 

biotite (brown and green-
brown) l O·wl 5% 15% 

garnet (al rna nd i r~ e ) 10-1 5;;6 12% 
magnet it e tr tr 
pyrite tl." tr 

Th e t exture is granoblasti c i ne qu i gra nular to seriat e and 

a moe boid . The garnet forms ~ ounded (2 e5mrn) poikiloblastic 

gra ins that have a l ac y or 11 e xploded " t ex ture (S ee Pl ate 

AI). The quartz form s large (64mrn ) amoe boid po rphyroblasts 

and a l so fo rms par t · o f t he fine g ra in e d (~ 0.4mm) mosaic with 

pl ag ioclas8 ( which i s strongly 'serici t izedr) a nd biotitee 

The biotit2> which i s va riable in 8olour (Sec Plate AH) 

tends to form wi s py fin e grains de f ini ng th e fo liationQ 

Uni t 6 ., Qu~ rtz-Cord i eri te . Gr~nu l i te 

In hand specime n this is a f i ne grain ed ,f e lsic ,greyish-bl~e 

gra nulite with a vag ue foliation defined by biot itec 

Th e rock i s composed of th e fo l lowi ng: 

quar tz 

cor di e rite 

pl ag ioclase-andesine 
( Ab An ) 

65 35 
biotit e 

hypers th ene 

garnet 

p h logopite 

pyrite 

ma gneti te 

hercynite 

zi r c on 

~?ANGE , -
:7> 5·- 65% 

10-20% 

;2- 20% 

0-1 5% 

0-1 5% 

0-7% 
0-10% 

tr- 7% 
tr 

tr 
tr 

~100[ 

4 0% 

20% 

2Cl% 

10% 

5% 

3% 
2% 
1% 

tr 

tr 
tr 

Th e text ure is gra noblast i c seriate amciebo i d. The quartz 

forms l arge (t--..14mm ) porphyrob l asts whic h exhibit ~-p_- n\Jd:·,h 

mosaics , an d some of the quar t z i s als o poiki loblas tic. 

The garne t forins a nhedra l r ounded po i kiloblasts s ligh tly 

f i ne r gra i ned than the qua rtz. Th e quartz , p lagi oc la s e 

a nd cord i erite form a mosa i c ( 2.5-3 rnm ) with quartz ha vi ng 

a m'oeboid outli n es. The co r di er i t e wh ic h us ua l l y exh i bits 

pol ys ynthetic tw in ning (S ee Plate AK) has a vag u e t e nd e nc y 

to be zonal l y (c e ntres preferential l y) alte red t o pi ni te. 

(Se e Pla t e AT). 
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Hercyni \-.e is fo und within the c lea vage cracks of the 

~""'r~5r~~t8 ( 5 ~ ? Pl~tns AJ . AK )J . , t~ ~~ ~CJ~~·~· ~l ~ i~ ~ i.:: L ~ ~ .J l l. ) 

as smaller grains (lmm ) wit~i n t he mo sa ic and is strongly 

a l tered to anti goritee Biotite a nd phlogopite a r e s e riate 

and found throug hout the rocks The biotite is brown 2 e x-

c apt when a ssoc iate d with hyp ersthene when it is a green 

brown colour. The pyrite co nte nt increases ma rkedly to-

ward the underlying sulphi de z one u p to a maxirn L'm of 7'.'{. 

pyrite .. Th e pyrite occurs as fine (~O a5m~) interg r anular 

di ss e mi na. ti om;)~ 

lJ n i t ,7 • Th e l<.. l S u l p}1 id e . Uni t 

.,.h i e: -,,or1r.o i" e. t"pic"'ll' ' f""'l<""i· r w1"t 11 t' .... "" tot"'1 s 1 •
1 p ..... ·1" -'e I I ........ _, ._, -. _.. _. i ~ ........ ·-J <..,.; __ __ , , I , ,_ ... -...... ... w .J.. 1 • • lJ 

content va rying f rom 15 to 75%$ the predomina nt sulph ide 

being pyriteo The rock i s generally poorly foliated o 

The sulphides ar e p re se~t a s c oa r s e composite grains, 

stringers, veins and fine diss emi nated gra ins with no pre-

fer red ori e ntationo In th e more sulphide-ri ch zones the 

py rite contains rounde d (~2mm) f e l sic blebs (qua rtz, 

cordi e rit e a nd ph lag opit e - ident i fi e d m i~rosco~ically ) 

and sub-angul ar (Ml- 2mm) grains of a blsck 11cla ye ya mine ral 

( i dentified by X-ray diffra ction t o be thuringi te )o 

The unit i s su b-d i vided into t~o z ones 

( a ) Tota l Sulp h ide s 15-30% a nd 

(b) Total Sul ph ides 40- 75%0 

(a ) The zc ne consists of the fo l lowing : 

RA f\JGE 
-""~ 

q uartz 'l 0- L~ D% 
co rdierite 25- 65% 

pyrite 10-3 5% 

biotite 0-15% 

sphaleri te tr-1 4% 

c halcopyrite 1- 5% 

plag i oc l ase 0- 2 0% 

MOD E 

35% 

25% 

25% 

1 0% 

3% 
1% 

tr 

The roc k has a gra nobl as ti c seria t e te xture wit l1 ribbo n­

l i ke quar t z grai ns dominat ing . The cordi~rite occurs as 

a s ub he d raJ. rn osGic ti1 i t h the grai ns exh i biti ng un dulo sG e x~ 

tinc t ion. The cord ie ri t e is t y pi ~a lly a l tered to pini t e 
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at g rai n b oundaries . The s ulph i d e s form l a rg e ( 4-Bmm ) 

i :r :rP Q'JJ nr- cnrr;~:i r~. t~ r;r:-' . .:~ .::: 2nd s ~ ~ l ~ 2 r Cis~=~t8 ' . . 
c~su:.::i;i ~ ... ,-

ated grai ns - with rare sl i gh t pr e fer r ed ori e nt a tio n o 

The p yrite forms 8 i1hecL:·a.l gra i ns wh ich l:: ontai n a nherJral 

bl ebs o f s ph a l erite and cha lc opyritec l~here s p hale r. ite 

c o n t e n t is h igh the ~rain s i ze is l arger a nd enc l os es 

subh e dra l pyr i te grains., All t h re e · su lphi de minr:3 r a ls 

also oc c ur as discrete grainsp 

( b) The s econd sub-zone c on s i sts o f: 

RA ~J GE MODE -... ~ 
py rite 25-50% 38% 

qua rt z 15- 25% 253 

phlogopite tr~~.l 5 ~~ 1 0% 
sphale r it.e 5-1 0% 7% 
c ordieri te 0- l 5~1a c:; c<~ 

~ 10 

pl agi oclase G- 25% 5% 
ort hoc l ase 0- 5% 4% 
c ha l copyrite 0-15% ''% ~ 0 

t huri ngite 0-5% 2% 
tour mal ine 0~2% 2% 
pyrrh o t ite 0- ti' 0% 
galena 0- 1% t :c 

The rock typicRlJ,y c onsists o t' :rounde d aggregates (C1J2mm ) 

of qua rtz, cordier ite, c h l orite and phlogop ite (individu~ l 

grains <Du25m with a matted t e xture ) ( Se e Plate AL) and 
r ou nded grai ns of cordi e rite~ Th e qua rtz can al s o f o rm 

a f i 11e gra ine d (Nl mm) i n te r loba te mosaic with plagi oclaseo 

The tou rma l i ne i s zo ne d wi th cores of a pa l e g r ee n co lour, 

wi th th e tou rma l in e gra i n ma rgins altering to mus c ovi te 

a nd chl orite . Th e pl ag ioclase is typical l y st r ong l y 

s a uss uritiz e d. The sulphi de for ms a nhedra l compos i te 

ma sses up t o Nl Omm ac:cos s , and a hi ghly irreg ul n r -share d 

int e rgra nu l a r ph6se. Py r i t e ex i s ts a s t wo fo rms (i) l ar ger 

a nhedral in te rgra nu l a r grains which c ontai n sphalerite bl~b s 

and ( ii ) e uhedra l t o subhedral pyrite relativ e l y fr e e of 

inclusion s b u t. containing sma l l blebs of chal c opyrite and 

t r a ces of p yrrhotite. Cha l copy r ite occ ur s as large anh e dr a l 

grains within co mp osite mas s es of pyrite and miner sphal erite. 

Th e chal c opyrite l1as a moe boid c ontacts with pyrite and a l s o 

contai ns smal l irregular amo.e bolcJ grains of p yx-i t e . 
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Sp ha l eri te occ ur s as ir:i:·egu l a :c a nhecJral grai ns inte r­

gran ul ar betwe2 n th e l arge pyrite a nd chalcopy:r:i t e ( Se e 

P 1 ate ,t\ IYl ) • Th i s I' e 1 a t i o n s h i 1::i i s r: e v er. s e d i n t h e K ~'i :=i r.- e 3 

wh ere the cha l c opy r ite i s a l ways th ~ i nte r gra nular phasoa 

Th e sphalerite al so con ta ins fine,roun ded, e xs olved bl ebs 

of c halcop yrite ( Se e Pl a t e AN) . 

U ., 8 ~1. 5· "'1 ' ' -1- r. . n 1 t:. ., r e s i c J..L. .• .:t ~.~.D.}.: .,, e '-' n e];~ 

I n h a nd specimen this uriit i s a f i ne g r ain e d,felsic
3
pink 

r ock wi th a p oor l y- defined f o l i~tion , a nd fi ne s illi1nan ite 

n eedles. 

Th e r ock :Ls comp o s ed o f th e f ol l owing: 

quart z~ 

plagioclase-oligo~lase 
( Ab 72 Hn38 ) 

orthoclase/perthite 

bi ot.it e ( gree n ) 

si l limanih.:: 

sericite 

py r i t e 

RAN GE --
4 8-55% 

28-35% 

5- 10% 

1-5% 

t r-5% 
0~23 - 1 

o~tr 

MODE 

SD?lo 

35% 

goL 
/ 0 

271 
2at / ) 

t r 

0% 
Th e textu r e is gra noblastic ( platy to f leser textur e in 

pl ace s ) ~ inequig ra n ula r to s er i at e i nterl abate~ The qua rt z 

and p l a gioc l ase fo rm occasi ona l po r pt1y roblasts ( 2- 3mm) with 

su bhed ra l laths a nd i nter lo bat e gra irt boundar i es. Th e 

perthite can f orm rare porph yr obl as tso Th e ground- ma ss 

co nsis ts of fine graine d mosaic ( Oo5 mm ) o f quart z and f el d-

spa:cs a Th e s i llimanite oc cu r s a s orie ntate d wi s ps co mp ose d 

o f mi nu te (,D.Ol mm) pr isms a nd is a ssoc ia t e d wi th th e bio tite 

and ser ic itee 

I n th e f lase r te xtured s pecimens (found i n t he i mmediate 

f ootwa ll of the s ulphid e zone ) ribbon s of qua r t z and 

sill ima nite ( up to lOm m long) de fi ne a foli a tion (See Pa tes 

AO, AP)o The ground- mass is co mposed of .very fi ne gra i ne d 

( 0 625mm ) po l yg onal mos a ic of quartz a nd plagiocla se. The 

q uar t z i s st r on g ly undul os e~ The p l agioc lase an d or t hocl ase 

porph yrob l a s ts are st r a i n- free . 

Un.it 9 . DL<2f!si de Amohibo l i te 

This r ock i s a med ium grained maf i c a mphibollt e with a very 

vag ue f oliation & Mesoscopically the rock is rela t ively 

consistent a nd is i ndi stinguishable fr om the amphib olit e 



K1 
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described in unit 2: if no garnet is present in the latter. 

The rock i3 compos ed or : 

RA rJGE MODE 
hor:nbl i:.;ncf e ( green ) 40-65% 55% 

plagioclase-labradorite 
(Ab 28 An 72t o Ah 52 An48 ) 20-45?/o 35% 

diopsids tr-20% 15% 
qu a:r.tz 0-151~ 5% 
pyrite tr-1% tr 

py rrhotite tr t:r 

Th e texture is gran oblas tic inequigranular polygonal-

interlobate o The plagioclase and di a pside form a fine 

grained (O .Smm ) polygona l mosaico 

Hornblende forms la rge interloba te (l ~Sm~ ) grai ns~ The 

di ops ide and plagi oc las e show stro ngly undulose extinctio11 

whereas the hornblende does not 0 The larger hor nblende 

grains usually have a core of di opside, ( See Plates Aq, 
AR~ AS) and have partially replaced the pyro xenee The 

pyrite i s found as fine anhedral grains within the horn­

blende and as specks ( < OoOl ) at the grain contacts 

between hornblende and plagioc l ase. 

Quartz, whe n present, is usu a lly st~ain-free and occurs 

as slightly larger grains ( Oe75mm) within the diopside ­

pl agi ocl ase mosaic . 

In ha nd !:>pecim8n this j ,s a fin e grained felsic banded 

biotit e gneiss with garnet porphyroblasts. Mi nor amounts 

of magnetite are concentrated in th e l ayers containi ng 

biotite and other mafi c min erals. 

Th e rock is c 0111p osed o f : 

quartz 

cordierite 

biotite 

plagiocla se 

pe1~thi te 

garnet ( a lmandin8) 

hypersthene 

mag netite 

RANGE MODE 

40-60%- 55% 

2-35% 15% 

5-10%. 10% 

3-10% 5% 

0-25% 5% 

1-15% 5% 
0-4% 0% 

tr-1% tr 
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The texture is granoblastic inequigranular amo.eboid. Ths 

cordierite and feldspar 1:.iith grains varying from 0 ., 1 to 

2r.1m. Blot.i. te ( 11d. th hype:r.sthene al"lt.~ garne t ) is cc:n1cen­

trated in laye r s and defines the foliation~ The garnet 

forms "exploded" (2mm) porphyroblasts . Cordierite ex-

hibits twinning and is zonally altered to pinite (See 
Plate {\T). 

./ 



... 1 26 -

AREA 1<6 

.Unit l e Quartz-~r2 ld s oa r Gneiss 
----------------~"---··--

In hand spec imen thP roc k is a felsic , banded and foliated, 

f ine grained gneiss. 

The r ock co ns ists of~ 

qua rt z 

·a:rtho c l as e 

plagiocl a se-oligoclase 
( Ab751'\ n25 ) 

bioti te (Q ree n to g~ee n 
brown) 

pyrite 

RANGE - ... --
3 5-65% 

10-40% 

r- 2 '"'a1 . ~ - Lip 

15% 

0-t:c 

MOD E 

50% 

20% 

15% 

1 ..... o~ _j 7-J 

t:r 

Two di fferent t ex tu res ar e developed within the bands, 

us ually 10 20mrn wide; ( i ) gra noblastic fi ne gra i ned (~Do 4 mm) 

interlobate equigranulara The quattz and feldspar forming 

a mosaic w:th biotite as oriented fl ak y grains o ( ii) 

Ser i ate interlobate to am~eboici; the quartz fo rms po i kilo­

blastic gra ins ( OGBmm)" Th e fin e r gra ine d seriate matrix 

typically ha s amcieboid grain boundari es around 0hicti biotite 

is concentratedo Fine myrm~kitic intergrowt h of quar tz a nd 

feld spar is common . 

-Ui!__i t_ 2 ~ Biotit e- Ga:r nf!t Gneiss --- _...._. ___ ..__...... . --
In ha nd s pe cime n this is B fine - grci ned ) fel sic,foliated, 

usually-b a nde d, garnet gneiss . The ro ck c an h8 ve a pa l e 

gr eenish colour. The fi ne r eddish brown ga rnets a nd 

bi otite are c onc e ntrated in ba nds from 2c ms t o 2 metreso 

The r ock is c omposed of the f ollowi ng minerals: 

RAN GE MOD E 

quartz 3 0- 7 0% 57% 

plagioclase ( a nde sine 
A.b 60 t o elbite !1b~l 2) 10-li0% 2 5% 

bioti t e (gr e en) lU- 25% 15% 
gar·ne t 1-1 5% 3% 

magneti te tr-1% 1% 
py r ite tr 0% 
hype rsth e ne 0- 5% 0% 
apati t e tr 0% 
calcit e tr 0% 
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RANGE fflDDE ___ .,. 
zirco n t r oa' lo 

fii iJ .S C G\i 1. te t r - 2% 0% 
hercyni t e tr t :r 

The texture i s fi ne gra i ne d ( ~l. Omm) gr nob las t ic va r ying 

f r om eq uigranular to i ne qu igranula r in terlobate. Th e 

quartz and felcispar f orm a fin e grained mos a ic ( U..,5-0 0 75mm ) 

usually interl cbate but appr oac hing pol yg onal i n placesp 

Th e quartz occasiona l ly f or ms sl i ghtly l arge:c (r\./J.rn rn ) 

poik iloblasti c grains., Us ual l y biotite is t h e only mi n-

e~ a l to defin e a prefer r ed orientation with f i ne seriate 

( D.l-Do5mm) wisps, howe ver i n the more deformed specimens 

t h e textu re ca 11 · b E: come platy gr a .-1 o Lil CJ.~ U . (.'.; ., /.i lflOI .. CBl: 

t exture (S ee Plate AU ) with a very fine grain is occasion­

a l ly de \/elo pe d and magn e tite grains appear boudin2ged., 

Garnet porphyrob l asts a r e ro unded i n s hape an d garnet also 

fo rms patches of "ope~tt (o r "expl ode d" ) grai ns - t hese 

poikiloblasts can be up to 4 mm acrosso In ~ome instances 

ga.net f ~a g me nts a re concentrated in ban ds ( Se e Plate AV)~ 

Ma gneti te and pyrite oc c ur a s subhe dral fi ne (<D . 5mm ) 

inte~gra nular grai ns a 

Rare o rthopy~oxene is i n tergrown wi th biot i te8 

Unit. 3., Bande Iron For ma tion 

In ha nd specimen th e roc k is f i nc l y , regularl y ba r1ded 

( 2-6mm wide bands ) with th e si l i c ate to opaque ratio 

varia ble. Th e ma gnet i t e - r i c h ba nds ar.8 a dark gre y a nd 

t h e pink a nd gree n c olo ur of the sil icate bands is due t o 

th e presenc e of garn e t a nd am ph i bol e . At s ur f ac e, due to 

he mat i zati o n of ma gn et i t e a nd oxida t i on of s ulphides to 

limonite., plus chlor i tiza tion of amphi bol e , th e r ock has 

a diff e r e nt a ppearan ce to that of fresh spec i me ns . 

The re are two d i s tinct mineralogic al t ypes inte rbe dded with 

each other - they ar e a s fol l ows: 

RANGE MODE 
a) mag netite C± hemati t e ) 20-60% 40% 

qua rt z 20-25% 25% 

a c ti nolite (ma nga noan ) 15-20% 20% 

garnet 1 0·- 15% 15% 

b i o tite 0- 5% t r 

pyrit e 0- 8% t r 
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a ) 

b ) 

-- 1 28 -

RANGE 

sph a l e:r. ite 0-2% 

cha l copyrito (± c ove ll i t s )0-1% 

mag ne tit e C± hema ti t e ) 

ac t inolite ( mang a noan ) 

garn e t 

rhodonite 

qua rtz 

c halcopyri t e 

pyrrhotite 

spha l erite 

horn bl e rida 

ca l c i te ( vei ns ) 

25-50% 

15~- 30% 

;~5-30% 

2- 25% 

0-5% 

tr-2% 

D-tr 

0--tr 

0 ·-6% 

tr·-l::i% 

The te.ture is d6min a t e d by strong ba nding and 

blastic equigra nul a r polygo nal to inte rl obate 0 

MO OE 

tr 
t .,, .... 

40% 
···o'ii: .::, ,a 

? 5'1 - ,o 

1 0% 

2% 
1% 
0% 
oo" 70 

D% 
? ".1 -/0 

.i s gra:10 -

Ba . us ( O" 75mm wide ) o f quart z and rn ino:r. ga:cnet are inter-

lay er- 0 d with mag net i t e-ga:cnet band s •. The garn e t typically 

f orms a solid m~ss enrlosing magnetite and other opaques& 

Th e re are wider s il icat e ri ch bands (~lcm ) con si. ~ ting of 

actinolite, rhodonite an d mi nor garnet . The ga:r net.s i n 

the si l ica te ba nds are fin e grained ( 06lmm ) and zoned,with 

cent res crowded with inc lusions ( Se e Pla te AX)ft Rho don ite 

form s a fine (Oo3 mm) po l ygon a l mosa i c wit h actinolitB with 

occasional intergra nul a r magn e tite ; t hese mosaics form 

bands up to l.,5mm wide ( See Pl a te AY)o 

The sulphide minerals are associated with magnetite 8ith e r 

as discrete fi ne grains or as compo s.i te grains !JJi th mag net ite 

( See Plate AW ) . Occasionally chal c opy rit e ( a nd pyrite ) 

f arm \J e i ns cut ting t he si l icate mi n er2•. ls .. 

With in 65m o f su r face t he magnetite i s oxidized t o he matite 

( See Plate BA ) a nd t h e su lph ide s altered to lirnoniteo 

Microp r obe anal ysesof the r hod onite and a c t i noli te were a s 

f ollows: 
Ac t inoli t e Rho donite 

50.2% Si O 2 4 7. 087~ Si D
2 

20 ~6 4% cao 32.8 7% r~n 0 

1 4 . 1l G% Fe O 11.. 5 3% Fe O 

9. 39% Mn O 6 ~ 9L1% Ca o 

-· 6.0 5% frl g O _,J. •. B.!f'& MgO 

100"74% TOTAL 1 00026% TOT AL 
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In hand sp t·H~ i rn er 1 this .£·uck is a cla.rk gr e en to black r fine 

grained~ poorly-foliated~ intermediata t o basic rock~ 

Fine l y disseminated py r ite is sometimes present. 

Tha rock consists of: 

hor nblende ( green) 

pl agiocle- e ( andesi ne to 
bytownite Ab 60 to Ab 26 ) 

qua rtz 

maCJnetit e 

calcite 

pyrite 

sph ene 

biotite (b rown ) 

RANGE 

l~S-60% 

2U-SO% 

0 , r: cr! 
- ..... :::i;o 

0-5% 

0 -4% 

b:-2% 

tr 
' 0-5% 

Mn DE 

50% 

4 i:::J o1 
' /0 

1-% :.J 0 

tr 

Otrf 
/ 0 

The t e xt ur 3 is granobl a s tic to nematobl as tic in e qu ig r a nular 

interlobatee Hornble nde forms anhedral gr a ins (0 6 75- lmm) 

t;J h i ch enc 1 o s e f i n er gr a i n e d ( 0 "' 3 5 mm ) p o l. y go n a 1 l'1D 3 a i c:s of 

quartz and pl ag ioc la s e., In some in s t ance s quar t z 3n d 

feldsp a r a re conc e ntrated in fine ( <2mm) l a yers an d e xist 

as ~ fi n e ( 0 935mm) polygona l mosa ic. 

Magn e tite forms euh e dra l to subh edral gra ins us ua lly within 

the qua r tz-feldspar mo s ai c ,and skeletal grains with i n 

ho rnbl e nde. 

Calcite an d pyrite are found interstitia lly as anh 2d ral 

equigranular grains. The pyrite appe a ·· s to occur pre fer-

e nti a ll y with hornblen d e • 

.!Jill S o Felsic SiJ. l· manite Gneiss 
-~~~-=-~~ ~ 

In ha nd specimen the fels ic sillimanite gneiss is massive 

and fine graine d . Th e rock, as was found in the Kl a nd K3 

areas p grades into coa r se quartz feldspar pegmatite through ­

out. 
The rock is composed of: 

RANGE MODE 

quartz 40-50% 50% 

perthite 5-20% J.5% 

plagioclase-andesine 
( Ab60f''n40) 10-20% 15% 

cordierite 10-20% 11~~ 

biotite (brown) 5-20% 5% 
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sil.lima nite 

( rnaljnetlte 
\ n,, ~ , . ;...,,...t~· +- c 
' t- ./ - .J.. > I - ... '-" 

l ch a. l c opyr i t e 

l gal ona 

RANGE MODE --
tr- 5% 4% 
t:r: - LJ./~ 3~ 

. t r , o1 -.._ /U 1 rl - ··/l1 

tr tl:' 

tr t r 

The t e xt ur e is grano bl as tic in a quig ran ular in te rlobat e~ 

Th e q uar t z~ f el dspai a nd co rdieri t e ma ke u p a fine gr aine d 

( lJ., 2mm·-O .. 5mm) mosaic with a fin e r g :r a i ne d ( << lJ., 1 mm) mosaic 

betw een t h e layer gr a in s - a mo rtar te xtu re (Se e Pl3 te BB). 

The bio tita and si l lima nite occur as f i ne (~0 ~ 2mrn ) wi sps 

betwee n th e s i lica t e gra ins - the s il l ima ni te has partia lly 

al tered to se r i c ite ~ 

The opaques f orm well de f i ned ba nds af c ompo s ite g rains of 

py rrhotit~ arid magnetite an d d isc retG 1 irreg ular. f i ne .grain s 
~ ~ ~ 

of c halcopyri te ., 

I n ha nd spe c ime n t his i s a s tro ng l y-fo li a t ed~ :: oa rsoly ~· 

ban ded, i n term ediate hypersthe ne/a mphi bo le garnet gra11ulite, 

th e ga.r ne t conce nt r·ate d in ba nd s., Th e c olour is a dark 

gr een to brow n wi th more fel s ic ba nds i nt er l a ye r e d . 

Th e :rock i s c omp osed of: 

HAf,JG E MODE 

pl agi oclase- l a bra ci ori te­
o l i go c 1 a s e ( Ab 5 ci '"'""'\ b 7 D ) 

quar tz 

hor nbl e nd e ( g re en ) 

bio tite ( b r o~n and gr ee n ) 

hy pers th en e 

ga r n e t 

magn e ti te 

cumming t cn i te-gruner i te 

pyrite 

apati t e 

__,............,,. 

2 5~ LJ 5% 35% 

1 5 ~ 25% 2 0% 
r. · '') ""% :J ~.:..:i 0 20% 

7 w~ 20% 1 5% 

tr-20% 5% 
tr-20% 4% 
t r ·- 2% 1% 
0-1 5% D% 
tr tr 

tr tr 

Th e t e xture is plat y gra noblastic in equ i granula r to s e ri ate 

in t erloba t e . 

The ga rn e t an d h yp e rs t he ne f6rm poik iloblasti c gr a ins up to 

2mm a cross_. The g a rn e t ~ hy pe rst ha ne an d bio ti t e a r e i n tim-

at e ly in terg rown. The quartz a nd fe l dspa r f or m an elon gated 

plat y mosa i c with gra i ns va r ying 0 ., 5 ~ l.,S mm. Th e bi oti te 
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and amphiboles, which are l.nt 2.r. grot:Ji\it further accentuate 

11 microshear zones 11 in t.t1hich biob.te is concent rated with 

finer grained felsic mi nera l s and fragmen t e d gernet (See 

Plate BE ) . 

Unit ? o Massive Sulch i des 

The massive sulphide un i t consists of two dis tinct rock 

'Gyp.es - ' a) f\'13ssive s ulph.id es L ,e. sulphide ~o5% and 

b) Semi-mass ive micacaou~ sulphide ioeo 

l I .·d --5ocr1 SU p ll .e. ~- /0$ 

a ) The massive sulphide in hand sp ec imen is a non-foliated 

coa rse grained py~ite-ri c h rock in which th8 fels i c gan guR 

minerals are fou nd as r ounded (1-Smm ) blebs wi thin the 

coarser sulphid e. Chlorite is ubiquitous throu gho ut and 

gives the rock a gre enish colo ur~ 

The mass.ive s ul phide un i t · is composed 

pyr i te 
chlorite 

quartz 
sphale r- ite 

bio tite 

cha lco py r i ts 

pyrrhotit. e 
toul.rna line 

c or d :i. er it e 

galena 

ortho c l as e 

barite 

sericite 

co\lell ite 

plagioclas e 

hematite 

of : 

FI ANG E ...... - .--
30--85% 

10·~ 35% 

5-20% 

tr- 35% 

0-10% 

tr-1 0% 

tr<~5% 

0 ~· 5% 

0-5% 

0- tr 

tr 

tr 

tr 

tr 

tr 
tr 

~lDD E ·- --
50~6 

15% 

10% 

.l0% 

5uZ: 
1 0 

4at / o 

2% 
07~ 

oat /0 

0% 
0% 

tr 
tr 

tr 

t.r 

tr 

The gangue minera l s occur as rounded compo s itP grai ns up 

to 6mm across a nd include; 

(i) Fi ne grained (rvO.l~ mm ) polygonal qua r tz 
grains 

(ii) 

(iii.) 

Orthoclase 
Composite mats of biotite, quartz and 
chlorite 
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(iv) Cordierite grain s ,usually ~ith biotite 

and chlorite; . the cordi orite is shown 

by microrrobe 2na ly se s to be a n iron­

poc r \1 3.r'J.Gty (i .. e,, <.l ~S r e D ) ~ 

Tourmalin e ( era vi te ) is found as coa rse {N3-t+min ), subhedraJ. 

gra ins which exhibit zon inge Microp ro be ana ly ses sh ow 

t he pleoch roic green co r e to be sligh tly more i ron-r ich 

(N 3% FeO) tha n the edge6 

The pyrite occcrs as co2 r se , a nh edral an d subh edra l co mposit8 

grains wi t h in teigranula r sphaleri t e and c ha l co pyrit Go 

Pyrite also has f i n e'}ro u nd ed~fn tragranular b:L eb s nf sp ia.lr:i :i:·i t e 

( up to l mm across ) a The coarse r gr ai ne d sphalerite (i 8 6 

that whicti is f ound i n te rg~anul a r to py r ite grains ) a lways 

has exsolvcd t::halco pyritE·} bl e bs (<< o.O lmm ) whicl appear to 

be controlled by twin planes an d polygona l gra in boundar ie s 

( See Plate s BF, BG ) . 

The chalcopyrite is usually found as fine, a nhedra l c oati n~s 

between l a rg~ r and more abun da nt sphalerite and py rite . 

Thi s rela tions hip is revers e d where the chalc up yr ite i s 

mo re . common than sphalerite~ in which c ase the s ph a le ri~e 

becomes th e intergranul a r phase (S ee Pl a te BG )e 

Pyrrhoti te which ra re ly oc c urs in qu a n t iti e s >2% is fo 1m ci 

as (i) fine rounded blebs withi n pyrite ( ii. ) fine lin1:iarl y 

arranged bl e bs in sph a l e rite and (ii i) intergra nula r ly 

betwe e n pyrite and ch a lcopyrite ( Se2 Pla te BH ) o 

Ga l ena occurs a s r elat ivel y coa rse gra ins with chalcop yrit e 

or as fin e , i ntergranula r grains betwee n othe1 sulphid e s and 

gan gue minerals~ I n some instances vei ns of quartz a nd 

gal e na (narr ow ~ D .2mm ) cu t gangue and sulphide. Qualit a tive 

microprobe a nalys is shows the galena to contain variab l e 

quant i t ies of si lver s Whole rock a nal yses indicate silver 

con ten ts to be N 0 .05 t o D.15% Ag. At depths of 70 - lOOm 

covelli te is found as fine am6eboi d grains edging chalcopyriteg 

Limo ni te occurs as amo e boid edges to pyrite and c halcopyri te 

and within the coarse r grains. 

b) The semi-massive micaceous sulphide is compo3ed of: 

RANGE MODE 

phlogopi t e (and/or 
biotite) 25-70% 50% 
quartz tr-30% 20% 
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py rite 

pl2giocl0se-o l igcc l as8 
(Ab74A n26 ) 

or t hoc l a se 

sphal er ite 

chalcopyrite 

cordierite 

hema t i t e 

c ovellite 

rut .:Ll e 

ma:rcas i te 

py rrhotite 

galena 

RP.N GE 

0-25% 
0-8% 

0- 8% 

tr- 1 0% 

0-1 5% 

tr-10~{ 

tr 

0-tr 

tr- 5% 
tr-4% 
tr-1% 

MO DE 

2% 
D% 
Ool · 
1~ 

o ~~ 

D% 

t :c 

The te xtur e is a coars e mat of non-o r ie~ ta ted mica ( ei ther 

phlog opite or biotit r; ) with qwn: tz a nd sulpl ides occurrin~ 

as round e d 5 c omposite gra i ns withi n it. Round grai ns com­

posed cf polyg ona l quar tz occur within the sulph i de a 

Cordi e rite forms poikilcblast ic gr ains up t o G m~ nc ~os se 

Plagioc l a se forms por ph yrob l ast ic grains& 

Th e coa r se-grained a nhedral py :ri t e contains r.otm ded b.le b s 

of ch a lco pyr ite , galena a nd py rrhotite e Sphaleri t e con­

tains exte nsive blebs of chalccp yrite and py r rho tite~ 

Sph a l erite can also be clear of a ny incl u s ions/exsolutions~ 

Py r r hotite is found as blebs within py rite a nd chalco pyrite s 

Coa rser grains o f py rrhotite a £e r eplaced by marcasi te ( See 

Pl a te BI ) . fl'larcas ite also a pp e &.r s t o have r-e pl a ced 

chalco pyri te ( See Pl a te BG ) and pyrit e ~ 

Galena and minor chalc op yrite occ ur as fine speck s ( 0 . 05-

0.00S mm ) within th e phlogopi te mat. 

In places this r ock type is st r ongly foliat ed and the sulphide 

co mposi te grai ns becom e elonga ted but have the sa me inter­

gra nul ar rel a tionshipo 

Unit s._,Fe l s i c Stringer S~hide Zone 

In hand s pecime n this is a coarse felsic non- foliated rock 

with irregular fine stringsrs an d veinlets of pyrite and 

galenao The rock occasional ly has a brecciated a ppearanc e . 

The rock is composed of : 

quEl rtz 
plagioclas e-andesine 

(Ab60An40) 

FlANGE , 

5-65% 

5-50% 

MODE 

50% 

30% 
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Ri'HJGE MODE 
perth:l_ te 0-ti. D~b , cot 

-'- /0 

serir, it8 0-20/~ 5% 
py rite tr..-20% jo1 ,o 
galena tr-4% 1% 
pyrrhotite tr-3% 1% 
chalcopyrite tr.-3% 1% 
ma r casite ·tr-5% / 1% 
garnet 0-2% 0% 
sphalerite 0-·20% 0% 
chlori t e 0 l r ·c;f -. lj/O 0% 
c o i~ cJ i e r .i t e 0-15% 0% 
cc vallitc 0--· tr 0% 
rut 5. le 0-·t :r 0% 
piedrnontite o~~ tr D% 
hercynite 0-tr 0% 
biotite 0-20% tI' 

·rh e si licate minerals hav e a gra nob l astic coarse grained 

(u p t o 4-Bmm ) seTiate arn~eboid textu~e 0 Th e ff~lds pa rs 

usually occur as large poiki l obl a sts or porphyro blas ts 

which are altered to se r iciteo In some cases the quar t z 

for ms a fin e polygona l ( D ~ 75 mm ) mosa i c with a slight pre­

ferred orientatio n acc e ntuated by bio t ite flak e s 0 The 

qua rtz also can exhibi t mortar texture ~ · The texture in 

pl e~es b e co mes mylonit i c with ribbons of quartz and large 

(rJL~ mm ) augen of plagioclase . The plagioc1a.se usually ex­

h ib its some de gree of anti-p e rthite exsolution. 

The sulphide minerals occur as inte rgranular anhedral 

aggregates whi ch, if t o tal sulphid e content exc e eds 15%, 

coales ce into an inte rlocking net te xture . !.\round the 

coarser composite grai ns there are usually di ssemi nations 

of fine (<Oelmm) sulph~des (usually galena, less frequently 

ch a lcopy r ite). 

The more common su lph ides (i.eo py:r:tt s , chalcopy1:ite and 

marcas ite ) occur as composite grains. The pyrite holds 

bl ebs of chalcopyrite, although coarser chalcopyrite is 

alsu dev eloped. Chalcopyrite also has a tendency to mantle 

and vein e uh edral pyrite grains (S eG Plate BJ). 

Th ere are tw o generations of pyrite with ch a lcopyrite and 

within these veins eu~edral cubes ( See Plate BK)e 

Ma rcasite is found within pyrite/chalcop yrit e aggregates 
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bu t it is not possibl e tu detenn'ine th e pa r.a gen e tic 

ha·ue ext s n:;; i ve pits or \JUg5 ar ra nge d linearly as i f c h~av­

ag e co n t roll ed (S e e Pl a ts BL). 

Gal e na is p ~es e nt a s fi ne (N0e05mm), highly irreg ulas dis ­

c r ete gr a ins wi t h in th e ga ngue ( i nte r gr an ularl y ),us ua lly 

su rrounding l a r ge su lphide ag gregates (S ee Pl a t e B ON ) ~ 

Th e l a t ter do n o t ncc es s Rr i l y c ~ r ry ga l ena ~ G a l~na ls 

a l so fo u m1 i n vei n s (u p to lmrn t hick) togPt h e :r \JJi t h 

py ri t e~ s phale r ite and marc as i te (S e e Pla te BN) 6 The 

r a r e r pyr rho ti t c a nd sphal e r ite oc c ur a s i nte r granul ar 

ph a s es be tw ee n t he coa r s er pyr ite and ch a lccpy r i teo 

w:·1e .1.:e pyr1 iH.J t. i ce agg1·e9 a te s Ei re develo pe d th ey a r e c om':'"' 

p ose d o f a f i ne (~Oo2mm ) poly gona l mosa ic ( See Pl a te BM ) . 

Cov e llite and ga l 8 na a r e fou n d as e dg e s a nd fi n e ma n tl e s 

t o cha l c op yri te a nd t h e la t t e r a l s o ~ a~e l y as b le b s wi th in 

pyrit e ( See Plate BD) e Th e s ec or.dar y c op p er 1 i n e .. al :Ls 

us ua ll y fo und cnly a t a dept h of - 1som, exc e pt i n one in­

sta1·1c e (i .e. rJ:i:- il l hol e KO H1 8 at 10 5m - verticai d epth 1vl (30rn ) ,, 

The e xi s t en c e o f th is mine r a l cou ld be due to its . 

pr o ximit y (rv4 0m) t o a f a ult v 

rr121 qn e t i t e (I l me nite ) Po r phyr i ti c: A mpt}j. b o 1 i t e 

In ha nd sp e c imen t his i s a fi ne gr a Jne d, non - fol i a t e d , dar. k 

gre e n arnp hi b o lite~ Euhedral ma gne ti t e ? occ a siona lly wi t h 

B pa l e h 3 1 Ds oc i: ur s t hr ou ghout a nd ch o. r (j, cte r i 1. e t he r oc k., 

The roc k is compos ed o f: 

RAN GE MODE ··--
plagioclase-labradorite 
(Ab40An60) 30-50% 40% 

hornblende (green) 25-50% 35% 

quartz 5-25% 10% 

biotite ( brown ) 0-8% 5% 
ina.gne ti te 3-10% 5% 

il menite tr-3% 2% 
chalcopyrite tr 0% 
pyri.te tr-2% tr 

sphene 0 ~1% tr 
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Th e texture is fine gra i ned gran oblastic inequigranular 

poly gona l to intcrlob2te . Th e hornblende~ plagioclase 

and quartz fa r m a fi n3 (~Oa4mm ) e qti9ra nul a r mosa i c, the 

hornbl e nde in the mor a ma fic varieties tends to c oale s ce 

in to a poikiloblastic habit. There is a tendency for 

pr ef e ~re d ori e ntation which is usually accentuated by 

bio tite and to a lesser degree quartz . 

~lagnetite and ilme n.i t e occu:r a s eu hedral gr a in s up to 1. Smm ., 

These ca n occur as c omp osi te grains o r di sc ret e l yo The 

ilmenite occurs as linea r inte rgr owth s with i n ma gnetite 

( Seo Pl ate BP ) " 

Sp h e ne mantles and a ppe a rs to l1 a. ve :;:-eplac e d magnetite" 

The sphenc ha,::; a :Jubhs:::!rc. l shapC), ui h i lc tho mo.gncti t e co:-e 

is anhedral and irregu l a r (Se e Plate BQ) ~ Sph e r1e also 

occu rs as di s crete gra ins when it is a nhedra l and inter­

gra nul a r. Sphene doe s not mantle composit e magn e tite and 

ilmen ' te gra ins. Pyri t e (and traces of ch a lcopyr it e ) are 

fo und as fine intergra nular grai ns (<D.l mm); als o as fin e 

skeletal interg ~owths in pla gioc l ase cl ea vage crack s . 

Uni t 10., Peoma tite 

This rock is a felsic,c oarse grained,pinkish~granitlc 

rock with minor biot itev 

Th e rock i s comp osed of: 

mic roc line 

qu3. rt z 

biotite 

apatite 

MODE 

50% 

3 5% 

15% 
tr 

The texture is granul a r seriate with inte rlobate gra i n 

boundaries. iYJicrocli ne for ms large (/\./4mm) . subhedral 

por.phyroblasts in a fi ner grai ne d seriate ground-mass of 

quartz, feldspar and biotite. 
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TH E NORTHER~ GRANULIT~ 

T h d . th I . • . ~ d . . .e n an Ppe c ]_r;:en e roe . ~ .l s a massJ.. v e 5:i. r: .:2rme 1a 't e , 

d1apside grnnuJ.ite i.JJ.ith a dc;rk gre·"n-bl ack c c•lOLn' 1.!Jh e n 

fresh - usua lly has strong desert varnish on th e pitted 

s urfaceo 

Th e r Gck cons ists of: 

FlP. f\IGE MO DE 

pl a gioclas .:; lab rad or1te 
( Ab40An60) 35-L}5% 43% 

diopside 10·~· 4 0% 3L~% 

I .o rnblende (pargasitic ) 0-3 5% 1 6~b 

garnst ,..., ~, r-% u-c. ;:; o 59b 
epidote CJ-10% 

.. 1% •. 

qua rtz 0-5% 1% 
calcit e 0--7% 0% 
co:r.d iP.r i t e 0- 3% 0% 
ilmeni te 0-~ tr tr 

sphene O- tr tr 

The texture is granobla s tic seriate with interlobate and 

occasional polygonal gra in boundarie s.., Dicipside forms 

poikiloblas t ic grains up to 3mm acros s in a polygonal 

groun d -mass of labrador i te. The orange garn~t for ms 

larg e poik iloblastic ( " l acy" ) aggre gates up to 6 mm across. 

Ho rnb l e nde ha s r ep laced the diop s id e arid thes e gr · ins are 

rimmed by l ater e pidote 6 Th e s ph ene and ilmenite are 

nlways associated a s fine grai ned i ntergr&nular aggrega tes~ 

THE SOUTHER N GRANULITES 

I n hand specimen the rock is a massi ve,interme diate to 

felsic~diopside granulite, wi th an orar.ge colour if 

garnet content is higho In outcrop the rock has a black 

desert var nish with a s h iny pitted surfacee 

The rock consists of: 

plagiocla se- lab radorit e 
(Ab35An65) 
diopside 

quar tz 

hornblende (pargasitic) 

garnet 

carbonate 

RAN GE 
~--

20~G D% 

5-30% 

0-40~~ 

0-15% 

0-15% 

0-5% 

ffJOOE 

/~5% 

20% 

15% 

10% 

5% 

2% 



epidote 

magnetite 

sphene 
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RANGE 

0 1~% ~~-o 

0-3% 

0-1% 

MODE 

1% 
1% 

tr 

The texture is usually fine grained granobla~tic inequi­

granular polygonal to interlobate. Diopside forms larger 

(<4mm) poikiloblastic grains in a ground-mass of polygonal 

labradorite (fine grained ~lmm grains)~ The diopside 

has been partially. uralitized to green hornblende~ 

Garnet, when pres~nt~ forms anhedral poikiloblastic grains 

and has been replaced by epidotee The calcite and magnetite 

tend to occur together as fine gr8ined intsrstiti3l phasse 

Quartz~ when present, forms ribbons up to Smm long& 
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APPENDIX II. GULK ROCK ANALYTICAL TECHNIQUES 
.,._.,..~-·~-~--~-~-...,..,....~,.,.,.._.-,..........,.--__._..,--,~~-----

Sample Preparation: 

The samples (~7~0 kg~ for core specimens,and ~ 10 kg. for 

surface sam~les) were cleaned with a stiff brush and 
'· wiped free a~ any drilling sludge (there was verv little 

' ' 

oil) with acetone., .All the crushing and grinding equipment 

was wiped cl an with stiff brushes and cleaned with distilled 

water and ac tone, and precontaminated with ~ach new speci­

men to be processede 

The specimens were broken down to E5cm pieces in a vice 

before crushing in a jaw crusher to <lcm pieceso Eighty 

grains of thl.s coarse c:eusheci mata:rie.1 were further ground 

in a Siebtechnik swing-mill using a lOOcc agate vessel~l20 mesh) 

and 6-Bg aliquots of this fine ground (<300 mesh) in a 

motorized agate mortar; 4g of the <300 mesh powder was 

made into powder briquettes on which trace element (and Na) 

analyses were carried auto The rest of the <300 mesh powder 

was used to produce duplicate fusion discs (Norrish and Hutton~ 

1969). H2o- and LoD.I~ were determined by weight loss at 

110 and lOOq~c respectivelyo Total Fe was expressed as 

Fe
2
o

3
,. 

Major and trace elements were analysed by XRFo Operating 

conditions and data reduction processes used in the Geochemistry 

Department at the University of Cape Town were outlined in 

Willis etoal(l971 and 1972)e Details of more up to date 

procedures listed below are taken from Bristow (19BD)o 

International rock standards (USG ·s, N .. I.~1., CAAS) were used 

for calibration., 
Major elements: were analysed on duplicate lithium tetraborate 

fusion discs (except Na which was done on pressed briquettes); 

the operating conditions and data precision are summarised 

belotJJ. 

fYfa ior Elements: ----- ··-
XRF Operating Conditions: (Instrument: Siemens SRS-1) 

Fe Mn Ti Ca K p Si Al Mg Na 

Tube w Cr 

kV 60 50 

mA 50 --- . ·~------------·---- -·---

counter flow 
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XRF Operating Conditions: (Instrument: Siemens SRS-1) 

Fe Mn Ti Ca K P Si Al Mg Na 
I.-··:--.. ·------· ··------. --· ···-··-···-·--·-····-···--··-- .. ····------··--·----

col1J.metor I fj_ne ---~ cr::;a:rse fi.r.e --4 coarse---'> fine coc=:.rse 

crystal Li f ( 220) ·--·-'> Li f ( 2CO) ------------- GE PET TU\P -~ 

t . I t . coun :i..ng prese 

time (sec) I 10 40 10 10 20 100 100 100 200 200 

line I 1<0<. ~ 

Estimates of precision, detection limits and average absolute 

error. Precision is expressed as an absolute error (20 ) 

on the given percentage oxidee 

OxidE 

Fe
2
o3 

MnD 

TiD 2 
CaO 

K2D 

P2 0:; 
Si0 2 
AL,O, 

t!:. ,) 

MgO 

Na?O ... 

9.,0 

0,.15 

L,0 

12.0 

0"2 

50.,0 

15.0 

s.o 

0 .. 038 

Oo008 

o.oos. 
0.028 

DoDD2 

0.012 

0.140 

o.oso 
0 .. 148 

Do032 

0,.003 

0.,022 

06018 

0.264 

0.079 

Do086 

0.067 

Do014 

0.,008 

Do ODS 
. 0" 008 

0"002 

OoOll 

0.,036 

0.022 

Tt.aC...§. • .J!lemen:ts: were analysed on pressed powder- briquettes 

on a Phillips PW 1220 spectrometer (co, Cr, V, Cu? Ni~ Zn) 

and the Siemens SRS-1 (Y 7 Zr, Pb, U, Th, Nb, Sr 9 Rb and Mo 

Kr.><: C)., rriass a'bsorbtion coefficients were determined at 

Rb !<oe, wavelengt~ by measurement of the f\'lo t<o.E· Compton peak 

·(Reynold, 1963) or were calculated from the major element 

data using Heinrichis values. Raw data were reduced using 

FORTRAN programmes written by members of the Department of 

Geochemistry., 
The operating conditions and precision statistics are given 

below: 
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XRF OPERATING CONDITIONS: 
..,. ,... '" r,f._ 7...... " ~i1f ..... 

·---~~-·-~~~·---· '-~ ___ 1 ___ 1\JU------------· ;"10 l<o< Cu f~i .£. •• 

Tube 

kV 
mA 

fl10 ----.::;:. 

60 

50 

w --------· > Au -----::> w ---··'> 

---~!-;-

counter scintillation ·-·-----·------·-----~ fl Chi ·-·--------> 

collimator fine 

cry.stal Lif (220) - ·----·--·-----_...,, 

count time I 
(sec) (twice)2DO __ .:.. ____________ -,,. 100 

off---------·------;> on· vacuum 

fl1.A~Co 

line 

Rb measured---------- > calculated 

The ~bsolute error and detection limits are given at 20 and 30 

respectively .. 

Element ~ange ( pe,_mJ. Error D. t• L. '.!-
~.!lt.~ ..:l£!.I~ 

Zr 
.Nb 

y 

Rb 

Sr 

Ca 

Cr 

Ni 
v 
Zr 
Cu 

40-100 

.4-150 

20-40 

2 .. 5-90 
" eo-s·oo 
18-800 

25-350 

10-208 

50-350 

8-150 

5-90 

I& 9-1 o4 1 .. 4 

l.D-lo2 le8 

:oB-1e0 L,3 

,.8-1.,l 105 

1.0-1.,7 lo5 

L.9·-2.,5 4o5 

105-2 .. l 2.2 

2.,5-3,.7 4.0 

204-3.7 51)'5 

o.9-lo? 1.,4 

l.,8-2ol 2 .. 9 

The Niggli Values used in the text, Section 4r have been 

calculated from the definition given in Barth (1962), pages 

62-65. 

Niggli Values 
The twofoid way of classlfyb.g rocks-mincralcgical and chemicai 

-has been advoc:1ted and itti advantages have been co1winc!ngly 
dcmonstrakd by Niggli in several pa:pers of outstanriin;; irnporLancc 
t.o systematic petrology. In the system that Xig~li has. contrivc_d_ to 
build, the chemical classification becomes identical with dcfinit.10n 

· and classification of wLat he calls the mopma types (sec page lSJ) · 
The chemical analysis of a rock is -the basi2 for its cla~>·ilication. 

The procedure of· calculaLion is M follows. The ligmcs i;iYing the 
weight percentages arc. divided by the molecular \\'Cight of the corre­
EponJing oxide; thu~ \~e arrive at a ~tries of relative figures-m(ikcular 
numbers-which indicate the mokcubr proportions of the sc\'cral 

oxides in the rock. 
The molcc'..llar number ior Fc20 3 , which in terms of forro11s oxide 

1:orrcsponds to 2Fc0, must Le multiplied by 2 and then added to FcO. 
The remaining molecular numbers are grouped together nnd nrlded 

in the foilowing way: 
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Al20a (inclucling Gr20 3 :i.nrJ mre cartlrn) 

+ FeO + MgO ( + MnO + CoO + XiO) 

+ CaO (incl:1ding BaO + SrO) 

+ J:\ 2u + Na::O (inducting rnre alk'.11.i ('art.h8) 

The sum is rc~ca lcuh'.icd to 10D, :tnd th<~ numbers dC'signatcd al., fm, c, 
and alk, rcspce;t.ively. Thus :.he sum al+ fm + c + alk = 100 speci­
fies one group of chemical substances. 

The molecular numbers for SiO" (if dedrablc al~o for Ti02, Zr02, 
P20b, H20, C02) are recalcnlated n.ccording to the equation: 

Molccn1ar number for .Si02 :mo!ccular numlJr,r for Ai203 = x:al 

The rcsuit.ii;g figure for xis called Bi (respectively, ti, zr, 7J, h, co2). 
The two f;f'J~tps, al + jm + c + a/le = 100, and si (and ti:, etc.), 

include the most important chemical co:~sbtucnts of the rock. ·Hut 
two additional parameters arc of grrat value: the mokcuiar proportion 
of K 20 compared to the sum of the alkalies in aik, and the molecular 
proportion of MgO c.ompared to the sum 0f ihe divalent clements in 
jm. St~paratcly, therefore, the follo"\\·ing values arc coff:puted: 

K20 ---- -----
R20 + Nn 20 + (Li20) 

MgO 
and 

:Fe'J + 1\foO + :'JgO 

n.nd respccfr:ely designated k and mg. For many purposes in the dis­
cussion of the chemical relations in primary and metamorphic rocks, it 
is sufficient to set dow:·; the values si, al, fm, c, alk, as well as le and 
mg. I11 a general way they d1arn.ctcri:tc a rock. , 

Tit, quartz index, qz (Quarzzahl), is a derived quantity and is obtained 
as follows. The most highly ~ilicified minerals in the rot:ks are feldspars 
and pyroxene~. In the rdknli folclsp::u·s and the lime feldspars the mole­
cular propodions are a/k:al:si = l:l:G and c:al:si = 1:1:2, rc:::pec­
tively.. In the pyroxenes t.be theoretical proportions are fm: si = 1 and 
c:si = 1. In a rock composed of these minerals, the following relu,tion 
holds: 

si' = Galk.+ 2(al - alk) + l[c - (al - alk)] + fm · · · (1) 

The expression (al - alk) corresponds to the fraction of c that is bound 
to alumina in feldspar, provided alk <al; and c - (al - al/c) is the 
fraction of c that is associated only with s1:. Jf al > alk + c, the excess 
of al is .~upposed to combine with an equal amount of si, with formation 
of sillim:rnite. 

Reawm lwring that al +Jin + c + alk = 100, and substituting in 
equation I, we obtain: 

si' = (100 + 4alk) 

With alk > al, the excess of alkalies will usually form acgirite, and the 
. corm,ponding si-value becomes si' = (100 + :3al + Ja.lk). 

In a roek ~howing a higher si-value than the calculated·si'-value, free 
quart.z will uppcar. If the rock shows a lower si-valuc, some minerals of 
low d('grce of ~ilification (for example, olivine, biotite, fcldspaihoids, 0re) 
are to be expect.eel. The difference si - si' is the quartz index, qz, which 
may be cit her positive or negative, and is a valuable indicator of the 
minerals to be expected. 

Jn the table below the most important Niggli vn.lues are listed: 

al from AhOa 

fm frJ.:1 FcO, Fc20a, l\foO, ::VIgO 

c from CaO 

alk from K 20 + ~·fa20 
al + fm + c + all; = I 00 

Bi from Si02 
l(.Q 

k = ----~----
1{20 + Na,o 

.M~O mv = ---·----~---
FcO + i\1110 + ;\lv;O 

si' = 100 + 4alk (usually) 
qz = si - si' 

In the example of Table III-7 the analysis of a .granodiorite from 
California is recalculated after Niggli. 

\ 



v.~eif~:.1-;., 

% 

SiO, 65.r-4 
Al,Oa !G.52• 
F~O!l l.40 
FcO 2.49 
M110 O.OG 
J\.!gO 2.53 

! CnO 4.83 

l· Nn20 4.0\I 
K,O i.9!) 
TiO, 0.Zt;\ 

P~06 0.18 
H20 O.il 

100.74 
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TABLE IIJ-7 

GHAN0ni0lil1'E, PLACJ::ll COUNTY, CALIFOR:\"IA 

Aprirnxi-
flllltl! 

~fo!£~CU~£i.~ 

W<~i::rht 

GO 
102 
mo 
7:.l• 
71 
40 
tiG 
G~ 

P4 
80 

142 

~l•>l·~cubr 

rroportions 
x 1000 

1(i2. 

9 ns FeO JS} 
35 

I 
(·3· 
87 
6G 
21 
u 

,-~·-. --~---. --· 
JC2 nl - (100·1~2) ,4,-,3 "". 30 

117 Im - (I00· 117) (.153 ~ 26 

87 <- (lOO·g/) :-!U3 - 19 

87 olk '""' (103·$'.i) :.;5S - 19 

I
i 453 lOJ2·1·'.>0 

&i- -·- .... 211 

k - 'l<i·;s: o.24 

100 

I 1111: .., l'l~frr ...,.. o .. ~4 . 
qz""" 241 - (lCO + 4 ·1!)) ... -4·'35 

·-·-------·--·-··· ·-----·--·-·--)-,--------·------·-

\ 
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MICROPRDBE ANALYTICAL METHODS 
f..ND RESULTS 
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\ 

Microprobe analyses were obtained on polished~carbon coatedq 
~ . 

thin sections., The instrument used is a Cambridge Microscan 

5 linked on line to a Varian 620L-l00 minicomputer where 

matrix corrections and alpha factors from Albee and Ray (1970) 

we:ce applied, usin~1 the methods of Bence and Albee (1968). 

Calibration was achieved using natural and synthetic standards 

( l<akanui pyrope, Kakanua hornblende~ Mar jalahti olivine i,; 

synthetic diopside, rutile and rhodonite~ In the case of 

sphalsrite, zinc metal and natural troilite were used as 

standards~ Sphalerite analyses were subjected to full ZAF 

corrections using FORTRAN programme using TIM-l(Duncumb et~al,1969) 0 

Microprobe Operating conditions used were: 

Accelerating potential--'-> 15 kV 

.Beam current 

Detectors ~ flow counters with Ar/co2gas mixture 

Analysing crystals: quartz: Fe, Mns Car Ti~ Cr~ K 

RAP: Si, Al, f~g, Na 

PET : S 

Lif (200): Zn, Fe 

Counting time on peak (sec.): 10 (x4) 

S.ingle spot precision statistics for microprobe data 

given below: 

OXIDE AVERAGE ,?D ( 2Cfl ERROR (2Ql DETECTION LIMIT 
p _.....,. • 

Si0 2 41.97 c.08 .(1.08 "06 

Ti0 2 3 .. 92 .,08 .• 10 .,07 

Al 2 o3 13 G· 51 .06 006 "Ol! 

FeO 6.82 .,15 .,16 ,,10 

f•1g0 16.,34 .o? ~10 .,05 

cao 12.10 .07 .os .os 
Na 2D 2.71 .12 .14 .09 

K20 1..18 006 .10 .o? 
VinO D.26 .01 • 01 oD3 

(All data in wt o1) ;a 

are 

i3CT1 
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MnO cia tn f rem 12 nnal y :;es of a garnet cr·y ;;:; ~al ( :3'1t'.? e 11 137 8) 11 

Other elements from 12 analys~s of a hornblende grain 

(Reid, 1977),, 

Quantitative analyses of ga~net, cordierite, biotite, horn­

blende, hypersthene and sphalerite are listed in Table III-Ic 



Tf18LE III-I 

.0.J___g_::i l',fl_~J.:.2. 

MICROPROBE ANRLYTICnL RESULTS 

,,- 1 ~"'~~•· 11 ("''.'~' "-~'"'"'"'·'- ~'c• 
_·---~~~ _?_J_. 1 ... 1 ... 2 .... ! ----~-1"'"7~/1 ! ""'2""'1"'"'?,_/'"":i-1!r-7""J"'"./""'1...,...! --'-?"""1'-"'-2...,.l_1;_· n~·,l_,_.i--r1-::1~1J._l-=-2+I •;;;.;,-":L..::.1.i ·-='1:...+i ..::;l..:::9..::::91.../.::.2...,..·l 1=-:~:1~:::..1/:...:3~1-=1;.;;g:.,9:.£./.:::"-+-/"""·l.l.?'"-u,'-'~11 
srn 2 I! 3?.s?I 37"901.37,'72 :n,3? 37.as / 3s.oe I 3s.23 / 37.56 I 37.34 /I 37.s4) 37.93 I 30.s1 

H02 ·1 o.o u.o O,D 0.09 o.u I 0,D2 I 0,0081" D.02 0.01 0,04 o.o 0.01 

A1 2o 3 21.79 22.1 22.0 121.70, 21.B6 I' 22.23 , 22.24 21.87 21.6312) .84 ,21.73 22.53 

Feo [\ :rn.95 30,98 31,10 31,13 J 31.27 29.47

1

. 29.24131.89 3~.56 I 31.86 29.D 1 30.3? 

Mno I 3,431 3,3al 3.53 2.52, 2.42!
1 

2.43 2.461 J,78 J..75 1 1.85 l.?7/ 2.531 
Mgo \ 5.581 5.o5 ! 5,68 5.29 I 6.02 7,1,4 1 7.91 j 6.t17 s.o7 I 6.29 8.13 i 7.3J 

... c""a""'o---1--~1 ....... o..,.9..__-=-l.._4-=-+---=1'"""'""0""'8-+..,..-o,...s""o~!-'o ..... ~8~6-1)-=1 ..... s=--9~/-'1""':'.~'.;+-P·34_,._Q_~33 1 k2..~_Q_._3J5-;.._J~~-9.1, 
TOTAL 1'·1

1 lDo,112·.~ 100.25 :
1

1
1r:1.l9 t19,98 1

1
100,91 Jioi.23 :101.11, !J9,QL1 I sa.10 i 99.83 j S9.03 11a2.z ! 

! I I I f 1 j ·--....... -~-------------------·-..... ________ .,. ___ _,,,_ 

Element ii (Rl<G)Sample rJo,. , 

._ ......... _!~_J)JJl...-1JJ}2 ' 2~288/2 255 1 i 298/l I 190 l J.9[1 2 : 190 3 I 190 4 I 1.90 _jt;~_Q9_/J,I 
sio2 ' i 37. 79 i 3?. 79 36.47 ! 36.24 36.D9 

1

136.10 37.42 38.25 I 37.53 I 37 032 37. 39 :rn.s31 

Ti02 1i 0.01 0.03 0.01 / 0~01 O,Dl 0.06 0.10 o.os 1 0,011 1' 0,,06 0.06 0.031 

Al 2 n::, 11 22.53 22e?:? 2D.6e j 17,116 21.35 J 20.52 21.62· 22,12 1 21.77 21.48, 21.SG I 22.14! 

FeD i 28.22 i 28.12 23.73 / 23.73 30.45 i 25.23 31.48 30,78 30.19, 31.62, 31.89 / 2s.t12j 

MnO ~ 2.951 2,'75 14.48114.46 7.37 I 7.91 2.87 2.82 2.Ell 

1 

2.90. 2.84

1

! 4.48

1

1 

r~ 9 o ~ a.as 7.94 2.11 2.16 3.21 , l.82 5.96 5.17 5.ll 5.55 I 5.t15 8.15 
M I I I I I cao ; 1.26 i.2t1 2.181 2.10. l...!06 f:i 59 o.58 D.j!1, o.Li2' c,_;;6 Q ... ~iL.!....-ld.l· 

"'"r.-o-=-T-AL __ ...,.il_1_ci"'"'o".8s 1rno:21 I 99.67 / 9G.17 / 99 •. _5_2_,__s_s_.3_3-..../1_0_0~_.-0-3_,...1_0;-• .,3 f se.s? I 99.L<~~2 ;100.s5/ 

Elomeo~1I (RKG) Samp!o No. 
L 209/2 i 2os/3 I 20s/'• I 209/5 1· _______ _ 

~i /. :rn.27 / 37.n ! 37.69, 37.s8 I 
Ti 2 1 0.011 I o.o4 ; o.os I o.os 

A1;03 '1! 22.03 121.63 l 21.751 21.86 

·--------·-··------~ 

(Garnet analyses from RIF units quoted in text) 

FeO \ 26.41 i 26.1+3 j 25.31-1 j 25.87 

MnO II 4.69 II l<,40 I 4 0 118 , 5.16 

MgO ., 7.55 I 7.401' 7.86 II 6.71. 
·f:aO I. l. 06 ! l. ll1 +-~·-1_.~l_l_.._ _______ , ____ _ 

TOTAL II 190.03 i 98.83 I 98.30 i 98.35 

Element II 

Si02 
Ti02 
Al 2 o3 
FeO 

MnO 

MgO 

Cao 

Na
2
o 

K.0 

TOTAL 

-----~--~--------~ 

( Ri<G) Sample i~o. 

190 J. 198/2 190 13 I 180 t~ I 190/5 j 209/1 1 209/2 1199/~199/2 I 179/) ,I 179/2 I u..§Li 

:.rn.s8 37.16 :rn.13 j 36.53, 34.97 36.85 / 35.s2 I 37.4L1 I 35.69 / 37.19 j :n.17 j 31.03 

4.o8 4.39 i 4.36 I 4.12 1 3.16 2.s3 I 3.o6 I 3,49 s.11 II 1.23 i 1,68 J 1.91 

18.ll 18.21117.54 17.68 i 18.66 18.84118."ll I 17.55 l?.83 19.37 i )9,75: 19.24 

16.411 15 .• 24 I 15.48 14.21 ! 17.15 12.70 12.a1 l1 14.12 18.84 113.82 i 16,19 
1 

16.52 

o.o5 o.o5 o.o5 0.06 ! 0.11 0.06 0.08 0.02 0.08 I 0.01 
1 

o.o5 o.09 

13.021' 13.56 13.26 14.B3 10.92 15.87 15.27 116.28 1 lo.so I' 16.20 l 14.92 14.23 

o.oo 0.01 0,02 0.021 0,04 0.01 I 0,021 0.02 I 0.02 0.02 i 0.03 0.02 

0,04 i 0.02 o.04 ··D,D6 I 0,13 0.22 I 0,17 "'0.02 I 0,02 0.031 0,05 o.os 

9.51 I 9,08 8.98 9.28 J 9.10 0.90 i 9.) .. ~Jl..! .. E'.LL~~-~L .. §1.!_1ti__§_~.Q...-.3~2.' 
97.84 i 97.721 95.83 / s5.2_:_! 94.25 ss.og ! 9s.10 I 98.47 j 97,77 I s7.51 ! 98,~~·63.: 



Tl\DLE IJ.I-I corn_. 

Element i! (rn<G) Sarnol<! No. 
ii I I I I 

JI • 11 !Ll.f-Xl.V _z __ 

1

. _2_ul.L~IUL1liLf ..:~-~lL 

Si02 II 37.36136.39, 37.l;6 I 37.95 1:57.J.8 
no2 j 3.52 1.11 j 1.1.~ ! i.as 3.52 

Al 2D3 
1

, 17.611 18.0l i 18.SL< II 18 0 97 17.6t1 

FeO I 13.39 1 12.04_

1

. 15.31, 1.5.22 16.52 j 
Vir10 • O.D7j

1 
0 0 06 0.0·1 j D.fJS I D.09 

t! 
MgO I 16.1•4 / 16.06 15.5411 15.161· 13.93 

cao I 0.02, o.o4j 0.11
1 

o.oo o.oo 

Na 2o ) o.oa/ o.oe 1 o,3L1 i 0,461 0.11 I 
_K;;;.2 _o_.._.I_! __ B_._2: 1 s._51j 8.32 L_8.J.7 9.2s/ 

TOTAL ii 97. 1or;;. 31 j 97 .4:_J_:_:_:_o5 I 98:~°..o i 
(iii) 'Cordierites 

No. 

7J.I?. I ~.C/1 

36.Rs 37.o?I 

3.14 5 0 3fil 
17.19 16.341 

15.88 14.sol 

0.01 0,021' 
114.33 14.79 

9.02 9.l!:i 

1.0/2 

37.30 

/4. 20 

16,54 

14.23 

0.03 
15.67 

0,00 

0.04 

9.76 
~:~~I ~:~: ! 

------i---
96.46 1 s1.2_s ___ s_1._._1_1 ......... ~------~--------~ 

Element jl (RKG) Sample 
I , 

---·---· .jj_,J]..QLLJ 19 0 / 2 

S.i02 

Ti02 
A1 2o3 
FeD 

I 
I 

l 190/3 I 190/4 i 190/5+190/6 1' 190/7 ! 209 1 209/2 ! 209/:5 ~09/4 

I I i I f I ; 
47.70 48.16 48.29 46.75 i 47.6111 47.1914'7.56 1'18.59 48.62 f 48.68 ! '•8.83 

I 
I 
I 

0.01 0.01 i o.oo 0.01 I o.o 0,0 0.01 I o.o I o.o I o.o I o.o 

33.48 "33.49 33.L12 33.43133.38 j 33.41 133.52 33.57133.58 33.57 / 33.76 . 

G.53, 1 s.35 6.5o , 6.49 ! s.til j 6.38 
1
1 6.35 I 3.54 , 3.ao I 3.25 ! 3.45 ! 

Mno 0.18 1 0.21 0.18 j 0.18 j o.rn I 0.17. 0.19 j 0.15 I 0.15 i 0.10: 0,09 1 

Mgo a.og .1 s.91 

1 

8.8a I 8.961 8.96 9.01 I 8.99 j 10.59j10.&s110.s3: l0,78 

Cao 0.01 I a.a o.o o.o 1 o.o 0.01 ! o.o I o,o j o.o I o.o o,o , 

Na 2o o.17 . 0.14 o.J.5 II 0.11 i 0.111 I 0.12; o.14 1 0,18 1 0.22: 0.15 0.23 

1< 2 0 o,o i o.o I o.o o.o j 0.01~ 0.01 j 0,01 J o,oo ! o.oo i 0.01 o.o -=-------
97.DG l 97c27 I 97.40 ! 95.99 I 96~82: 96,30: 96.76 ; 96.63 97.02 96,71 97.15 TOTAL 

Element I' 
:I 

--- I 
Si02 I 
Ti02 I 
A1203 I 

~~~ 1' 
MgO 

Call j 
Na 2o i 
K20 

(RKG)Sample No. , . 

20.@12.JJ.cg/s ! 2illl.LL.L_ ! 211,D. 

49 0 1311;8n.34 I l18.6D I 1·47 0 70 

10.0 ~.O : 0,00 I o.o 

34.09 133,68 ! 33.86 I 133,10 

3,18 I 4,19 . 3.67 I I o. 70 

0.11 1 0.21 o.oa j o.3 

11.15 / 10.32 10.77 I 13.57 

o. o o. 00 o. o I o. o 
0.21 j 0.23 0.10 a.as 
0.01 I 0.01 o.o l o.o 

TOTAL 97.87 ! 96,99 97.17 / 96,4·~ 

(iv) Pyroxenes (Hypersthene) 

Element 11 (RKG) Sample No. 

211L'.2 I 3U/1... 313 2 I 

i T 47,69: u7,82 47.65 

o.o 1 0,0 o.o 

33.09 ! 33.20133.351' 
o.6s I 1.n 1.20 

0.23 j' o.35 I 0.42 i 
11.57 1 13 0 62 I 12.99 1 

o,ooj o.o I o.o I 
0.011 o.75 j o,69 ,. 

o.o ' o.o ! o.o 
I 

: 93.29 J 96.911 96.30 I 
I 

-----

·--------·--·--

----li-__.199/l 
1
)99/21' 199/3I1]1./1I111/21211.~/-1'--!_,_7~1/~l=-~1~7~1~/=2-~-------~~~ 

Si02 48.56 48.72 48.34 48,il 47.39 l 44.53 115,671 47 0 16 

Tio 2 o.o5 o.os j 0.06 0.10 o.os j o.36 o.1s I 0.13 

A1 2o3 5.99 5.95 l s.10 
1 

s.so 5.t19 1 14.84 6.7o l 6.81 

FeD 28.25 28.33
1 

27.82124.22 23 0 51 /l 21.33 25 0 83 i 26.13 

Mno o.69 o. 71 I o.67 o. ?9 o. 77 o. 71 o.57 ! 0.60 

MgD 17,57 17.59, 1'7,46, 20,34 ! 19,94, 14.32 17.92 I lC.20 

Cao 0,02 l ::i.02 D.03 I o.os 0,06 l (l,30 0 03 ! 0.04 

Na 2o nd i nd I nd I nd nd ! 1.60 o:os / D.03 
-"---......... -----,....-- i I I I I 
TOTAL 101.114 ilDl.40 !lD0.48 ! 99.21 i 97.24, 98.Dl , 96,97 ! 99.10 
~~~~~~- .~-~~~~~~~~~~~~~-



(vi) Other~ 

Element Ii U1t\G) !:Ja111µlr:. i~o. . Rhodonite 1 
!J __ 299/J_1_~9/2) ?_9BL.JJ..£siJ.si-. __ i 29g.L.].__l2981.1._! 

~~~~,,- I I • I :.2.4.. I 

SiCl2 ~ 50.2/;: 50.20 I '11.:52 ! (~ti.SO : t;7 •. 88 I 46.!J8 ·1 
nn2 ' o,o / o,o I o.8~ I 0,62 I o.o o.n I 
Al 2 o 3 I o.35 1 ~-o~ 12,~" 112.60 1 I o.~1 /, o,o J 
FeO JJ• ,46 I l« .4o I 19 • .JB • J.R,99 / / J.l,::i3 I ... 1.47 / 

MnO 9.39 
1 

9,39 j 0,50/I 1,20 132,87132.79 ! 
MgO 6,05 6.05 7,68 7,50 1.84 1.79 ! 
cao, 20.04 20.65 11.u; n.20 . 6,94 I 7.D2 ! 
Na 2 o D.26 0.20

1 

1,131 1,20 I I 0,031 0,0 1· 

~ 20 0.02, o,o o.86 o.5:_ 

1

1_ l o.o I o.o _.__. ______ _ 

TOT.AL 101.42 11co.74 I 9s.09j 98,33 f1no,31 ·100,24 I 
fill] ~phalen.te l\nalyses ----·-----

Elem<mt /I (RKG) Sample No, 

,. 211 1 I 211 2 I 211 3 ! 211 17 2u 10 1 2:;4 i 1 2st:/2 l 29'</3 i 29l!L9_J 2s1~/s I 2s5(s I 2sti;j 

~159.61 -~9.33 s9,5;"~:.is.s1 · 59.54 58.07 s7.s7 
1
i 57,97 /: so.09 / 57.22 i 58,33 / 57,32 

7 ..., 5 8 80 7.92 3 I 8 0 () : I 7 I 8 Fe ,36 7,90 ,, 5 , 9, 9 8,99 ! .L~ ,48 I 8,71. I ,911 l 8, 2 

S 33.24 33.02 33.43 33.36 33.15 / 33.48 I 33.!_~3.Qj_32,53 I 32.83 J_~2tG9.l.]2,2_<;!~.2,6?. 
TOTl\L l._ lOD.20 1100,24 lDU,57 100.96 lDD,611100,941loD,16l 98,891 99,40) 98.61198.8?1 98.76 

Element\/ (RKG) Sample No, 

1! 294/B 220/1 220/:s • 220/4 220/5 .~6 I 220L7 
1
220Ls 280Ll 280/2 28DL:'· I 28Dlf-t 

58.2? l 59,02 . 59,59. 59,34 58,48 58.32 58,951 58.89 
' ' I 7,86 
: ; 

7. 71 8,14 8 ,l19 8.16 ?,88 7,50 8. J. 7 

I 

Zn !I 58.50 j 59.19 ! 57 ,56 j 58,51 

: ' 
32.09 , 32,42 : 32,02 31.61~ 32,56 32.63 32.79 32.2~ 

Fe Ii a.so I 7,69 ! 8,62 
1 

e,oo 

_s ____ 1:~_3_2~._~l_32.4Q.....:..3.~3~·~0~1-·~3~3~·~0_6_--=.-;;..-....-"-'~=--"'.=-<...;;.=.~-----""'-.......... .-...--"-'."'----"'-"'-'-'~--'~ 
TOTAL !l 99,96 i 99,37 '99,19 99,57 90.22 98,93 99. :.)3 99.12. 98,53 99.61 99.91 99,00 

Element lj (Rl<G) Sample No. 

280/5 I 280/6 I 289/l I 289/2 289/3 : 289/4 I 289/5 289j'6 : 2£!2/7 I 289/8 

57. 72 ' 57. 741 58,65 59,49 58, 70 58,40 159. 74 ( 58.02 58,DO I sfi.36 

7 1ilL1.lli 
58.?8 58,09 

Fe I 9.38 9,3?. I 8,27 8,20 7,78 8,14 7.67 j 8.96 i 8,06 / 8.29 8,613 8,53 

_s ___ *l~,_3_2..._. _s_6_,__3_3_.~2_1-r_3_3~._2_9-r-_33_, 0_1---c_3_2_._8_1~_32_. 4_9__,..' _3_2_._2_0-tJ_3_2_ .2~1__,..1 _3~2_._s~2_1,.---3N2.~. ~~;_o._3_3_.10_._ 3~ .... .17 

TOTAL I/ 
1
99,96 ~oo.26 !100.21 lDD,71 \ 99.28, 99,02 / 99,61 i 99,1s J 98,58 ! 98.15 100.s9 99.81 ----"'---------------------- ------

Element !I 

Zn 

Fe 

s 
TOTAL 

Element'/ 

(RKG) Sample No, 

11~/_5 ! 74L6 j_BL7_ i 60/1 i BDL2 i sof.'.3 I 60/4 sois I .fillJ_Ll.__64lL. 51if2 ____ fi..'±L} 
57,41 j s7.32 I ss.39 i 58,93 I 57.76 I 58,92 I 50.00 58,96 

1
57,14 j 58.DB 57,67 s7,9B 

I J 

I I I I I 8,89 9.09 7,34 I 7,91 I 7.89 1 8,04 I 8.38 B.11 I 8,01 7.29 i 7,29 7.29 

32,52 1 33,45 32,82 · 32,09 I 33,81 I 34,60 ! 33,87. 32,97 · 33,~ 0 85 1 33,J.6 : 32,85_ 

9B.B2 / 99,86 / sa,56 '98,93; 99.46 .101.57 ;101,05 :10~0.22 j 90.20 I 98.12 : 98.12 

(RKG) Sample No. 

64 4 55 1 I 55 2 55 3 i 55 4 I 99 1 I 99~/_2 __ 9_9_/__3_, _9_9_/_li 57/1 I 57/2 57(=l_ 

Zn I 58,42 59.62 S!J,97 59,76158,93

1

58,07 j 58,63 / s2.3B ;· 62,51 
1 

57,87 . 60,05 59,97 

Fe I 7.48 7.70 7.50 7,66 I 7.83 B.561 8,4'7 I 4,561 4,63 / 6.72 / 7.35 7,50 

_S~----4.·~~3~3~·~2~7..._.3~2=.....·7~5~,~3~3:..o.:;:0~7_...~3~1~.9~2"-+~3~2~0~2~~3~2~.9~3::.......~3~3:..t...01~5'---~3~2.£..:::.62.,_~3~3~2~~--1~3~3.i.:::..4~7-·_3~3"-1-'J~.8'--~3~3'""""'"'0~? 
TOTAL II 99,171100.07 ~00,53 99.34 I 98.78 j 99.S6 j100.24 / 99,56 :100,39 I 98,08 100,58 100,53 



~ICROPROBE ~NALYTIC~L RESULTS 

iillJ....~E.b.:11 el'.'ite An~-l~v_se_.s_C_o_n_t~. 

EJ.ern<1nl·. II ( Ri<G) Sl'lmfJle No, . 

__ , __ _JG_~5 J..5.~12-j---"~g/,LL..Jl.V.:.LL_~liJl.L..:'iW..._.X>L!'l !.~lliQ I SSL_JJ 55/12 , 55/13 55/lL: 

Zn 1'1 s9.76 I ss.93 15e.01 I 58.63 I ss.37 I s1.s5 ) 5B.o6 ! 5?.R? 1 57.98 
1

1 ss.07 56.37 ! s2.G1 
' I I . i . J ' j . l I Fe / .I 7.66 I 7.83 8.56 1 B.L:6J 7,26 7.32 \ 7.29 I 7.29 ! '/.29 I B.56 8.38 f 7.2t1 

s 113.i.92 132.02 32,931 33'!)5 33.28 ,_32.92-132.85_! 33 • .l§J 32.85 ! 32.93 33,411 ! 33_.18 

TOTAL . ,, 99.34198.78 I 99.561100_.2'1 J..:::.::1.:.7.83 L98.20 .L:..?·12 ! 90.12 i 99.56 98~10 j10~_:;;-r 

Element Ji (RI~ G) Sample No. 

.I 55 15 I 55/16 I 55 17 l,,.;55/J._8 ____ 

s9.61 I sg.s2 
I 

Zn i j 58.42 57.98 

Fe 

11 

7.241 7.70 7.29 

s 33.18 32.75 13~::~ 32.85 

I~ 
I 

199.17 jss.12 TOTAL 100.031100.07 ________ ....., ___ 
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APPENDIX IV. CHEMICAL ETCHING METHODS 
~--~,~,3'>-"~-:;,-.e..c..~ ..... --=--.. ------
Polished thin sections were chemically etched to reveal 

intra- and intergranular textures which were otherwise 

hidden in the minerals pyrite~ sphalerite and galena. 

Pyrrhotite textures were visible under partially crossed 

nicolsa Chalcopyrite did not respond favourably to 
chemical etching~ 

The chemicals used were: (N.B~ "KMno4 ~ is Z$5g of the 

crystals dissolved in lOOml 

of distilled water)~ 

(i) KMno4 + H2so4 (concentrated) 

( 1 : l ) 

(ii) KMno4 + HCl (concentrated) 
. ( 1 : 1 ) 

(iii) HCl 
(iv) HN03 

(concentrated) 

(concentrated) 

( 3 : 1 ) 

+ methyl alcohol 

Sphalerite textures and twinning lamellae were illustrated 

be~t when etched with reagent (ii) for 1 - 2 minutes. 

Pyrite textures were revealed using reagent (~)o 

The time period in which the mineral was in contact with the 

etch liquid was critical; 55.seconds proved to be the optimum 

time. The critical time factor and the difficulty in obtai~- 1 

ing uniform etching across the entire section precluded pyrite 

grain sizes as a quantitative measure0 The difficulty in 

etching pyrite was also reported for Canadian ores by Rockingham 

and Hutchinson (1980). 

Galena textures wers revealed using reagent (iv). 

Chalcopyrite showed some reaction with reagent (iv) but 

etching was mark~dly 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 
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method was preferable to the older etch tests which have 

proved incoDsistento The magnetic colloid (after Scott, 
1974) was prepared as follows: 

(1) Dissolve 2gm FeC12.4H2D and 5&4g FeC1 3 o6H 2o in 300ml 
distilled water at 70aCo 

(2) Dissolve 5gm NaOH in 50cc distilled watero 

(3) Mix solutions 1 and 2 and stir vigourously3 Filter 

black precipitate and rinse several times with distilled 

water and finally with OoOlN HCl. Place the black 
precipitate in 5d0ml of a D~OS% sodium oleate solution 
and boil for a short time to mix the soap solution and 

precipitate. 
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~ja11jplr1 f\iur~1bcrs and t.ccntio11s nf Sp_r-:'r: ~ ~ncns 
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All specimens from the pr11perty 11 Gcjccltc ~iclder" district of Prieska, borehole 10c~tions 
s/1o~Jr1 on Maps 1>2 n11d 3 and cross-sRctions 1-16. 

fGM~~r~Ts I 
TS - Thir1 3cction I 
PT/S - Polished Thin ~-ctio-
l\ - l1Jhclr: flock .~n:::l1'sl~ .. "j 
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9828 
9829 
9e:rn 
9831 
9832 
9833 
983/1 
9835 
9836 
9837 
9838 
9839 
9840 
981-11 
9842 
98L!3 

98f~Lt 

98L15 
98116 
9 c'lll 7 
98Lc8 
98r'.19 
985[] 
3851 
9852 
9853 
985l1 
9855 
9!356 
9857 

9858 
9859 
98GO 
98Gl 
98G2 
9853 
9::JGL; 
9865 
986G 
:J867 
9GG8 
~1f3G9 

987C 
9871 
9872 
9873 
9874 
98?5 
9876 
9877 
9fl78 
9879 
9£180 
9881 
9882 
9883 
988/i 
9885 
9896 
9887 
9800 
9889 
9890 
9891 
9092 
9893 
9fJr'.1/1 

9895 
!J89Cr 
9C'J7 
9898 
9809 
9'.JOO 
9Q01 
9902 

!11\G 1 
II 2 
H 3 
11 

n 
II 

II 

II 

·n 
II 
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" n 

II 
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" II 

II 

II 
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" ti 

4 
5 
fi 
7 
8 
9 
10 
11 
12 
13 
J.ti 
15 
16 

17 
18 
19 
20 
21 
22 
23 
2L1/ 
25 
26 
27 

ti 

" 
ti 

~~ I I 
33 

II 3t1 
ti 35 
II 35 
11 37 
II, 38 

" 40 
II 41 
11 ti2 
II t~ 3 
II !46 
II 48 
II 50 
II 51 
II 52 
H 53 
0 51~ 
t! 55 
II 56 
ti 57 
ti 58 
ti 59 
ti 60 
ti 61 
ti 62 
t1 6L1 
II 65 
" 56 
ti 58 
II 69 
ti 71 
i; 72 
II 73 
II 74 
ti 75 
H 77 
ti 70 
f1 79 
II 80 
It 81 
II 82 
n 83 
11 85 
n 87 
ti 88 
II 89' 

I 

Sillimanite Gneiss 
tt ti 

II 11 

Hypersthene Gneiss 
Biotite Gneiss 
Hypersthene Gneiss 

H ll 

Pyroxene Granulite 
Hypersthene Gneiss 
Pyroxene Granulite 
Hypersthene Gneiss 
Pyroxene Granulite 

n n 

Biotite Gneiss 
II II 

Sillimanite Augen 
Cneiss 
Pyrox~nc Granulitc 
Diopside Granulite 
Amphibolite 

" G>:anodiorite 

" " It 

Garnet Gneiss 
Grancdi.orite 

II 

Hypersthene Gneiss 
" It 

Sulphide 
II 

" II 

II 

:\l tcrG:tion Zone 
Diopside Granulit~ 
Granodior.i.te 
Garnet Gnc!.i.ss 
Sillimanite Gneiss 
Granodiorite 
;~yµcrsthene Gneiss 

ii 11 

Sulphide 
II 

II 

ti 

II 

" 
" II 

" II 

Siliceous Zone 
Dicpside Granulite 
Sulphide 
Diopside Granulite 
Biotite Gneiss 

" 11 
II 11 

" n 
Hypersthene Gneiss 
Sulphide 

II 

II 

" 
II 

Siliceous Zone 
Sulphide 
Froccia 
G:t:a:1i te 
Diopsidc Granulite 
CarnPt Gneiss 

" u 
i.ranodiorite 

II 

2 
5 
2 
5 
7 
5 
4 
4 
5 
!1 

5 
2 
2 

16 
5 
5 

2 
2 
11 
{4 

5 
2 
2 
s 
5 
3 
5 
2 

2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
t1 

4 
L1 

r'.1 
l1 

4 
li 

4 
4 
4 
4 
4 
{J 

4 

'• 
2 
2 

68 
Ii 80 

85 
L125 
146,3 
513 
2:rn 
303 

95 
189 

84 
105 
190 

78 
216 
119 

115 
125 
152 
282 
160 
150 
146 
l/i3 
350 
140 
3Lt 7 
J.15 

117 
117' 5 

118,5 
120,5 
122, D 
123,4 
124,5 
135 
137 
199 

65 
lLi n 
157 
166,5 
1G6., 9 
171,0 
172,4 
175,0[; 
179,5 
180 
181,4 
183,n 
184,00 
185,9 
186,0 
186,8 
191 
191• 
210 
260 

75 
210 
227 
236 
239 
243 
2L14 
245 
21-17 
248,S 
251,0 
2GO,O 
283 
300 
450 
13G, fl 
182' [J 
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TS 
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PT /s 
PT/S 
PT/S 
PT/S 
PT/S 
PT/S 

II 

II 

II 

II 

II 

II 

TS 
PT/S. 
TS 
TS 
TS 
TS 

II 

PT/S 
n 
II 

" II 

II 

II 

II 

TS 
TS 

II 

II 

II 

II 

A 

A 

" ,,. 
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II 
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" II 
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" II 
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ti 

II 

" !I' 

tt 

" 
" 
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p 

p 

p 

p 
D 
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p 

p 
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p 
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l 
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· 1 

I 
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I 
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1
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(prefix) , PT/S - Polished Thin Section 
(t<rJI·:) I A - ltlhole Rock l\rv1lysis . 
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~l 9 U t1 11 9?. " 11 '.; 5 i. 0 TS A 
!J'lG.'o· ~1!1 1 11 11 I s 5L11~ PT/s P 
(FJCG " 9~j I Sulphide j 5 51'.lB PT /S ' 
<J'JO'I 11 96 . " 5 550 

11 

II 97 " I r; c;c;2 " 9SD8 . ~-

9Cl0!:°J 11 98 Hypersthcne Gneiss 5 555 TS 
· OCil<l 11 99 Sulp~1ide I 5 557 PT /3 
9911 11 lDC Hypersthene Gneiss 5 565 TS 
9912 11 101 Diopside Granulite 5 572 TS 
9913 " 102 " " I 5 575 II 

9314 " 104 8icti to Gneiss 5 595 " 
~~315 11 105 Sillimanite Gneiss 

1

1 8 34 !t 

gcnfi " 106 Garnet Gneiss 8 LJ4 " 
9917 11 107 Amphiboli te 8 105 

11 

9918 11 llJB Bioti te Gneiss 8 115 " 
9919 II 109 I! II 8 135 II 

gg20 11 111 " II 8 145 PT/S 
9321 " 112 Sulphide 8 151 " 
9922 " 113 5illi~anite Gneiss 8 160 

11 

9923 11 114 Oiopside Granulite 8 167 TS 
9G24 11 115 Bioti tc Gneiss ~ 58 

11 

!J 9 2 S " 11 7 A mph i b o lite· 9 81 
11 

9925 " 119 Oiotite Gneiss 9 137 ~ 
9927 11 120 l Hypersthcne Gneiss 9 1L13 PT/S 
9928 II 121 " " 9 144 PT/S 
9929 " 122 Sulphide 9 140 PT/S 
9930 11 123 "' Bioti te Gneiss 9 171 TS 
9931 11 121~ 1

1 
O~o?:-~do Gr~nulite 9 191 TS 

9932 " 127 1 l:Jic,-ci.:2 Gneiss 9 220 TS 
9933 " 13r j Hypersthene Gneiss 7 80 TS 
193l: " 132 II II 7 101 TS 

~~~~ :: i~Zi .
1

._ Sul~hide ~ ig~ P~/S 
f'.\<137 11 136 Bioti te .Gnr=iss 7 116 TS 

9030 " 137 Dicpside Gr~nulite 7 118,S TS 
9939 " 138 8ioti te Gneiss - ? 148 TS 
9 9 1W II 13 g " II : 16 115 Ts 
99L1l 11 140 [\cn~-'hi.bcli te I 16 80 11 

991.12 11 1L:3 Biot; te Gneiss 16 117 " 

:: i~:~ 5ul~l~ide 11 

I i~ i~~ ~~~~ 9944 
991-15 
99L16 
99117 
99{;8 
99l19 
995[1 
!3951 
9G52 
9953 
995l1 
9955 
9955 
9957 
9958 
9959 
9960 
;i~61 

9962 
9%3 
9!J611 
9%5 
8966 
9967 
9'J58 
9369 
997D 
9971 
9972 
9973 
99711 
9975 
9976 
9977 
9970 
9979 
9880 
9'.JGJ. 
9982 
9983 

" 146 Sillimani te Gne~_ss -i 16 146 TS 
" 147 Sulphide I lG 1119 PT/5 
" 148 8ioti te Gneiss . lG 160 TS 
11 ll19 Sillimanite Gneiss l 16 185 TS 
" 150 Sulphide Ii 16 207 PT/S 
" 152 Granodiori te 16 211 TS 
11 153 Bioti te Gneiss 1 16 220 " 
a 154 " " 

1

1 
2s 54 " 

11 155 Sillimani te Gneiss 29 79 11 

" 156 Bioti te Gneiss I 29 128 " 
" 157 Sulphide 20 14 7, 3 PT /S 
"158 " 29 1511,7 " 
" 159 Giotite Gneiss 29 166,5 TS 
II 168 " 11 5 7[] PT/S 
11 169 Hyperstheno Gneiss 5 83 PT/S 
It 170 It II S J05 I) 

·n 171 Augen Gneiss 5 110 " 
" 172 Pyri tic Gneiss 5 121 " 
II J 73 II II 5 130 ti 

" 176 Bioti te Gneiss 12 53 TS 
II 177 11 " 12 55 TS 
" 178 Amphi.bole Gneiss 12 75 " 
" 179 " " 12 101 " 
11 180 Hypersthene Gneiss 12 103 " 
' 1 181 Sulphide 12 lC15 PT/S 
!I 182 " 12 107,5 " 
11 183 Si.llimanite Gneiss 12 108,7 TS 
" 184 " " 12 130 TS 
" 185 Amphibollte 12 ll-i5 TS 
II 186 " 12 165 TS 
II 187 II 12 192 TS 
" 188 " 12 215 TS 
" 189 II 12 250 TS 
" 190 3iotite Gneiss 12 275 TS 
" 1~~1 l\;nphibolite 12 298 TS 
" 192 Oiopsidc Granulite ]4 GO TS 
" l'.13 rlioti tc Gneiss ll1 65 TS 
" l9t1 " 11 ll1 78 TS 
II 195 " " lf-1 04.5 TS 

p 

p 

A 

I\ 

P. 

r 

p 
p 

p 



99£lii 
9985 
9~/JG 
D91l7. 
9988 
!]989 
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9991 
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211L1 
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2D7 
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1311 
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22L; 
2.23 
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23C 
231. 
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23/" 
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21t 0 
2111 
2<12 
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2411 
?.L15 
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2L18 
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25ll 
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Sulphide I 
Amnhi~nlite I 
Biotito Gnoi.ss 
l\mrihibol i te 
Eiotitc Gneiss 
Amphibolite 
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Giotite Gneiss 
Diopsidc Granulite 
Bio ti t8 Gneiss 
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II 
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15 
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17 
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17 
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18 
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25 
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gg 
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86 
95 
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83.5 
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.190 
199.5 
2111 
204.8 
210 

50 
63 
75 
95 

117 
119 
120 
122 
121.5 
132 
1 73 

55 
68 
92 
95 

J.l 0 
115 
120.5 
121.0 
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124. 0 
lf.; [] 
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5[] 
57 
95 

110 
1211 

180 
184.9 
lSFi.3 
187.6 
lf39,0 
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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 prepa~ation 0 

The mineral requiring identification was identified in the 

briginal 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 steel crusher? 

followed by pulverising to · 4 300 mesh 5.n an agate mortaro This 

powder was mounted on a glass slide with rubber-based gum~ and 

placed into the X-ray chamber. 

The instrument used is a Philips Automatic X-ray powder 

diffractometer with PW1350 - PW1394. 

The X-ray diffraction operating conditions used were; 

kV ••• 40 

mA ••• 20 

diverging, receiving 

and anti-scatter slits ~o ~ ~o' 0 
000 1 0 

scanning speed 00<11 
20 28/min. 

count rate 000 io3 

time constant ••• 1 

chart drive speed •oo 2cm/min. 

tube ..... Cu 

The peaks were identified using ASTM cards, the Fink Inorganic 

index (1966) and Selected -Powder diffraction data for minerals 

(publiihed ~974, 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 pyrrhotite 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 identification 

was crushed and ground carefully to avoid overgrinding and 
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overheating in an agate vessel with acetoneo 

finely ground powder was placed in an aluminium 

and subjected to pressure approximately 20lbsep 

sample scraped away using a glass slide. 

The <300 mesh 

sample tray 

the excess 

The sample was then subjected to X-rays under the following 

instrument conditions: 

.kv 
mA 
slits 

scanning speed 

count rate 
·time constant 

chart drive speed 

tube 

range scanning 

••• 
••• 
••• 

••• 
••• 
••• 
••• 
••• 

40 

20 
10 J...O 1 0 
'2,:2", 0 

1/4° 28/min. 
103 

4 

lcm/min .. 
Cu 
42.5 - 44.5 °2e 

The fe~ramagnetic monoclinic pyrrhotite polymorph gives a 

doublet at about d= 2.051 R and d= 2.064 R. These two peaks, 

the monoclinic (20~) and monoclinic (202) are approximately of 

the same intensity. Consequently a presence of monoclinic 

polymorph gives a symetrical doublet. 

, 










































