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Abs t rac t  

Renosterkop i s  a l a rge  low grade t i n -  tungsten-  z inc deposi t  located 85km 

WSW o f  Upington i n  t h e  no r the rn  Cape Province, South Afr ica.  T h e  

mineralization i s  hosted by a number o f  shallow- dipping, sheeted gre isen 

bodies t h a t  a re  su r rounded  by, and p a r t l y  in tercalated with a well fo l ia ted 

gran i te  gneiss c o u n t r y  rock. T h e  gneiss i s  taken t o  belong t o  t h e  

i n t rus i ve  Riemvasmaak gneiss o f  t h e  Namaqualand Metamorphic Complex. 

T h e  mineralized host  ( re fe r red  t o  as TBQ) i s  a grey,  homogeneous, f i ne  

t o  medium gra ined r o c k  composed predominant ly  o f  quartz, b io t i t e  and 

topaz w i th  minor  amounts o f  f l uo r i t e  and  accessory opaque minerals, 

z i rcon and secondary chlor i te .  T h e  unmineral ized g ran i te  gneiss c o u n t r y  

rock  is medium- t o  coarse- grained, p ink i sh  i n  colour  and composed 

pr imar i l y  o f  microcline, plagioclase, qua r t z  and biot i te, w i th  o r  w i thout  

hornblende. Rock types, t ransi t ional  i n  mineralogy b u t  w i t h  c lear ly  

d is t inguishable contacts, a re  present  between t h e  T B Q  and t h e  g ran i te  

gneiss. 

A prominant chemical a n d  mineralogical halo, 20 m t o  50 m wide, envelopes 

t h e  Renosterkop deposit .  There  is a gradational t rans i t ion  f rom an 

unaltered hornblende b io t i te  gneiss, t h r o u g h  gneiss conta in ing greenish-  

brown b io t i te  t o  an approximately 2 m wide t rans i t ion  zone, character ized 

by t h e  pa r t i a l  replacement o f  t h e  greenish-  b rown  b io t i te  by chlor i te .  

T h e  t rans i t ion  zone i n  t u r n  y ie lds t o  t h e  T B Q  i n  which reddish-  brown 

b io t i te  forms a t  t h e  expense o f  t h e  chlor i te, and topaz, q u a r t z  and 

. f luor i te  a re  formed a t  t h e  expense o f  t h e  fe ldspar.  Major and  t race 

element analyses show a spectrum o f  chemical compositions w i th  coherent 

t rends  t h a t  suppor t  a gradational t rans i t ion  f rom t h e  hornblende- bear ing  

g ran i te  gneiss, t h r o u g h  t h e  t ransi t ional  rock  types t o  t h e  TBQ. 

T h e  mineralogical a n d  chemical character is t ics o f  t h e  Renosterkop rock  

types a re  consistent w i t h  an o r ig in  by progress ive  greisenizat ion o f  a 

"wi th in plate" A-  t y p e  g ran i to id  host rock .  A genetic model i s  proposed 

which involves t h e  formation o f  t h e  T B Q  greisen d u r i n g  intense 

metasomatic a l terat ion and  replacement o f  t h e  g ran i te  gneiss w i th in  a zone 



of structural weakness that provided conduits for  migrating, F- rich, 

metal- bearing solutions, and thereby inherited the  foliation and 

structural features present in the original granite gneiss. 



Ui t t rekse l  

Renosterkop is 'n g roo t  laegraadse t i n -  wolfram- s inkafset t ing gelee 80km 

WSW vanaf Up ington i n  d ie  noordel ike Kaapprovinsie, Su id-Af r ika .  Die 

mineralisasie i s  beperk  t o t  'n aantal v lak -  hellende plaatagt ige gre isen 

liggame wat  as gasheer optree en wat  gedeeltel ik tussengelaagd i s  met, 

sowel as onder -  en oorl6 w o r d  deur, 'n goedgefolieerde 

granietgneisnewegesteente wat beskou w o r d  as deel van d ie  in t rus iewe 

Riemvasrnaakgneis van  d ie  Namakwalandse Metarnorfekornpleks. 

Die gemineraliseerde gasheer (waarna ve rwys  w o r d  as TBQ) i s  'n g r y s  

homogene, f y n  t o t  mediumkorre l r ige gesteente wat hoofsaaklik u i t  kwarts, 

b io t ie t  en topaas bestaan en wat  k le iner  hoeveelhede f l uo r ie t  en 

bykomstige opaak minerale, s i rkoon en sekond6re chlor iet  bevat .  Die 

newegesteente van  granietgneiss, wat n ie  gemineraliseerd i s  nie, i s  'n 

p ienk  medium- t o t  g ro fko r re l r i ge  gesteente wa t  hoofsaaklik uit mikroklien, 

plagioklaas, kwar ts  en biotiet, met o f  sonder horingblende, bestaan. 

Gesteentetipes wat  oorgankl ik  is in mineralogie maar du ide l ik  

onderskeibare kontak te  het, i s  teenwoordig tussen d ie  TBQ en d ie  

granietgneiss. 

'n Prominente verander ingskrans,  20 m t o t  50 m wyd, omsluit d ie  

Renosterkopafsett ing. 'n Graderingsoorgang i s  teenwoordig wat wissel 

vanaf d ie  onveranderde horingblendebiotietgneis d e u r  'n  biot ietgneis wat 

'n g roenbru in  b io t i e t  bevat, t o t  by 'n ongeveer 2 m- wye oorgangsone 

wat gekenmerk w o r d  d e u r  d ie  gedeeltelike ve rvang ing  van d ie  groenbru in  

.biotiet d e u r  chlor iet .  Op s y  b e u r t  gaan d ie  oorgangsone oor na d ie  TBQ 

waarin roo ib ru in  b io t ie t  t en  koste van ch lor ie t  vorm, en topaas, kwar ts  

en f l uo r ie t  vorm t e n  koste van veldspaat. Hoof- en 

spoorelernentontledings wys  op 'n spekt rum van chemiese samestellings 

wat koherente neig ings toon en wat  daarop d u i  d a t  'n grader ingsoorgang 

teenwoordig i s  vanaf  d ie  horingblende- draende gneis, d e u r  die 

oorgangsgesteentetipes, t o t  by d ie  TBQ. 

Die mineralogiese en chemiese kenmerke van d ie  Renosterkop 

gesteentetipes i s  versoenbaar met 'n  oorsprong wat s p r u i t  u i t  die 



progressiewe greisenisasie van 'n "binne plaatse" A- t i p e  grani to ied.  'n 

Genetiese model word  voorgestel waarin d ie  TBQ greisen vorrn gedurende 

intensiewe rnetasornatiese verander ing  en vervang ing van n 

granietgneisgasheer i n  'n s t ruk tu ree l  verswakte sone wat  voerkanale 

beskikbaar gestel he t  vir rnigrerende, F- ryke,  metaal- draende 

vloeistowwe, en daardeur d ie  foliasie sowel as d ie  s t ruk tu re le  verskynsels 

van d ie  oorspronkl ike granietgneis geer f  het.. 
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I. INTRODUCTION 

Renosterkop is a large, low- grade t i n -  tungsten- zinc deposit located 

85 km WSW of Upington i n  the northern Cape Province, South Afr ica 

(Figure 1). The mineralization is present i n  a topaz biot i te quartz host 

rock (abbreviated TBQ) that  is preserved within the Riemvasmaak gneiss 

which comprises par t  o f  the  Namaqualand Metamorphic Complex. 

Figure 1: Locality map of the Renosterkop Deposit. 

The TBQ occurs as a number o f  shallow- dipping, sheeted bodies, 

containing minor intercalations o f  unmineralized granite gneiss, and 

forming an erosion resistant r idge (Figure 2) measuring 1500 m by 300 

m in plan.The combined mineralized TBQ bodies vary in thickness from 

a maximum of 60 m to  a minimum o f  10 cm, with an average thickness of 

20 m to  30 m. 
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The economic potential of the Renosterkop deposit is currently being

evaluated by Rio Tinto Exploration (pty) Limited, which company holds

the mineral rights to the area. Rio Tinto has investigated the deposit

by detailed geological, geochemical, geophysical and drilling methods.

The purpose of this study was to ascertain the petrographic and

petrochemical nature of the mineralized TBQ and its host rocks, and to

use this information to outline a probable mode of origin for the TBQ.

Such knowledge is deemed useful for further exploration in the area.

Figure 2: Looking north towards Renosterkop, the prominant

topographic nature of the ridge as well as the sheeted nature

of the TBQ, underlain by granite gneiss country rock, are

displayed. The contact between the TBQ and the granite
gneiss is indicated by an arrow.



II. REGIONAL GEOLOGY 

A. Previous Geological Investigations 

The earliest geological work in  the  area was undertaken by Rogers and 

Swartz (19001, Rogers (19081, and Rogers and Du Toi t  (1909 and 1910). 

They described the  geology of the  Orange River Valley i n  the  Hopetown 

and Prieska districts, undertook a geological survey of parts o f  the  

distr icts o f  Kuruman, Vryburg,  Hay, and Gordonia, and reported on the 

geology o f  parts of the  distr icts o f  Kenhardt, Prieska, Hay, Britstown, 

Carnarvon, and Victoria West respectively. 

Af ter  the outbreak o f  t he  Second World War the  Geological Survey 

embarked on a programme o f  exploration f o r  strategic minerals, and it 

was decided t o  map the  rocks in  the  Orange River Valley between 

Upington and the sea i n  order  t o  access the  economic potential of the area 

(Hugo,1969). The task of unravell ing the  complicated geology and 

deciphering the complex geological h is tory  and s t ructure of an area 

embracing 5200 square kilometers between Kakamas and Onseepkans fel l  

t o  J.W. von Backstrom and D.J.L. Visser. 

Work commenced a t  the  beginning o f  1941 and was completed dur ing 1946r 

Von Backstrom mapped the  areas i n  the  v ic in i ty  of Kakamas (sheet 2820D) 

and the Bokvasmaak Native Reserve, i.e. the southern port ion of sheet 

.2820A. Visser surveyed the  area south of the  Orange River between the  

Hartbees River and Onseepkans, i.e. the  northern parts of Sheets 28200 

and 2819D, and thus covered the  present s tudy area. Von Backstrom later 

completed his PhD thesis on the  area 2820D and the  major port ion of area 

28210, and this map was later published on a scale o f  1:125 000 (Von 

Backstrom, 1964). The work undertaken b y  Visser was never published 

b u t  was used as a base plan by Hugo (1969) who later undertook a 

detailed s tudy of the  pegmatites o f  the  area. 



The most recent work covering the s tudy area was undertaken b y  

Praekelt (1984) who remapped Sheet 2820C on a scale of 1:100 000 fo r  

his MSc thesis. Th is  mapping included the  Renosterkop deposit and 

surrounding area and has since been par t l y  revised by the Geological 

Survey and incorporated into a recently compiled geological map of Sheet 

28200 (scale 1:250 000) which wil l  soon be published. 

B. Regional Geological Sett ing 

The region is underlain by rocks which are described by SACS (Kent, 

1980) as forming p a r t  o f  the  Korannaland Sequence o f  the  Namaqualand 

Metamorphic Complex. The  l i thostrat igraphic designation Namaqualand 

Metamorphic Complex includes metasedimentary, metavolcanic and 

intrusive rock uni ts which are predominantly gneissic i n  character. The 

Complex underlies a Proterozoic tectonic province which has been 

variously referred t o  as t he  Namaqua Mobile Belt, Orange River Belt, 

Namaqua Province o r  Sonama Province (Kent, 1980); it is bounded by the 

Archean Kaapvaal Province, younger cover rocks and the Atlantic 

coastline. 

The l i thostrat igraphic subdivision of the  Namaqualand Metamorphic 

Complex is presented by SACS (Kent, 1980) as an ad hoc framework for  

fu r ther  improvement as more information is obtained, and is given in  

Table 1. 

The Korannaland Sequence loosely groups together a number o f  rock 

formations, the strat igraphic relations between which are imperfectly 

known. These formations are given in  Table 2. 

The lithology o f  the  constituent formations, and the type areas of the 

Korannaland Sequence are given i n  Table 3 and Figure 3 respectively. 



Table 1 

Lithostratigraphic subdivision of the Namaqualand Metamorphic Complex 

Koperberg Suite 

Spektakel Suite 

Keimoes Suite 

Hoogoor Suite 

Little Namaqualand Suite 

Gladkop Suite 

Vioolsdrif Suite 

Orange River Group 

Okiep Group 

Bushmanland Group 

Korannaland Sequence 

Marydale and Kaaien Groups 

Syntectonic intrusive rock units, 

radiometrically dated 1100 to 

1900 Ma (Kent, 1980) 

Pretectonic metasedimentary 

and metavolcanic rock units, 

radiometrically dated 1350 to 

2000 Ma (Kent, 1980) 

Table 2 

Formations of the Korannaland Sequence (Kent,1980) 

Toeslaan Formatio: Goede Hoop Formation 

Rautenbach se Kop Formation 

Kenhardt Formation 

Bies je Poort Formation 

Kokerberg Format ion 

Eierdoppan Formation 

Jannelsepan Formation 



20.00' WOW 
I 
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Figure 3: Type areas of the Korannaland Sequence (Kent, 1980) 



Table 3 

Lithology of the Korannaland Sequence (Kent, 1980) 

FORMATION 

Goede Hoop 

Rautenbach se 
K ~ P  

Kenhardt 

Biesje Poort 

Kokerberg 

Toeslaan 

Eierdoppan 

Jannelsepan 

LITHOLOGY 

Metaquartzite, muscovite quartzite and 
conglomerate 

Quartzo - feldspathic gneiss 
, 

Predominantly a leucocratic b io t i t e  gneiss 

Calc - s i l i c a t e  rocks, streaky leucogneiss, b io t i t e  
gneiss, marble and amphibolite 

Quartzo - feldspathic gneiss with interlayered 
metaquartzite 

Garnet - sillimanite - cordierite - biot i te  gneiss; 
garnet - bearing quartzo - feldspathic gneiss; 
b iot i te  gneiss with amphibolite 

Conglomerate and schist  

Amphibolitic rocks and associated biot i te  
schists and gneisses; calc s i l i c a t e  rocks; 
garnet - sillimanite - bio t i t e  gneiss 

The granite gneiss units found in the immediate vicinity of the study area 

and underlying the TBQ at  Renosterkop are  regarded by SACS (Kent, 

1980) as belonging to the syntectonic intrusive rocks of the Hoogoor 

Suite, which are intrusive into the Kokerberg Formations, and are 

broadly defined as undifferentiated leucocratic quartzo - feldspathic 

gneiss u n i t s  that are usually fine- to medium- grained and reddish- brown 

.in outcrop. In places t h i s  gneiss - henceforth referred to as granite 

gneiss - contains nodules with a variable amount of sillimanite 

(Kent,1980), or  it may assume a coarse granitic aspect or  become 

megacrystic. Bands of fine- grained white quartzo- feldspathic rock as 

well as lenses of calc- silicate rock, quartzite, schist and amphibolite are 

common (Kent, 1980). The granite gneiss, also referred to as the pink 

gneiss, underlies a large area and i t  may not necessarily represent a 

single rock un i t  throughout. Accordingly it has been interpreted as 

intrusive granites by some researchers, and granitized metasediments by 

others. Suggested parent rocks range from arkose (Poldervaart and von 



Backstrom, 1949; Geringer, 1973; Moore, 19771,to rhyol i te (Joubert, 

1974; Botha et  al., 1976) and grani to id (Coetzee, 1941; Lipson and 

McCarthy, 1977; Colliston, 1979). Most o f  these speculations are based 

either on f ie ld relations o r  on geochemistry. However, owing t o  the 

immaturity of clastic sediments such as arkoses and greywackes, the 

difference in  chemical composition between such sedimentary and igneous 

rocks may not be pronounced (Schultz, 1978). 

On the Geological Map o f  the  Republics o f  South Africa, Transkei, 

Bophuthatswana, Venda and Ciskei and the  Kingdoms o f  Lesotho and 

Swaziland (1984, scale 1:1000 OOO), the  p ink gneiss uni ts were mapped 

as the Eendoorn granite, forming pa r t  o f  the Li t t le Namaqualand Suite. 

The Geological Survey presently classifies the p ink gneiss uni ts as 

forming p a r t  o f  t he  in t rus ive Riemvasmaak gneiss (G. Moen, personal 

communication) and describe it as a p ink -  weathering grani te gneiss with 

a granular o r  Augen texture.  

Praekelt (1984) mapped the  area (Figure 4) in  the immediate v ic in i ty  of 

the  present study area on a scale of 1:100 000 and considered the 

Renosterkop deposit as a zenolith o f  metasediments of Omdraai Formation 

within the Rooipad granite. He described Renosterkop as a topaz- bearing 

quartzite and suggested that  the  topaz formed by reaction o f  

hydrothermally active f lu ids wi th the  zenolith of Omdraai metasediments 

as well as with the under ly ing Rooipad granites. 

The Omdraai Formation is described (Praekelt, 1984) as a f ine- to medium- 

grained yellowish leucocratic quartz- feldspar gneiss interbedded with a 

few th in  layers o f  massive quartzite, biot i te schists and amphibolites. 

The Formation is  surrounded by later intrusions of Rooipad and Brabees 

granites. 

The Rooipad grani te is a well foliated medium to coarse- grained biot i te 

granite with minor hornblende and it exibits conformable contacts with 

the Seekoeisteek, Brabees, Eendoorn and Augrabies granites. Xenoliths 

o f  the Omdraai formation are common within the  Rooipad granite (Praekelt, 

19841, b u t  no mineralogical description i s  given of these xenoliths. 
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Figure 4: A simplified geological map of t h e  regional geology around 

Renosterkop (Praekelt, 1984). 



T h e  Brabees gran i te  (Praekelt, 1984) is a wel l  fo l ia ted and i n  places 

porphyrob las t ic  red-  brown g ran i te  which contains inclusions o f  quar tz i t i c  

and  mafic inclusions. No re la t ive  age re lat ionship between t h i s  g ran i te  

and  t h e  Augrabies, Rooipad, o r  Eendoorn grani tes cou ld  b e  ascertained 

by f i e ld  observat ions. 

T h e  Augrabies g ran i te  is descr ibed by Praekelt  (1984) as medium- t o  

coarse- g ra ined  weakly fo l ia ted b io t i te  and hornblende- bear ing  gran i te  

which contains zenoliths o f  a f ine-  t o  medium- gra ined g ran i te  o f  t h e  same 

composition. Close inspect ion o f  t h e  Augrabies g ran i te  by t h e  w r i t e r  

however indicated a t  least two  wel l  developed superimposed fol iat ion 

d i rect ions developed i n  th i s  granite, and a l though weakly fol iated re lat ive 

t o  t h e  o t h e r  gneiss i n  t h e  area, it i s  s t i l l  well- fo l ia ted i n  t h e  absolute 

sense. Praekelt  (1984) fu r thermore found  t h e  Augrabies g ran i te  on ly  t o  

b e  i n  contact  w i th  t h e  Rooipad granite, and  a l l  contacts were found t o  

b e  conformable. No age re lat ionship between these two  gran i tes  could thus  

b e  de r i ved  f rom f i e ld  observations. T h e  re la t ive ly  weak fol iat ion t h a t  is 

deve loped  in t h e  Augrabies g ran i te  may however po in t  t o  i t s  younger  age. 

Praekelt  (1984) d i v ided  t h e  area 2820C in to  th ree  s t r u c t u r a l  terranes, ie. 

t h e  Upington, Marchand and  Bladgrond Terranes, which h e  separated 

f rom one another  by prominent t h r u s t  fau l ts  (see F igu re  4). Each te r rane  

i s  considered as conta in ing unique lithological, s t r u c t u r a l  and 

metamorphic character ist ics. T h e  Renosterkop deposit  fal ls w i th in  t h e  

Up ington Ter rane  in which  f o u r  phases o f  deformation were recognized, 

and which has been t h r u s t -  fau l ted  in a south- wester ly  d i rect ion ove r  

t h e  Marchand Terrane. 

Based o n  t h e  degree o f  K- metasomatism as wel l  as t h e  development o f  

r o c k  fabric,  Praekelt  proposed t h a t  t h e  Rooipad g ran i te  is o lder  than  t h e  

Brabees granite, which in t u r n  i s  o lder  than  t h e  Augrabies grani te.  

For  t h e  purpose o f  t h e  latest  1:250 000 geological map o f  t h e  area ( i n  

press) t h e  Geological S u r v e y  has combined t h e  Brabees, Rooipad and 

Seekoeisteek grani tes and cal led them t h e  Riemvasmaak gneiss (G. Moen, 

personal communication). 



It i s  ev ident  f rom t h e  above information t h a t  t h e  geology o f  t he  area i n  

t h e  v i c i n i t y  o f  t h e  Renosterkop deposit  i s  no t  completely understood and 

t h a t  much more detailed work  remains t o  b e  done. For t h e  purpose o f  t h i s  

study, t h e  classif ication proposed by t h e  Geological Su rvey  is accepted. 

Accord ing ly  the  g ran i te  gneiss which hosts t h e  Renosterkop deposit  is 

taken t o  b e  p a r t  o f  t h e  Riemvasmaak gneiss. 



Ill. THE RENOSTERKOP T I N  - TUNGSTEN DEPOSIT 

A. General Geology 

T h e  Renosterkop deposit  consists o f  la rge sheeted bodies o f  shallow- 

d ipp ing  topaz b io t i t e  q u a r t z  r o c k  (TBQ) v a r y i n g  i n  th ickness f rom 

centimeters u p  t o  60 m in places. T h e  sheets o f  T B Q  over l ie  a well 

fol iated pink g ran i te  gneiss, i.e. Riemvasmaak gneiss, w i t h  a 

consistent ly  f l a t  shallow- d ipp ing  bottom contact. Conformable 

intercalat ions o f  g ran i te  gneiss a re  present  between t h e  ind iv idua l  TBQ 

sheets. No contact i s  ident i f iab le w i th in  t h e  T B Q  where  two  sheets merge. 

T h e  TBQ hosts low- grade tin, tungsten and z inc  mineralization, whereas 

t h e  g ran i te  i s  no t  mineralized. 

A t rans i t ion  zone, measuring 2 t o  3 m in thickness, in which t h e  b io t i te  

i s  par t ia l l y  o r  t o ta l l y  replaced by chlor i te, and in which  topaz, qua r t z  

and  f l uo r i t e  a re  formed a t  t h e  expense o f  feldspar, i s  p resent  between 

t h e  TBQ a n d  t h e  g ran i te  gneiss. T h e  contact between t h i s  t rans i t ion  zone 

and t h e  T B Q  is general ly  sharp, b u t  is also seen t o  b e  gradational i n  

places. Late stage a l terat ion zones a re  common w i th in  bo th  t h e  T B Q  and 

t h e  g ran i te  gneiss. 

A p lan  o f  t h e  sur face geology o f  t h e  deposit  as wel l  as t h e  localities o f  

boreholes used f o r  t h i s  s t u d y  a re  shown in F igure  5. F igure  6 shows 

no r th -  south  prof i les looking east across t h e  t h r e e  sections used. 

B. S t r u c t u r e  

A n  aerial impression o f  t h e  Renosterkop d e p 0 s i t . i ~  t h a t  it forms a shallow 

no r the r l y  dipping t i g h t  south-  ve rgen t  synformal f o l d  w i t h  a gent le 



Figure 5:  Plan of the surface geology of the Renosterkop deposit. 
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eastward plunge and traversed by prominent faults on which no definite 

direction of movement can be detected (Hartnady, 1985). No f ie ld 

evidence could however be found t o  substantiate the  presence of such a 

tight south- vergent synformal fo ld  structure. It would rather appear 

tha t  the deposit comprises a composite o f  sheetlike bodies of variable 

thickness as i l lustrated i n  Figures 7 and 8. On a local and regional scale, 

t he  dominating fabr ic element observed i n  t he  grani te gneiss is a tectonic 

foliation (Hartnady, 19851, and is f o r  practical purposes here referred 

t o  as St. No evidence could be found fo r  S1 being overpr inted over an 

earlier tectonic fabric, and it apparently represents the  last major 

tectonic deformation that  was operative in  the  terrane. As a general ru le  

t he  sheetlike bodies of TBQ are orientated roughly parallel t o  th is  

foliation i n  the grani te gneiss. Locally however they cu t  obliquely across 

t he  foliation of the  grani te gneiss as i l lustrated i n  Figure 9. 

I n  the TBQ, S1 is defined by oriented biot i te and also by a mm- to  cm- 

scale phase layering defined pr imari ly by variations i n  biot i te abundance. 

This foliation is parallel t o  t he  foliation i n  t he  surrounding granite gneiss, 

which is defined by oriented biot i te and elongated Augen- l ike quartz- 

feldspar aggregates. 

T igh t  isoclinal folding (Figures 10 and 11) within certain sheets of TBQ,. 

and in  t he  wedges of grani t ic  gneiss between the  sheets, are 

superimposed on S1. These structures do not  display axial plane cleavage 

o r  foliation, and are non- penetrative wi th  variable plunges of the fo ld 

axes. 

.The t h i r d  type o f  folding seen i n  the  TBQ is represented by open, non- 

cylindrical, gently o r  doubly- p lunging "whaleback" antiforms and 

synforms i n  S1 and may be caused by disharmonic, viscoelastic buckl ing 

o f  the  S1 fabr ic  along NW t o  NNW trends. Later interference patterns 

t rending NE t o  NNE are superimposed on th is  event and result in  the 

formation o f  basin- dome interference patterns (Figure 12). 

The major NE and NW t rending fau l t  zones (Figure 13) and joints (Figure 

8) are superimposed over all the  previously discribed structures. 
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Figure 7: An approximately 1 m wide sheet of dark- coloured TBQ seen

along strike within the granite gneiss country rock. This

sheet thickens in the distance and eventually merges with

other TBQ sheets. In the foreground the sheet thins and

eventually pinches out (illustrated in Figure 9).

-

Figure 8: A section of the northern face of Renosterkop illustrating the

composite sheeted bodies of TBQ reaching a thickness of over

40 m in this locality. In the foreground late- stage warping,

superimposed on the TBQ, is evident.
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Figure 9: The cross- cutting nature of the TBQ is illustrated by the

splitting veins to the left and right of the person standing

in the photograph. The right- hand vein cuts across the

foliation while the Ieft- hand split runs parallel to the

foliation.(---L- foliation strike and dip)

Figure 10: Looking toward the west, this photograph shows shallow-

dipping beds on the northern limb overlying and overturning
the beds on the southern limb of this structure. This

structure together with other field evidence led to the in-

terpretation that thrust faulting had possibly been respon-
sible for the formation of this structure.
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Fig.ur~ 11: Remnant of a tight isoclinal fold clearly displaying the phase

layering within the fold.

-

.Figure 12: Open non- cyclindrical "whaleback" antiforms and sinforms

seen well exposed on the eastern extension of Renosterkop
in the vicinity of section 400 E.



Figure 13: Looking SW across a section of Renosterkop a NE trending

fault zone may be seen intersecting the TBQ ridge (arrows)

and dissapearing into the granite gneiss country rock in the

foreground. Hematitic alteration is strongly developed along

the northern extensions of this fault zone.

An important observation is that there is no evidence for the existence

of non- penetrative isoclinal folding in the granite gneiss country rocks,

as is observed in the deformed TBQ.

c. Sampling and Methods of Investigation

The Renosterkop deposit was geologically mapped by a team of six Rio

Tinto geologists. A total of 80 ha was covered by grid controlled detailed

geological mapping undertaken on a scale of 1:500. A drilling programme

totalling 55 diamond drill boreholes and 12 percussion drill boreholes was

undertaken between 1981 and 1985.

19
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Three repr~s6ntativa~&ological sections located 400 m apart w e b  selected 

fo r  diamond drill b a r e h l e  core sampling across the Renosterkap dew& 
(Figure 6). Seven boreholes intersected section 400 E, f i ve  intersected 

section ZERO, and three intersected section 400W. Each o f  the f i f teen 

boreholes was logged in  detail and each geological zone was 

representatively sampled. Except f o r  borehole no. AES/3 which was 

selectively sampled using assay values as criteria, the  number of samples 

collected depended on the  thickness of each apparently uniform geological 

zone. Field descriptions and depths of samples collected from borehole 

core are given in  Appendix I. 

Figures 14, 15 and 16 indicate borehole geology, sample localities, and 

sample numbers. Special attention was given t o  the sampling o f  geobgicaj 

contacts and a total o f  198 diamond drill borehole core samples was 

collected f o r  t he  purpose o f  th is study. A l l  samples have been numbered 
"X"/"Y" , where "X" represents the borehole number, and "Y" 

represents t he  sample number. An  additional 23 samples numbered RM"YW 

were taken from a previous investigation undertaken b y  De Waal(1985) 

and included i n  th is  study. 

Thin, polished and polished t h i n  sections were examined using a 

conventional petrographic microscope. The microscopic identif ication of 

minerals was ver i f ied by means of x -  r a y  di f f ract ion techniques and 

electron microprobe investigations. The chemical analyses o f  rock samples 

were carr ied out  b y  Bergstrom and Bakker. 

Mineral chemistry was ascertained using a Jeol 733 Superprobe a t  a beam 

.voltage o f  15kV and a current  o f  0,2 x lo-' amp. Table 4 l ists the 

standards which were used fo r  the mineral analyses. 
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Figure 15: Renosterkop dri l l  sections indicating lithology and sample 

localities. 
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Table 4 

Table of standards Wlth r e l a t e d  elements used f o r  mineral analyses'on the Joel mlcroprobe. 

Wi I  lemite 

Sphaler i te  

Cupri te  

Cobalt 1 t e  

z n  

Zn, S  

Cu 

Co, Fe 
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D. General Petrographic Description

1. The country rock

The Riemvasmaak gneiss that forms the country rock is a pinkish,

medium- to coarse- grained, sporadically porphyroblastic, pronouncedly

foliated granite gneiss consisting, per volume, .of 40 to 45 % feldspar

(roughly 75 % is microcline and 25 % is plagioclase), 30 - 40 % quartz and

10 - 15 % biotite (Figures 17 and 18). Hornblende, up to 15 %, enters

the mode of the granite gnefss 50 m below the lower contact and 20 m

above the upper contact of the TBQ (Figure 19). The feldspar forms

lenticular aggregates set in a matrix of quartz .and orientated biotite.

The microcline feldspar is commonly replaced by sericite and kaolinite and

the biotite by chlorite.

I

z-inV. .

Figure 17: Photomicrograph of a typical granite gneiss displaying

greenish- brown biotite in a matrix of quartz and feldspar.

Three small fluorite crystals (F) and a single zircon (Z) are

present. The feldspar is partly sericitized (Se).

Plane- polarized light

Scale 1 : 0,026
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Figure 18: The same field as in Figure 17 is shown here under crossed-

nicols. The fluorite displays isotropic characteristics and the

zircon'shows green interference colours.

Scale 1 : 0,026

Figure 19: Photomicrograph of the hornblende biotite granite gneiss

displaying biotite (8), hornblende (H), allanite (A), sphene

(S), zircon (Z), magnetite (M), sericite (Se), microcline (Mi)

and quartz (Q).

Plane- polarized light

Scale 1 : 0,0106



Accessory nhreWF' feund are small amounts of f luor i te  4spemd i td l y  

disseminated), zircon, sphene and garnet. Traces o f  allanite, apatite, 

calcite and opaque minerals are also present. Traces of topaz are sparsely 

disseminated i n  the granite gneiss. 

2. The TBQ host rock 

The TBQ is  a foliated, grey, homogeneous, f ine- t o  medium- grained 

topaz biot i te quartz rock which typical ly contains, per  volume, 50 to  60 

% quartz, 15 - 30 % biotite, 10 - 20 % topaz, less than 5 % f luor i te  #rd 

trace amounts of opaque minerals, zircons and secondary chlori te (Figure 

20). Variable amounts of feldspar, usually microcline, are found in  the 

TBQ either as Augen o r  as small bands developed parallel t o  the foliation. 

Depending on the amount of feldspar'  i n  the  rock, various intermediate 

stages may be seen between a feldspar- f ree TBQ and a granite gneiss. 

With the  exception of topaz, which occurs as larger porphyroblasts, most 

o f  the  major constituents form a granoblastic aggregate wi th morphologicdl 

features typical  of grain- surface equilibrium (Figures 20, 21 and 22): 

The stout biot i te flakes (Figure 22) generally show a dist inct  preferred 

orientation which defines a foliation that  is roughly followed b y  the 

elongated grains of quartz and topaz (Figure 21). Fluorite and opaque 

minerals generally occur as smaller grains disseminated heterogeneously 

throughout t he  rock and cassiterite (Figures 23 and 24) i s  a primary 

consti tuent of the TBQ mineral assemblage. 
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Figure 20: Photomicrograph of the TBQ showing granoblastic aggregates

of quartz (Q), topaz (T), red- brown biotite (B), fluorite

(F) and sphalerite (Sp.)

Plane- polarized light

Scale 1 : 0,026

..
Q. ..' , ..

10.":.. '.

Figure 21: TBQ displaying elongated, porphyroblastic grains of topaz

(T), quartz (Q), and orientated red- brown biotite (B).

The opaque mineral is sphalerite. The elongation direction

in the topaz is parallel to the orientation of the biotite flakes.

Plane- polarized light

Scale 1 : 0,026
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Figure 22: Stout, red- brown biotite flakes in the TBQ that are partly

chloritized in places. A small fluorite inclusion (F) is present

in the biotite and in the sphalerite (Sp) adjacent to the
biotite.

Plane- polarized light

Scale 1 : 0,026

-

Figure 23: Photomicrograph of the TBQ displaying two cassiterite grains

(e), red- brown biotite showing traces of chloritization,

quartz, topaz (T) and sphalerite.

Plane- polarized light

Scale 1 : 0,026
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Figure 24: The same field as in Figure 23 shown here under crossed-

nicols. The cassiterite displays high- order interference
colou rs .
Scale 1 : 0,026

3. The transition zone

The transition zone is present wherever the TBQ is in contact with the

granite gneiss. The transitional rock type basically is a granite gneiss

in which the greenish- brown biotite, typical of the granite gneiss, is

almost completely broken down to form green chlorite containing many

minute rutile crystals (Figure 25), and minor K- feldspar is replacing

the biotite aggregates. It is not clear if the latter two reactions are

genetically linked or not. Closer to the TBQ, a reddish- brown variety

of biotite is formed at the expense of the chlorite (Figures 26 and 27).
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Figure 25: Biotite of the transition zone shown here to be totally re-

placed by chlorite and surrounded by quartz (Q), microcline

(Mi) and sericite (Se). Minute black rutile crystals (not

discernable) are present in the biotite. Secondary K -
feldspar (SMi) formed at the expense of the biotite.

Plane- polarized light

Scale 1 : 0,026

-

Figure 26: Photomicrograph of red- brown biotite, replacing the green

chlorite of the transition zone, surrounded by microcline,

quartz and sericite. A small fluorite inclusion is seen in the

biotite.

Plane- polarized light

Scale 1 : 0,026
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This reddish- brown biotite is characteristically found throughout the

TBQ. Minor intercalated lenses of TBQ are also developed in the
transition zone.

Figure 27: The same field as Figure 26 shown here under crossed- nicols

after rotation by 45 o. The twinning in the feldspars is now

clearly revealed.

Scale 1 : 0,026

4. The late stage alteration zones

.Late stage alteration of the granite gneiss and TBQ includes silicification,

sericitization of feldspars, chloritization of biotite and hematization. The

degree of alteration varies from slight to intense and occurs in zones

ranging in thickness from centimeters to meters.

Silicification is found in both the granite gneiss and the TBQ. In the

vicinity of major fault zones, the silicification is found associated with
hematization.

..



Sericitization o f  feldspar and topaz is commonly found i n  the TBQ 

associated wi th  a corresponding increase in  f luor i te which is seen to  

pseudomorphously replace the  biot i te i n  the rock. Sericitization and 

saussuritization of the  feldspar i n  the  granite gneiss are common and the  

microcline may be seen t o  change colour from clear pink to  highly 

sericit ized yellowish- white crystals. Plagioclase is invar iably zoned and 

saussuritized in  the core areas. 

Chlorit ization is commonly found i n  late stage alteration zones in  both the 

TBQ and the  granite gneiss, and i s  seen t o  form at the  expense of biotite. 

Hematization is common i n  t he  v ic in i ty  of faul t  zones and is associated 

wi th  an increase in  quartz and a decrease i n  the  biot i te content of the  

rock. The hematite is found as mottled reddish- brown patches i n  the 

altered rock. 

E. Mineral Variation i n  Borehole Sections 

Borehole AESN has been selected as a typical example of a cross- section 

through the  TBQ host rocks, t he  transit ion zone, and the  granite gneiss 

country rock. The mineral composition of the samples of borehole AESN 

i s  given i n  Table 5 and tha t  o f  a l l  other boreholes together with a br ie f  

petrographic description is given i n  Appendix I I .  

.In borehole AES/4 the  red- brown biot i te var iety is seen developed 

throughout the  TBQ. Wherever feldspar- r ich zones are present i n  the 

TBQ, as well as in  the  transit ion zone, the  red- brown biot i te takes on 

a deeper red- brown colour and becomes intermixed with chlori te (Figure 

26). Away from the TBQ and beyond the  chlorite- bearing transit ion 

zone, the  biot i te found i n  the  grani te gneiss has the  dark  greenish- 

brown appearance and as one moves fu r ther  away from the TBQ, 

hornblende also enters the  mode. This general trend, which i s  i l lustrated 

i n  Figure 28, is observed i n  al l  the  borehole intersections wi th the  

exception o f  borehole AES/5. Extensive hematitic and chlori t ic alteration 



Table 5 

Minera l  composition o f  samples o f  borehole AES/4 

I MINERAL SAMPLE NUMBER 

LEGEND 

TBQ rock 
T r a n s i t i o n  zone 
Grani te  gnelss 
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Figure 28: Mineral zonation observed around the Renosterkop deposit. 



which i s  present throughout borehole AES/5, is ascribed to  late stage 

alteration related t o  the faul t  seen t o  pass close t o  AES/5 i n  the plan of 

the  surface geology (Figure 5). 

I n  the  TBQ and granite gneiss a pronounced antipathetic relationship 

between feldspar and topaz exists. Topaz is not significantly present i n  

the  grani te gneiss country rock. Th is  is clearly i l lustrated in  Table 5. 

Concomitantly with an increase i n  the  topaz content of the rock, a 

corresponding increase is observed i n  the  sphalerite and cassiterite 

content. Th is  observation is supported by an increase in  the density o f  

the rock. 

F. Mineralogy and Mineral Chemistry 

I n  the  following sections the  consti tuent minerals will b e  described 

roughly i n  an order of decreasing abundance in  the  TBQ and granite 

gneiss. 

1. Quartz 

I n  the  gran i te  gneiss country rock t he  quartz i s  present as medium- t o  

.coarse- grained, anhedral crystals which usually show an undulatory 

extinction. A second generation o f  smaller quartz grains showing a weak 

undulatory extinction also is present. 

The quartz i n  the  TBQ host rock forms small- to  medium- sized grains 

wi th i r regular  outlines, and these too show undulatory extinction. Smaller 

quartz grains as well as occasional large porphyroblastic quartz grains 

are also found i n  the  TBQ, and these show no undulatory extinction. 



2. Feldspar 

T h e  fe ldspar  occurs as medium- t o  coarse- gra ined anhedral crysta ls  

which commonly exh ib i t  myrmeki t ic  i n te rg rowths .  T h e  microcline i s  

invar iab ly  Ta r tan -  tw inned and t h e  core zones o f  plagioclase crysta ls  are 

o f ten  saussurit ized, ind ica t ing  a compositional zonation i n  t h e  or ig inal  

crystals. 

Microprobe analyses o f  a va r ie t y  o f  fe ldspars i n  g ran i te  gneiss located 

above, below, and intercalated w i th in  t h e  T B Q  a r e  g iven i n  Table 6. T h e  

plagioclase has an An  content v a r y i n g  between n i l  and 15 8, ie. albi te 

- oligoclase. 

T h e  stoichiometry o f  t h e  K- feldspars analysed d i f f e r  f rom t h e  theoret ical 

in t h a t  t h e  number o f  Si atoms p e r  32 oxygen  atoms is s l i gh t l y  lower, 

and t h e  numbers o f  (K + Na) and A l  p e r  32 oxygen  atoms are s l i gh t l y  

h ighe r  t h a n  what  i s  t o  be  expected. These deviations, however compare 

favourab ly  w i th  t h e  analyses o f  corresponding fe ldspars quoted by Deer, 

Howie and  Zussman (19631, and i s  n o t  an ar te fac t  as it may appear a t  

f i r s t  s ight .  

3. B io t i te  

Th ree  d i f f e r e n t  b io t i te  variet ies a re  found in t h e  s t u d y  area. These are 

t h e  b io t i t e  i n  t h e  g ran i te  gneiss c o u n t r y  rock, t h a t  i n  t h e  T B Q  host rock, 

and t h a t  in t h e  t rans i t ion  zone between t h e  T B Q  and t h e  gran i te  gneiss. 

Microprobe analyses o f  these th ree  d i f f e r e n t  b iot i tes a re  g iven in Table 

7. 



TABLE 6 

Mlcroprobe analyses of  fe ldspars  I n  g r a n l t e  gneiss above, below and l n t e r c a l l a t e d  I n  t he  TBQ. 

TYPl CAL K-FELDSPAR 

AES AES AES AES 
1/1 1/3 1/12 3/12 ' 

CaO 0.01 - 0.04 0,02 
Na,O 0.69 0.81 0.99 0.84 
KdJ  16.14 16.22 15.61 16,35 

TOTAL 99.84 99.50 99.18 99.25 

PLACIOCIASE VARIATIONS 

S t ruc tu ra l  formulae on the  bas is  of 32 ( 0 )  

* FeO represents t o t a l  Fe 



Table  7 

Microprobe analyses of b i o t i t e  i n  the  TBQ, t h e  t r a n s i t i o n  zone, and the  g r a n i t e  
gneiss. 

S t ructura l  farinulae on t h e  b a s i s  o f  16 cat ions 

 TOTAL ( 16.00 ( 1 6 , O O  ( 16.00 1 16.00 

* FeO represents t o t a l  Fe 

Greenish-brown b i o t i t e  
i n  the  g r a n i t e  gneiss 

Red-brown b i o t i t e  , 
i n  t h e  789 

The granite gneiss hosts the dark greenish- brown biotite variety which 

shows a preferred orientation parallel t o  the foliation planes in the gneiss 

and often contains inclusions of sphene and zircons. The zircon in the 

biotite shows pleochroic haloes due to radioactivity. The microprobe 

analyses of these biotites show a chemistry that compares favourably with 

that of biotite from a fine grained granite from Rubideaux, Southern 

California batholith (Deer, Howie, and Zussman, 1963). 

Red-brown b i o t i t e  i n  
the  c h l o r i t e - r i c h  
t r a n s i t i o n  zone 

The biotite in the TBQ host rock is a reddish- brown variety which is 

found as subhedral grains with a distinct orientation defining a foliation. 

The biotite is sometimes seen mantling opaque mineral grains, and where 



hematitic alteration has taken place, the  biot i te i s  seen t o  be 

pseudomorphously replaced b y  hematite. Whenever signif icant amounts of 

feldspar (over 10 %) are found i n  the TBQ, chlorit ization of the biot i te 

is direct ly related t o  the amount of feldspar present i n  t he  rock. Although 

no t i n  was detected i n  the microprobe analyses of the  biotites i n  the TBQ, 

a previous investigation carried out  b y  Southwood (1983) revealed that 

a small proport ion of the  t i n  is present in  the biot i te lattice. The 

microprobe analyses of the  biotites i n  the TBQ are similar to  those of a 

blue- green siderophyll ite in  a topaz- bearing greisen vein from 

Newcastle, Northern Ireland (Deer, Howie, and Zussman, 1963). 

I n  the  transit ion zone a deep reddish- brown biot i te var ie ty  i s  found 

which is p a r t l y  o r  total ly replaced by chlorite. From the  microprobe 

analyses (Table 7) it may be seen that  the chemistry of th is  biot i te is 

transitional between the  biot i te in  the  granite gneiss and  tha t  in  the TBQ. 

A remarkable feature of each o f  the  three biot i te varieties is their  

chemical homogeneity wi th in each of their  defined boundaries. The 

chemistry of t he  biot i te of the granite gneiss which lies above the  TBQ 

is f o r  example the same as that  o f  the biot i te in  the  gneiss at  various 

depths below the  TBQ. The chemistry of the biot i te i n  the  transit ion zone 

between the  TBQ host rock and the granite gneiss country  rock is similar 

t o  that  found i n  a transit ion zone between the TBQ and a granite gneiss 

lens wi th in the  TBQ (eg.AES 26/10). Unaltered biot i te o f  the TBQ i s  

homogeneous i n  composition throughout the TBQ body. 

Dist inct  chemical t rends may be observed between the  three biot i te 

.varieties. Si0, and AI,O, are seen t o  increase from the  granite gneiss 

across the  transit ion zone and into the  TBQ. A t  the  same time TiO, and 

FeO show a decreasing trend. MgO is also seen t o  increase sl ight ly while 

MnO, CaO, Na,O and K,O tend t o  remain constant. Figure 28 il lustrates 

t he  distr ibut ion of the  three major rock types which host the  di f ferent 

biot i te varieties discussed. 



4. Chlori te 

Chlorite i s  found replacing t h e  biot i te of the  granite gneiss wherever the 

TBQ host rock is i n  contact wi th  grani te gneiss. Th is  occurs a t  both the 

upper and lower contacts between the  TBQ host rocks and the granite 

gneiss country rock (Figure 28) as well as i n  granite gneiss lenses within 

t he  TBQ host rock. Chlori te i s  also common within late stage hydrothermal 

alteration zones found i n  both t he  TBQ and the grani te gneiss. 

The green pleochroic chlori te ei ther p a r t l y  o r  total ly replaces the biot i te 

and typical ly contains minute ru t i l e  crystals identi f ied b y  means of 

microprobe techniques. The presence of ru t i l e  is ascribed t o  the release 

of titanium due t o  the  breakdown o f  biot i te and a t  t he  same time the 

inabi l i ty  o f  chlori te t o  accommodate large quantities of titanium. 

Microprobe analyses of the  chlor i te are given in  Table 8. 

Table 8 

Micmprobe analyses o f  c h l o r i t e  from t h e . t r a n s i t i o n  zone 

St ructura l  formulae on the  basis of 28 (01 

FeO represents t o t a l  Fe 

S i 
T i  
A l 
Fe 
Mn 

2 
K 

TOTAL 

5-58 
0,02 
5.59 
7.52 
0,2C 
0.65 
0,Ol 
0,oo 

19,61 

5.68 
0.13 
4.97 
7,50 
0,20 
1,19 
0.03 
0.00 

19.71 

5.75 
0,07 
4.63 
7,62 
0.09 
1.61 
0.05 
0.00 

19.90 

5.67 
0.01 
4.66 
8.15 
0,12 
1.38 
0.00 
0.00 

19.99 

5.68 
0.02 
4.54 
8.26 
0.15 
1.39 
0,OO 
0,oo 

20.04 

5.27 
0.01 
5.70 
7.39 
0,53 
0.93 
0.02 
0.00 

19,88 

5.73 
0.04 
5.23 
7,65 
0.12 
0.81 
0.00 
0.00 

19.64 

5,41 
0,02 
5,40 
8,04 
0,12 
0,87 
0,OO 
0.00 

19.87 



5. Amphibole 

The amphibole is a dark  green var ie ty  which shows a pleochroism ranging 

from dark t o  l ight  green and exhib i ts  a characteristic cleavage. The 

amphibole occurs as small t o  medium sized anhedral crystals which are 

commonly broken down to  form biot i te. Table 9 contains microprobe 

analyses o f  various amphibole minerals located both above and below the 

TBQ, and shows them to be remarkably homogeneous in  composition. 

S t r u c t u r a l  f o rmu lae  on the bas i s  of 23iOl  

FeO represents t o t a l  Fe 

Based on a standard amphibole formula wr i t ten as: 

Ao-1B2CrTs022(OHnF,CI)2, where 

A = Na,K 
2 + 

B = Na,Li,Ca,Mn,Fe ,Mg . 
a +  3 + 

C = Mg,Fe ,Mn,Al,Fe ,Ti, and  

T = Si,Al, 

Hawthorne (1981) divided the  amphiboles in to  four pr incipal  groups on 

the  basis o f  the  B group cation occupancy: 

(Ca + Na)B < 1,34 I ron- magnesium- manganese group 



Us ing  t h e  abovementioned classif icat ion it can be shown (Table 9) tha t  

a l l  t h e  amphiboles f rom Renosterkop fa l l  w i th in  t h e  calcic amphibole g roup  

and  may b e  termed hornblende. T h i s  may b e  i l lus t ra ted using sample 

(Ca + Na)B 2 1,34 

Nag <0,67 

(Ca + Na)B -> 1,34 

0,67 5 Nag < 1.34 

AES1/1 as an example. 

(Ca + NaIB = 2,42, and 

Nag = 0,55 

A f u r t h e r  subdiv is ion o f  t h e  calcic amphibole g r o u p  (Hawthorne, 1981) 

shows (sample AES1/1): 

Mg/(Mg + Fe) = 0,09 

Na + K = 0,92 

Ti = 0,13 

A I ~ '  = 1,84, and 

Si = 6,16 

Calcic amphibole g r o u p  

Sodic- calcic amphibole g r o u p  

Based on t h e  classif ication used by Hawthorne (1981) it i s  necessary t o  

fu r the rmore  d is t ingu ish  whether  ~ e ~ * >  ~l~~ o r  < A l  vi  . I n  o r d e r  t o  

d i f fe rent ia te  ferro-pargasi te f rom hast ingite. Unfor tunate ly  the  

microprobe does n o t  allow t h e  determinat ion o f  f e r rous  and  f e r r i c  i ron  

and  accordingly no f u r t h e r  subdiv is ion i s  possible. It could be e i ther  a 

fe r ro-pargas i te  o r  a hast ingite. 

Nag > 1,34 Alkal i  amphibole g r o u p  

T h e  microprobe analyses o f  t h e  amphibole in Table 9 compare favourably 

to analyses o f  a hornblende f rom a q u a r t z  monzonitic syeni te f rom 

Sokuchankoge, Kogen-do, Korea, quoted by Deer, Howie and Zussman 

(1963). 



6. Topaz 

The occurence of topaz is restr icted t o  the  TBQ, in  which it is  scattered 

throughout the quartz- b iot i te matrix, mainly as colourless, 

porphyroblastic, i r regular t o  lenticular grains. The grains are generally 

larger than those of quartz, and commonly contain small rounded 

inclusions o f  quartz o r  f luorite. Late stage alteration has resulted i n  the 

sericitization o f  topaz in  places. 

7. Fluorite 

Fluorite is found mainly wi th in the  TBQ and generally only minor amounts 

are present i n  the  granite gneiss. Fluorite is common in  the  transition 

zone b u t  i s  present in  much smaller amounts than in  the  TBQ. Chlorit ic 

and sericitic alteration zones in  the  granite gneiss generally contain a 

higher concentration of f luor i te than the  unaltered grani te gneiss. 

The TBQ host rock contains approximately 5 % f luor i te by volume. The 

mineral takes the  form o f  small anhedral crystals which are commonly 

found enclosed in  topaz o r  on gra in  boundaries o f  quartz crystals. 

Fluorite often occupies the  angular interstices between biot i te flakes and 

can thus be said to  have formed later than both the quartz and the 

biotite. Small concentrations o f  f luor i te  are found in  the TBQ i n  alteration 

.zones where sericitization and chlorit ization are pronounced. Purple 

f luor i te i s  common on f racture surfaces. 

8. Zircon 

Zircon i s  commonly found within t he  grani te gneiss and the  TBQ host rock 

and generally occurs as small rounded crystals, showing dist inct 



pleochroic haloes in  biotite. Minute euhedral crystals of short prismatic 

habit are restr icted to  the  granite gneiss country rock. The rounded 

zircon crystals i n  t he  granite gneiss are generally larger than those i n  

t he  TBQ. Growth zones of the zircon i n  the TBQ are seen ending 

discordantly against grain surfaces indicating tha t  the  zircons have been 

exposed t o  either chemical dissolution o r  physical abration. 

9. Gahnite 

Gahnite is restr icted to  the TBQ i n  which it is found i n  small amounts 

i n  some samples. It appears to  be in  complete grain surface and chemical 

equilibrium wi th  biot i te and shows sl ight signs o f  incipient alteration to  

sphalerite and chlorite. The gahnite takes on a b r i g h t  green colour and 

microprobe analyses of typical gahnite samples are given in  Table 10. 

The gahnite has been compared t o  gahnite from Aggeneys as well as blue 

and green gahnite from Oranjefontein (Hicks,et.al., 1985). The gahnite 

compositions, normalized t o  molar proportions o f  end- member gahnite, 

hercynite and spinel, are plotted on a t r iangular diagram (Figure 29) and 

show the  Renosterkop gahnite t o  be enriched i n  the  FeAI,O, molecule 

relative t o  t he  other three gahnite varieties described b y  Hicks et. al., 

1985. 



Table 10 

Microprobe analyses o f  representa t ive  gahnite samples 

I AES I AES I AES I AES 
47/5/1 47/5/2 47/5/3 47/5/U I @5/5 I 

Structura l  formulae on t h e  basis of 3210) 

TOTAL ( 23.97 ( 23.97 ( 23,93 1 24.02 ( 23,98 

* FeO represents t o t a l  Fe 

Blue gohnite; 
Omnjefontein /A 

Figure 29: Triangular plot  showing the  composition of green gahnite from 

Renosterkop, blue and green gahnite from Oranjefontein, and 

gahnite from the  Broken Hi l l  orebody, Aggeneys. Compos- 

itions have been normalized t o  end- member gahnite, spinel 

and hercynite (af ter  removal o f  calculated galaxitk, chrornite 

and magnetite). (Adapted from Hicks, et  al 1985). 



10. Accessory non-opaque minerals 

I n  t h e  g r a n i t e  gneiss, small amounts o f  apatite, allanite, sphene and 

calcite are f o u n d  as accessory minerals. Apat i te  i s  found  i n  small amounts 

tak ing  on t h e  fo rm o f  minute s i x -  sided, pr ismatic crysta ls .  Al lani te 

occurs sparsely d i s t r i b u t e d  th roughou t  t h e  grani tes away f rom t h e  TBQ 

and t race amounts o f  calci te are found  in small cracks and veins. Sphene 

i s  found sporadical ly  disseminated th roughou t  t h e  g ran i te  gneiss c o u n t r y  

rock. 

Traces o f  b r o w n  radioact ive monazite are also sporadical ly disseminated 

i n  t h e  TBQ.  Sillimanite, as well developed prisms and  associated w i th  

muscovite, i s  sparsely developed as a breakdown p r o d u c t  o f  t h e  topaz 

in t h e  T B Q  (De Waal, 1985). 

11. Accessory opaque minerals 

(a). General statement 

In th i s  sect ion t h e  opaque minerals a re  discussed. Sphaler i te  and 

cassiterite, a l though s t r i c t l y -  speaking transparent,  a re  inc luded i n  o r d e r  

t o  group together  a l l  t h e  minerals o f  potent ia l  economic value. T h e  opaque 

minerals microscopical ly ident i f ied  a re  l i s ted  i n  Table 11. 

(b). The g r a n i t e  gneiss 

T h e  opaque minerals i n  t h e  g ran i te  gneiss consist o f  minor  amounts o f  

&rite, py r rho t i t e ,  hematite and  magneti te as well as t race  amounts o f  



Table 11  

D l s t r l b u f  Ion of opaque minerals i n  30 selected samples o f  TBQ and. g r a n l t e  gnelss 

I "4 Minor 
Trace 



Table 11 

D i s t r i b u t i o n  o f  opaque m lne ra l s  i n  30 se lec ted  samples o f  TBQ and g r a n i t e  gne iss  ( con t . )  

Py r rho t  i t e  x x x x x x 

P y r l t e  

C a s s i t e r i t e  I I I 

Marcas l te  

Cha l c o p y r l  t e  

Covel I i t e  

BIOTITE - BEARING GRANITE GNEISS HORNBLENDE - BEARING GRANITE GNE 

AES 
4/9 

x 

AES 
3/13 

AES 
1/1 

x 

AES 
4011 

x x 

x 

AES 
3/14 

AES 
1/15 

AES 
4/13 

x x x 

AES 
3/15 

I 

AES 
26/14 

AES 
26/15 



copper sulphides. There  i s  a s t ronger  tendency f o r  magneti te t o  be 

associated w i t h  t h e  hornblende- bear ing  g ran i te  gneiss than  w i th  the  

b iot i te-  b e a r i n g  g ran i te  gneiss. 

(c). T h e  T B Q  

Cassiterite, wolframite, sphalerite, arsenopyri te, marcasite and b lue  

sulphides a r e  f o u n d  disseminated w i t h i n  t h e  T B Q  rocks. 

( i ) .Cassi ter i te  i s  t h e  main source o f  t in and occurs as brownish 

monocrystal l ine g ra ins  disseminated in t h e  TBQ. T h e  g ra ins  a re  often 

tw inned a n d  a re  i r r e g u l a r l y  shaped. Cassi ter i te  i s  of ten associated w i th  

sphaler i te  i n  microscopic bands developed paral le l  t o  t h e  foliation. Th is  

i s  a common fea tu re  wherever  sphaler i te  becomes a s ign i f i cant  component 

of t h e  rock.  Cassi ter i te  i s  also seen t o  b e  in g r a i n  sur face equi l ibr ium 

w i t h  quartz, biot i te,  topaz, f l uo r i t e  and  sulphides. A def in i te  ant ipathet ic 

re lat ionship however exists between cassi ter i te  and feldspar. T h e  length 

and  b read th  o f  each o f  270 cassi ter i te  g r a i n s  were  measured and t h e  

stat ist ical  analysis o f  t h e  resul ts  a r e  presented in Tab le  12. 

R e s u l t s  of  s t a t i s t i c a l  ana l :  

Tab le  12 

!s o f  c a s s i t e r i t e  g r a i n  s i z e s  

Moments 

lean  
Sum 
Standard d e v i a t i o n  
l a r i a n c e  
Skewness 
( u r t o s i s  
I nco r rec ted  sum o f  squares 
:o r rec ted  sum o f  squares 
: o e f f i c i e n t  o f  v a r i a t i o n  
i t anda rd  mean 

Quant i l e s  

100% Max 
99% 
95% 
90% 
75XQ3 
50% MED 
25% Q I  
1 O X  
5% 
1 X 
O X  Min  
~ a n g e  
Q3 - 41 
Mode 
Lowest ext reme 
H ighes t  ext reme 

V a r i a b l e  d imens ion  o f  c a s s i t e r i t e  g r a i n s  

Length I Breadth I Square r o o t  of  
l eng th  x b read th  



Frequency bar  charts f o r  the dimensions of the cassiterite grains are 

given in  Figure 30 a, b and c. It may be seen from Figure 30 that the 

majority o f  cassiterite grains va ry  between 100 and 500 vm in  size. 

(ii). Sphalerite is the  most common mineral i n  the  opaque group and occurs 

disseminated throughout most of the  TBQ host rocks. Concentrations of 

sphalerite are sometimes found along microscopic bands developed parallel 

t o  the  foliation and i n  these instances are usually associated with small 

amounts o f  cassiterite. 

The  sphalerite typical ly contains numerous chalcopyrite inclusions in  the 

form of f ine exsolved droplets, and is pseudomorphously replaced b y  

fluorite, quartz and biotite: I n  places only t he  original chalcopyrite 

inclusions remain in  the pseudomorphs. A second generation of sphalerite 

has also been identi f ied and is characterized by a. l ighter colour and the 

absence of chalcopyrite inclusions. The sphalerite is most commonly found 

i n  contact wi th biotite, and t o  a lesser extent wi th f luorite. It typical ly 

occupies t he  interstices between biot i te flakes. 

(iii).Wolframite, sparsely disseminated and distr ibuted in  patches, was 

identi f ied i n  f ie ld outcrops of TBQ b u t  was not observed in  any of the 

polished sections studied. The wolframite observed in  outcrops forms 

tabular subhedral crystals ranging i n  size from 2 t o  15 mm. 

(iv).Chalcopyrite i s  mainly found as inclusions i n  sphalerite b u t  also 

occurs i n  the  form of anhedral grains disseminated within the TBQ host 

rock. Qualitative analyses of the  chalcopyrite carried out  on the electron 

.microprobe indicated a significant amount o f  osmium associated with the 

chalcopyrite inclusions i n  the  sphalerite as well as the  individual 

chalcopyrite grains. Lesser amounts o f  zinc, palladium and si lver were 

also identi f ied i n  some of the  chalcopyrite grains. These f indings are 

however subject t o  quantitat ive confirmation. Deer, Howie and Zussman 

(1962) have reported minor and trace amounts of many elements present 

i n  chalcopyrite, eg. Ag,Au,Pt,Pb,Co,Ni,Mn, Sn, and Zn replacing Cu 

- o r  Fe, and As of Se replacing S. No mention was made of 0s. 

(v) .Pyr i te is the  most widely distr ibuted sulphide mineral and occurs as 



Fluor ine values i n  t h e  g ran i te  gneiss decrease consistent ly  w i th  depth  

below t h e  TBQ.  Th is  implies a def in i te  t ransi t ional  t r e n d  ra ther  than a 

s h a r p  contact  relat ionship between t h e  gran i te  gneiss and t h e  TBQ. With 

t h e  exception o f  Ce and Ba, t h e  t race  element chemistry  in the  gran i te  

gneiss i s  general ly  lower than  in t h e  TBQ. T h i s  t ransi t ional  chemical 

t r e n d  o v e r  t h e  gran i te  gneiss - T B Q  contact i s  also i l lus t ra ted by 

SiO,,TiO,, Fe,O,, AI,O,, CaO, MnO, K,O, P,O, and S (Appendix Ill). 



Table 13 

MaJor and t r a c e  element chemistry f o r  rock samples 

;AMPLE NO. I AES/26/1 

98,72 
0.F 1 0 . 8 6  

TOTAL 97.86 

TBQ 
5% fe ldspar  

+26,4m 

* R e l a t l v e  value represented as a fac tor  of t r u e  conf ident la l  Value. 

Gran i te  gnelss lens 
- b l o t l t e  r i c h  



Table 13 

Major  and t r a c e  element chemistry f o r  rock samples ( c o n t . )  

AES/26/7 

TBP ' 

SAMPLE NO. 

TBP I TBQ 
5% fe ldspar  

TBP 
5% feldspar 

Cranl t e  gnelss 
lens 

TBP 

k p t h  above(+) o 
]elow(-)  lower 
jranl t e  gneiss/ 
rBo contact  

O I F  

TOTAL 

ppm 
*sn 
+'W 

Ta 
ce 
La 
Nb 
Z r  
Y 
S r 

R e l a t l v e  value represented as a fac tor  of t r u e  c o n f l d e n t l a l  value. 



Table 13 

MeJor and t r a c e  element chemistry f o r  rock samples (cont . )  

;AMPLE NO. 

IESCR I PT I ON 

AES/4/5 

Granl t e  gnelss, 
b i o t i t e  r i c h  

AES/26/13 

Gran i te  gneiss, 
Augen 

Cran l te  gneiss, 
b i o t i t e  r i c h  

-4,2m 

c ran i  t e  gnelss, 
b i o t i t e  r i c h  

Cran l te  gnelSs Creni t e  gneiss 

lepth above(+) o r  
leiow(-) lower 
r a n l t e  g n e i s w  
eta contac t  

OEF 

TOTAL 

* Re la t i ve  value conf  l c  len t i a l  value. 



Table 13 

MaJor and t r a c e  element chemistry f o r  rock samples (cont.  ) 

SAMPLE NO. 

)ESCRI PT ION 

Iepth above(+) o r  
#elow(- )  lower 
! r a n l t e  gneiss/ 
BQ contact 

AES/4/8 AES/4/9 

C r a n i t e g n e l s s  G i a n l t e  gnelss 

OEF 

TOTAL 

o f  t r u e  conf 

Granite  gneiss 

-33,6 

1 s 
e n t i a l  value. 

Gran i te  gneiss 

-40.3 

Granite  gnelss 

-48,O 

Granl te  gneiss 

-55,2 



IV .  DISCUSSION A N D  INTERPRETATION 

A.  T h e  Na tu re  of t h e  Gran i te  Gneiss 

1. Trace element corre lat ions 

Based o n  a techn ique used by Schu l t z  (1977) an  attempt has been made 

t o  ascer ta in whether  t h e  g r a n i t e  gne iss  i s  d e r i v e d  f rom sedimentary rocks 

o r . f r o m  igneous rocks. T h e  techn ique makes use of t h e  postulat ion t h a t  

t h e  interelement corre lat ions f o r  sedimentary rocks  d i f f e r  f rom those o f  

igneous rocks.  Tab le  14 shows va r ious  element pa i r s  a n d  t h e  s igns o f  

t h e i r  cor re la t ion  coeff ic ients f o r  t h e  igneous and  sebimentary systems 

inves t iga ted  by Schul tz  (1977). T h e  resu l ts  o f  t h e  corre lat ion studies o f  

element p a i r s  for t h e  Renosterkop g r a n i t e  gneiss a n d  t h e  TBQ a r e  also 

inc luded in t h i s  table. Scores based on t h e  s imi la r i t y  of t h e  s igns o f  

corre lat ion coeff ic ients a r e  g i v e n  f o r  each of t h e  rocks. T h e  Z r  - Ti and  

Zr - R b  corre lat ions a r e  i gno red  because t h e y  a r e  t h e  same f o r  b o t h  

igneous a n d  sedimentary systems. T h e  graphical  p lo t s  of t h e  Renosterkop 

data are  g i v e n  in Append ix  IV. 

Table 14 

S igns  of interelement c o r r e l a t i o n  c o e f f i c i e n t s  f o r  sedimentary and 
igneous systems a f t e r  Schultz (1977) compared t o  the granite gneiss and 
TBQ from the  Renosterkop d.eposit 

1. SYSTEMS 1 RENOSTERKOP I 
l ~ l e m e n t  p a i r  

T i - K  
A I - K  

M g - K  
T i - R b  
Z r - T I  
Z r -K  
Zr-Rb 
Rb -S r  
Ca-K 

K-S i 
Rb-S i  

Granite gneiss 

score s 
9 I 

LEGEND - = negat ive  corre lat ion 
+ = posi t ive c o r r e l a t i o n  
0 = undefined correlat ion 
I = imneaus =. . - - - - 
s = sedimentary 

Score = sum o f  Signs the signs t h a t  correspond 
t o  the igneous o r  sedimentary system 
excluding Z r  - T i  and Z r  - Rb. 



From these resul ts  it may b e  seen t h a t  t h e  gran i te  gneiss a t  Renosterkop 

shows a weak tendency towards t h e  sedimentary system. Th is  method 

i s  however f e l t  t o  b e  unrel iable and inconclusive la rge ly  because o f  t h e  

inherent  va r iab i l i t y  o f  rock  systems f rom one local i ty t o  t h e  other .  Less 

var iat ion in t race element chemistry  could b e  expected in the  sedimentary 

enviroment because t h e  global factors cont ro l l ing  sedimentation tend  t o  

b e  similar in most sedimentary systems. Th is  same argument cannot be  

p u t  fo rward  f o r  t h e  igneous system. Furthermore, t h e  va l id i ty  o f  us ing  

t h e  chemistry  o f  these metamorphosed and  altered rocks  i n  correlat ions 

o f  t h i s  na tu re  must  be  questioned. 

2. De la Roche classif ication 

F igu re  31 shows a chemical c~ass i f i ca t ibn  diagram o f  rocks by De la Roche 

(1980) o n  which t h e  Renosterkop g ran i te  gneiss is seen t o  p lo t  in t h e  

g ran i te  f ield. T h e  values used i n  t h i s  diagram are l i s ted  w i th  the  N igg l i  

values and norm in Appendix V. 

F i g u r e  31: De la Roche diagram showing t h e  Renosterkop gran i te  gneiss 

p lo t t i ng  as a "granite".  ( A f t e r  De la Roche et.a1.,1980). 



3. Qz - A b  - O r  var ia t ion  diagrams 

Graphical p lots of t h e  normative residua values o f  t h e  gran i te  gneiss, 

de r i ved  f rom t h e  N igg l i  norms in Appendix V, a re  shown on the  Qz - 
A b  - O r  diagram i n  F igu re  32. 

Qz 

Ab Or 

F igu re  32: Residua p l o t  o f  t h e  g ran i te  gneiss a t  Renosterkop. 

T h e  gran i te  gneiss c lus ters  close t o  t h e  0,5Kb posi t ion o f  t he  minimum 

mel t  composition. Recent experimental studies ca r r i ed  o u t  by Manning and 

Pichavant (1983) have shown t h a t  F, i n  addi t ion t o  water, may have a 

pronounced e f fec t  on phase relat ionships i n  t h e  hydrous, silica- saturated 

res idua system, Qz - A b  - Or .  T h e  presence o f  b o t h  water  and F causes 

a marked reduct ion in sol idus temperature a t  l K b ,  i.e. f rom 715% (water 

alone) t o  less than  550DC w i t h  4 8 F in t h e  charge. Th is  i s  c lear ly  

i l lus t ra ted in F igu re  33 and  t h e  resul ts  suggest  t h a t  (a) F- bear ing rocks 

may begin t o  melt a t  lower temperatures than  simi lar F-  f ree  rocks, and 

(b) t h a t  enrichment in F by fluid - rock  in terac t ion  may allow melt ing 

t o  take  place a t  lower temperatures than  would otherwise be possible. 



The fact tha t  the grani te gneiss a t  Renosterkop clusters around the 0,5Kb 

position would imply that  neither F nor pH,O played a part icularly 

important role in  decreasing the minimum melt composition o f  the granite 

gneiss precursor at  the time of formation. The system most l ikely 

crystall ized under d r y  conditions. 

Figure 33: The dependence of the position o f  the quartz- alkali- feldspar 

f ie ld  boundary on PH,O and F concentration (After Manning 

and  Pichavant, 1983): 

4. Trace element ratio's 

Plots of t he  incompatible trace elements of the granite gneiss i l lustrated 

(Figure 34) on diagrams Rb Vs (Y + Nb) and Nb Vs Y (Pearce,1984) show 

the granite gneiss t o  fall into the category o f  a "within plate" granite. 



syn- COLG 

ORG 

Figure  34: Plots o f  incompatible t race  elements o f  t h e  g ran i te  gneiss. 

WPG : With in p late g ran i te  

ORG : Ocean r i d g e  g ran i te  

V A G  : Volcanic a rc  g ran i te  

s y n -  COLG : Syn- coll ision g r a n i t e  

( A f t e r  Pearce,J.A. ,et. al, 1984). 

Furthermore, comparison o f  normalised element rat io 's as i n  F igure  35 

show t h e  Renosterkop g ran i te  gneiss t o  b e  comparable t o  "wi th in plate" 

g ran i te  o v e r  an  at tenuated cont inenta l  l i thosphere. However, it must  

again b e  no ted  t h a t  t h e  metamorphosed and  a l te red  n a t u r e  o f  these rocks 

renders  most p lo ts  o f  t h i s  na tu re  questionable. 



RENOSTERKOP 
GRANITE GNEISS 

F igure  35: Normalized geochemical pa t te rns  f o r  representat ive analyses 

o f  ocean r i d g e  grani tes (ORG) f rom var ious tectonic sett ings 

a n d  sub  - sett ings (Pearce,J.A. ,et.aI. ,1984). (a) Ocean 

r i d g e  granites, (b) volcanic a r c  granites, (c) w i th in  p late 

granites, (dl  w i th in  p la te  gran i tes  (attenuated continental 

l i thosphere ) ( e l  syn-  coll ision granites, (f) post- collision 

grani tes.  



5. Aluminium satur i  

From the Niggl i  values (Appendix V) the grani te gneiss can be shown 

t o  be metaluminous ra ther  than peraluminous (Shand, 1927), and the 

average al/(c + alk) value f o r  the gran i te  gneiss is calculated to  be 0,998. 

Th is  value is acceptable f o r  A- t y p e  granites b u t  not so f o r  S- type 

granites which as a ru le  have al/(c + a lk)>l  .O. 

6. Comparison with A-  t ype  granites i n  southeastern Austral ia 

Collins et. al (1982) identi f ied two A- type  gran i te  suites (Gabo and 

Mumbulla) i n  the. Lachlan Fold Belt i n  southeastern Australia and 

compared them t o  I- type  granites o f  t he  Bega Batholith. This comparison 

is based on average compositions o f  samples w i th  similar SiO, contents, . 
and is i l lustrated in Table 15 together with an average composition of the 

grani te gneiss from Renosterkop. 

Table 15 

Averag 
and Mu 
8a tho t - 

X 
- 
SiO, 
TIO, 
A1 20, 
Fe,O. 
FeO 
MnO 
M9O 
Cao 
Na,O 
K.0 
pzo, - 
PPm 
8a 
Rb 
s r 
Pb 
Th 
u 
Z r  
Nb 
Y 
La 
ce 
SC 
v 
cu  
Zn 
Ga - 

compositions of the g ran i te  g n e i s s  from Renosterkop, the Gabo 
11 l a  A- t ype  g ran i tes  and of t -  t ype g ran i tes  o f  the Bega 
I ladaoted from Cot l ins.et.a1..1982). . . 
Grani te gneiss from 
RenOSterko~ 



A- type granites which are alkaline, anorogenic, anhydrous and 

metaluminous granites (Collins,et.al.,l982) are chemically distinguished 

f rom I- t ype  granites wi th similar SiO, contents b y  higher abundances 

o f  large highly charged cations such as Nb, Ga, Zr, Y and the  REE, and 

lower Al, Mg and Ca. Total FeO and Na,O + K,O are also generally 

higher. 

As may be seen from Table 15 the  granite gneiss at  Renosterkop complies 

wi th  many o f  the  proposed requirements f o r  that of an A- type granite 

and is more similar in  composition t o  the Gabo A- type  granite than t o  

t h e  other grani te types reported here. 

7. Comparison with the  Bobbejaankop granite a t  Zaaiplaats T i n  Mine 

Coetzee (1984) carried out  a geochemical and petrographical investigation 

o f  the  Bobbejaankop grani te at  t he  Zaaiplaats T in  Mine and b y  basing 

his classification on the  work o f  Collins (1982) concluded that  the 

Bobbejaankop grani te can be classified as an A- type granite. Table 16 

l is ts the average composition o f  the  granite gneiss at  Renosterkop as well 

as tha t  of t he  mineralised (Sn) and unmineralized Bobbejaankop Granite. 

Except f o r  small differences, these two granites are very  similar t o  each 

other. Kent (1980) gives t he  radiometric ages of the  pretectonic rock 

uni ts of the  Namaqualand Metamorphic Complex to  vary  between 1350 and 

2000 Ma, and those of the  syntectonic rock units t o  vary between 1100 

and 1900 Ma. The Bobbejaankop grani te is dated a t  1920 2 40 Ma. 



Table 16 

% G r a n i t e g n e i s s f r o m  
Renosterkop 

Unm i nera l i zed 
Bobbejaankop g r a n i t e  

Average composit ion of the  g r a n i t e  gneiss f r ~  
unminera l ized and minera l ized Bobbejaankop g r a n i t e  - 

L 

Renosterkop, and t t  
apted from Coetzee, 1984: 

Minera l  ized 
Bobbeiaanko~ s r a n i  t e  

8. Comparison with an S- t y p e  gran i te  

T h e  g ran i te  gneiss a t  Renosterkop d i f f e r s  f rom S- t y p e  grani tes 

(Chappell, et.al., 1974) in t h a t  t h e  l a t te r  a re  character ist ical ly 

peraluminous, have a lower SiO, content  (65 - 76 901, contain i lmenite i n  

place o f  magnetite, and a re  fu r thermore character ized by t h e  presence 

o f  muscovite, monazite, cord ier i te  and ga rne t  as opposed t o  hornblende 

and sphene in I- and A- t y p e  grani tes.  A f u r t h e r  d is t ingu ish ing feature 

is t h a t  S- t y p e  grani tes commonly contain wh i te  feldspar, whereas i n  I- 

t y p e  grani tes pink feldspar is common and A- t y p e  grani tes are 

character is t ica l ly  per th i t ic .  





9. Conclusion 

It is  concluded from the abovementioned information that  although the  

rocks are not  i n  their  pr is t ine state, the chemistry o f  the granite gneiss 

i s  generally more typical tha t  of the  A-  type rather than the  I- o r  S- 

t ype  granite. This f ind ing is contradictory t o  a possible formation of the 

grani te gneiss by granitization of pre-exist ing sedimentary rocks. 

B. Nature o f  the TBQ and i ts  Relationship t o  the Granite Gneiss 

1. General hypothesis 

I n  the  descript ive section (Chapter Ill) o f  th is treatise a large amount 

of information has been compiled which tends to  support the general 

hypothesis tha t  the TBQ bodies are i n  fact the  result o f  the  metasomatism 

of the  grani te gneiss country rock through a medium o f  mineralized HF- 

r i ch  fluids. These metasomatizing f lu ids followed a pre-exist ing zone of 

fracturing, permeated the  walls o f  t he  conduits, and gave r ise to  Al-, 

Ca- and F- f ixation and alkali- solution, as implicit ly supported by the 

diagrams contained in  Appendix Ill, and more expl ic i t ly  by the following 

three sets o f  evidence. 

2. The topaz - feldspar antipathy 

From the  petrography it is  evident that  there is a very  definite 

quantitat ive antipathetic relationship between topaz and feldspar. It can 

be shown i n  t h i n  section under the  microscope that the K- feldspar is 

broken down by reaction t o  topaz, quartz and minor f luorite. This is 



especially visible on the  contact zones between typical  TBQ and granite 

gneiss, and clearly suggests the following HF- consuming reactions: 

2KAISi,O, + 2HF = Al, SiO,F, + 5Si0, + 2KOH*-----------------(1) 

microcline topaz + quartz 

2NaAISi,08 + 2HF = AI,SiO,F, + 5Si0, + 2NaOH*--------------(2) 

albite 

CaAI,Si,O, + 4HF = CaF,+ AI,Si04F,+ SiO, + 2H,O* ------------(3) 

anorthite f luor i te 

*(removed i n  solution) 

A l l  of these reactions are in  essence acid- base reactions. It is logical 

t ha t  a h igh act iv i ty of HF wil l  d r i ve  such reactions t o  the r ight, and that  

as long as a f lux  of HF is maintained, the  feldspar wil l  continuously be 

destroyed u p  t o  the  point where it disappears from the mode. 

Concurrently topaz, f luor i te  and quartz wil l  precipitate and the alkali 

wi l l  be removed i n  solution. The antipathetic relationship between topaz 

and feldspar, i n  general, and microline, being the  major feldspar, in  

particular, i s  a manifestation of the degree t o  which a high HF- f lux  could 

be maintained along a concentration gradient outward from the conduits 

f o r  the HF- r ich f luids. 

3. The chlori te- bearing granite gneiss 

The intermediate zone of chlorite- bearing rock between the biotite- 

bearing grani te gneiss and the  TBQ rock has two main characteristics, 

ie. (i) the  original biot i te in  the  granite gneiss has broken down by 

reaction t o  chlori te and ruti le, and (ii) neoformed K- feldspar has in  par t  

replaced t h e  chlorite, implying that when these reactions took place, K- 
feldspar was a stable mineral s igni fy ing h igh temperatures o r  low pH,O 

o r  both. 



The  reason f o r  the  breakdown and restabilization of the biot i te i n  the 

advancing transit ion zone may be explained by comparing the fol lowing 

formulae obtained from the  analyses i n  Table 7 and 8. 

(i) biot i te i n  granite gneiss: 

Kl ,Fe, ,Mg0 ,Tio ,,A[, ~ ~ ( A I z  7 s ) O z o ( O H ) ~  

(ii) chlorite in  granite gneiss: 

Fe7 ,Mg, ,(AlZ , Si5 5)OzO(OH),l~ 

(iiij biothe ~ ~ ' T B Q  ' 

It is obvious that  the  biot i te i n  t he  grani te gneiss has higher Ti, Fe, 

Mg and lower ~l~~ values than the  biot i te in  the TBQ. The chlori te may 

be seen t o  have high ~l~~ values as well as high Fe and no K. It could 

therefore be argued that  if the  f l u i d  i n  the  conduits was basically water- 

poor, the  act iv i ty  gradient o f  water may have lagged behind that of HF 

away from the  conduits. I n  th is  way a relatively dry zone is  created, 

away from the  main f lu id  conduits, so that  K- feldspar was stabilised in  

these regions. Because the A1 / Si rat io i n  K- feldspar is lower than that  

i n  the  biot i te of the granite gneiss, an Al- r ich chlori te was in i t ia l ly  

produced as a complimentary by-product  t o  the K- feldspar. As the 

reaction f r o n t  was propagated a n d  pHF and pHzO increased, the high 

Al- chlori te was again replaced by biot i te when K- feldspar became 

unstable and yielded to  topaz, as described in  the previous section. 

4. The chemical connection 

Probably the  strongest indicator o f  t he  inherent connection between the 

grani te gneiss and the  TBQ comes from the major and trace element 

chemistry o f  the  rocks. The technique which will be used t o  study this 

connection was advanced by Pearce (19681, who since then has applied 

it amongst others to  the  Dundonald Sill (1969) and the  Palisade Sill 

(1970). Pearce (1968) has shown tha t  by div id ing two variables by a t h i r d  

parameter does not change the  slope o f  the relationship between them if 

the  t h i r d  parameter is an iner t  component. 



Th is  i s  be t te r  i l lustrated by means o f  an example: 

Assume we have a four  component geological system A,B,C and D with 

concentrations 10,40,20 and 30 percent respectively. If we now remove 

one o f  the  components, say D, then i n  absolute terms A.6 and C increase 

from 10, 40 and 20 percent t o  14.3, 57,1 and 28,6 percent respectively. 

Th is  is i l lustrated below. 

I Component Concentration I I Concentration 

Geological 
process 57,l 

> 28,6 
removes D 

A comparison of the original wi th  t h e  new concentration does not give a 

t r u e  p ic ture of the  process, because i n  actual fact the  only th ing that  

happened was that  D was removed from the system, and no addition was 

made t o  any  o f  the  other three components as it may appear from a direct  

comparison. To assess t h e  process i tself  we need t o  f i nd  an iner t  

component t ha t  did not part ic ipate i n  the  process reaction. Say by 

induct ive reasoning we can p rove  A t o  be such a component. Using the 

concentration o f  A as a d iv isor  we can change all the concentrations t o  

ratios. 

Concentration 

Geological 
process 

C 2 > 2 
D 3 removes D 0 

Looking a t  t h e  new ratios a f te r  t h e  removal of D we now clearly see that  

A,B and C remained constant, ie. t h e y  did not part icipate i n  the process 

reaction, b u t  only D decreased from 3 t o  0, as indeed happened i n  the 

process. 

For t he  purpose of th is s tudy AI,O, was chosen as an iner t  component. 

Th is  i s  based on the  strong antipathetic relationship that  exists between 



potassium feldspar and topaz, and on the  premise that i n  t he  h igh HF- 

environment, any A l  contained i n  t he  original granite system and 

resul t ing from the  breakdown of potassiwn feldspar, wil l  be direct ly 

precipitated as topaz. This means tha t  AI,O, is not really part icipating 

i n  t he  reaction between the  f luids and the granite gneiss. Much the same 

reasoning can be advanced fo r  Ca which would precipitate as CaF, with 

an increase i n  HF. The reason fo r  choosing AI,03 above CaO may be 

i l lustrated by comparing Figures 36 (a) and (b). Less scatter may be 

seen where AIZO, is used as a d iv isor  than when CaO is  used as a 

divisor. The  basic reason is not only t he  closure effect due t o  the 

preponderance o f  AI,O, over CaO, b u t  also one can expect that  the  

AI,O, determinations, owing to  t he  larger concentrations are more 

accurate than those f o r  CaO. Two obvious outliers are present and such 

outl iers merit  special treatment in  the  discussion of these Pearce 

diagrams. 

I n  Appendix VI, Pearce diagrams f o r  all the  major and trace element 

analyses using AI,03 as a div isor are given. A l l  values are plotted against 

relat ive depth, wi th the  datum line representing the approximate granite 

gneiss - TBQ contact. Prominent outl iers have been numbered fo r  

comparison and discussion. The following observations may be made from 

these diagrams: 

(i) SiO, has a s l ight  negative slope in  t he  grani te gneiss and transitional 

zone, b u t  decreases more pronouncedly from the  granite gneiss into the  

TBQ. 

(ii) The out l ier  26.11 is characterised by enrichment i n  SiO,, TiO,, total 

FeO, MnO, MgO, CaO, S, F as well as most of the trace elements, b u t  

i s  not enriched in  either Sn, W o r  Zn. This phenomenon could be 

ascribed t o  either an analytical e r ro r  o r  a late- stage metasomatic event. 

The outl ier 26.4 is enriched i n  F, Sn and Sr, most probably due to  a late- 

stage metasomatic event. Other outl iers are seen enriched in  certain 

REE, b u t  never consistently throughout. This feature could probably b e  

explained by a multiphase intrusion o f  metasomatic fluids. 



RELITIVE DEPTH 

Figure 36: (a) CaO/AI,O, Vs relative depth (m) 

(b) A120,/Ca0 Vs relative depth (m) 

a Hornblende- bearing granite gneiss 

x Biotite- bearing granite gneiss 
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(iii) TiO, increases i n  the hornblende- bearing grani te gneiss towards 

the  biotite- bearing grani te gneiss. It then decreases towards the 

transit ion zone from where it follows a random t o  weakly decreasing t rend 

in  the  TBQ. 

( iv)  FeO follows a similar t rend  t o  that  displayed by TiO,. 

(v) Fe20, has a tendency t o  increase moderately towards the  TBQ, and 

in  broad terms is also similar t o  TiO,. 

(vi) MnO shows a remarkably l inear enrichment i n  the  TBQ, decreasing 

sharply i n  intensi ty f u r t he r  away from the  lower grani te gneiss - TBQ 

contact. The  two additional outliers 4.1 and 4.3 may be ascribed to  a 

possible late stage metasomatic event, b u t  are not consistently enriched 

in  other elements as would be expected i n  late stage metasomatic 

enrichment. Whatever factor is responsible f o r  the decreasing linear t rend 

in  MnO away from the  lower granite gneiss - TBQ contact is probably 

also responsible f o r  the two outliers 4.1 and 4.3. 

(v i i )  MgO shows a roughly linear t rend  with no signif icant slope in  the 

granite gneiss, b u t  i s  randomly distr ibuted throughout the  TBQ. 

(viii) CaO shows a smooth linear t rend  throughout both the  granite gneiss 

and the TBQ (Figure 36a, not repeated i n  Appendix VI ) .  The outl ier 

26.4 sho'ws chemical and mineralogical propert ies similar to, b u t  less 

pronounced than that  of 26.11 

( ix) Na,O and K,O decrease sharply i n  the  TBQ which i s  a typical 

phenomenon observed in  the  formation of greisens and tallies with the 

proposed reactions. The outl ier 26.9 observed on the  K,O graph is 

related t o  t he  presence o f  feldspar i n  the  TBQ. 

(XI P205 is  seen t o  increase gradually from the  hornblende- bearing 

grani te gneiss in to  the  biotite- bearing grani te gneiss from which it 

decreases steadily towards the TBQ. It is o f  interest t o  note that  the  

outl iers 4.4 and 26.7 are associated with anomalous tungsten values. This 



would suggest that some o f  the  tungsten mineralization was introduced 

in  one of t he  later stage metasomatic events. 

(x i )  H,O + remains relat ively consistent throughout while H,O - increases 

across t he  transit ion zone. 

(x i i )  F shows a weak gradational increase from the  deepest hornblende- 

bearing grani te gneiss through in to  the  fur thest TBQ sample. The two 

outliers are both ascribed t o  a late- stage metasomatic event which was 

responsible f o r  the  precipitation o f  CaF,. Only one of the  two outliers 

i s  associated with an anomalous t i n  value, thus indicating that not all o f  

t he  multiphase metasomatic events were enriched i n  Sn, W o r  Zn 

mineralization, b u t  probably remobilized existing mineralization, and 

concentrated it in  F- r ich alteration zones in  the TBQ. 

(x i i i )  S is present in  noteworthy amounts only in  the  TBQ. 

( x i v )  Sn, W and Zn mineralization are a l l  enriched only in the TBQ. 

No other relationship i s  seen between these three elements, although a 

weak pattern may be observed between Sn and Zn mineralization. 

(XV)  Ce, La and Z r  show a parabolic pattern similar to  that  displayed 

by TiO, and Fe,Ol. The elements increase from the  deepest hornblende- 

bearing grani te gneiss towards the  biotite- bearing granite gneiss from 

where it decreases steadily towards the furthest point o f  the TBQ. Z r  

is t he  only element enriched i n  a later metasomatic event. The leaching 

o f  Z r  in  the  TBQ would explain t he  rounded and reduced form of the 

zircon crystals in  the TBQ relative t o  those found i n  the granite gneiss. 

The shape of the zircons i s  apparently the  result o f  part ia l  dissolution 

under the chemical conditions induced by the  HF- r ich f luids. 

(xv i )  Nb  shows a weak increasing t rend  throughout most of the  

hornblende- and biotite- bearing grani te gneiss, b u t  drops across the  

transit ion zone and increases once again toward the  fur thest  point of the 

TBQ body. 

(xv i i )  Y displays a smooth t r end  throughout the grani te gneiss and TBQ. 



(xvi i i )  S r  increases weakly throughout the  grani te gneiss and then 

decreases fa i r l y  sharply from the transit ion zone t o  the fur thest  point 

of the  TBQ body. Four outliers are associated with late- stage rnetasomatic 

enrichment also seen in  the feldspar- r ich TBQ. 

(x ix)  Rb, As and Cu show a marked increase in  the  TBQ, the  latter two 

related t o  t he  introduction o f  sulphides du r i ng  the  process responsible 

f o r  the  formation o f  the  TBQ. 

(xx )  Ba remains relat ively constant in  the  grani te gneiss, b u t  decreases 

sharply in  the  TBQ where it shows a random distr ibution. Ba is also 

enriched in  a late- stage metasomatic event. 

From the  above observations it may thus be seen tha t  a definite 

relationship exists between the  granite gneiss and the  TBQ. This is 

clearly indicated by the  transitional t r end  observed from the hornblende- 

bearing grani te gneiss, through the  biotite- bearing granite gneiss, 

across the  chlori te zone and into the  TBQ. This mineralogical halo 

surrounding the  TBQ, supported by transitional chemistry, is evidence 

that  the  TBQ is indeed an alteration product o f  the  granite gneiss.This 

process o f  alteration chemically had a very  wide sphere of influence i n  

that  elemental haloes formed more than 50m away from the central zone 

of reaction. The inconsistency of the  outliers (except f o r  26.11) would 

seem t o  represent overpr int ing due t o  numerous localized late stage 

events i n  which the  reactive f lu ids d i f fered sl ight ly i n  composition from 

one another, and were not necessarily all enriched i n  Sn, W o r  Zn. A 

precise chemical definit ion o f  each of these events is not possible with 

the present data set, and beyond the  scope of th is  study., 

C. Reference and Comparison to Similar Rocks in other Parts o f  the World 

Very  l i t t le  l i terature is available on mineral associations similar t o  those 

at  Renosterkop. The limited l i terature encountered wil l  be discussed i n  



th is  section, and comparisons wil l  be made t o  the  rocks found a t  

Renosterkop. 

1. Mineralization associated with the Mole Granite and the  Torr ington 

wolframite- bearing quar tz  - topaz rock (silexite), Austral ia 

The Mole granite, located i n  northern New South Wales, Australia, 

intruded sediments and volcanics of Permian and Carboniferous age. An 

area of 650 square kilometres o f  sediments and volcanics has been 

unroofed leaving a similar area o f  exposed grani te (Figure 37). A 

prominent roof pendant i s  present towards the central p a r t  o f  the exposed 

grani te outcrop. The major rocks involved are a porphyr i t ic  pressure- 

quenched roof zone granite which grades inwards into a coarse phaneritic 

facies with seriate texture.  Both varieties are cu t  by dykes, sills and 

i r regular  masses o f  microgranite. The granite has undergone post- 

magmatic alteration result ing i n  t he  development o f  K- feldspar 

megacrysts rimmed by albite (commonly kaolinized), biot i te and quartz 

clots. The three major textural  varieties show no systematic chemical 

difference. They are characterized by high SiO,, alkalis, Rb, LIL, HREE 
and Sn and low CaO, Sr  and Eu. Table 17 shows representative analyses 

o f  varieties o f  the  Mole Granite. A considerable quant i ty of tin, and 

lesser tungsten, is found associated wi th  the  roof, i n  veins and i n  the 

granite, b u t  much more so in  the  roof cover (Kleeman,1982). Five 

episodes o f  mineralization have been recognized: 

(i) sheeted quartz and greisen- bordered veins containing t i n  and 

base metals 

(ii) complex pegmatite bodies containing cassiterite 

(iii) stockwork wi th quartz veins containing molybdenite, wolframite and 

bismuth minerals 

(iv) quartz - white muscovite - Li biot i te - topaz greisen with W, 

Bi, Mo and Sn minerals, and 

(v) quartz - green muscovite - chlori te greisen with Sn- W- Bi- 

base metal minerals. 



Sketch sections of silexite: 
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F i g u r e  37: Geological se t t i ng  and  ske tch  sections of si lexi te ( A f t e r  

Kleernan, 1982). 



Tab le  17 

Represen ta t i ve  analyses of v a r i e t i e s  o f  t h e  Mole G r a n i t e  (P l imer ,  e t .  al., 1982) 

SiO, 
TiO. 

20, 
*Fe,O, 

MnO 
MgO 
ca o 
Na ,O 
K2O 
P A  

LO I 
TOTAL 

s r 
Rb 
Y 
Pb 
Th 
CU 
Zn 
Ce 
Nd 
Nb 
L i  
Ga 
Sn 
Z r 
Ba 
La 
NORMS 
Q 
0 r 
Ab 
An 
COP 
En 
FS 
Mt 
I I 
D I 

PRESSURE-QUENCE VARIET' 

77,08 
0,13 

12,39 
1,19 
0,011 
0.15 
0,34 
3,20 
4.67 

b l d  

SER IATE VAR l ETY 

77.23 
0,15 

11.87 
1.29 
0.04 
0.20 
0.42 
3.44 
4.51 

b l d  

MICROGRANITE 

76,55 
0.11 

12.49 
1.04 
0,04 
0,09 
0,32 
3.49 
5,02 

b l d  

0.86 
100.08 

b l d  = below l i m i t  o f  de tec t ion ;  Fe,O,* = t o t a l  i r o n  as Fe,O, 

S i lex i te  i s  t h e  local name for t h e  q u a r t z  - topaz rock  wh ich  i s  hosted 

dominantly, but not  exclusively,  in t h e  sedimentary rocks o f  t h e  roof 

pendant  (Kleeman, 1982). T h e  o t h e r  occurrences a r e  near  t h e  exposed 

marg in  o f  t h e  g ran i te  o r  close to i t s  roof.  In t h e  roof  pendant  t h e  si lexi te 

is dominant ly  a f i n e  gra ined rock, resembling qua r t z i t e  i n  t h e  f ie ld.  It 
i s  a xenomorphic m ix tu re  of q u a r t z  and  topaz (average 20 t o  25 %), w i th  



minor wolframite, zinnwaldite, kaolinite and various other accessory 

minerals. 

The or ig in of t he  silexite is regarded as being the  resul t  o f  hydrothermal 

alteration of granite. Following emplacement o f  granite, net- vein systems 

were introduced i n  the  f ractured roof. This episode is  important i n  

producing signif icant volumes of t in -  mineralized vein systems. A complex 

pegmatite of orthoclase, biotite, beryl, topaz, fluorite, quartz and 

muscovite was emplaced next. The microgranite invaded fractures i n  the 

solid upper porphyr i t ic  carapace o f  the granite, and i n  the overlying 

roof, especially i n  the  roof pendant. Silexite formation postdates 

microgranite intrusion. Where the hydrothermal alteration i s  complete, the 

si lexite occupies the  in t rus ive forms of the microgranite, retaining the 

sharp contacts wi th only a th in  biot i te selvage i n  the  country  rock. The 

la t ter  rock is sil icif ied and contains topaz. Sketch sections o f  silexite are 

i l lustrated i n  Figure 37. Evidence f o r  silexite occurr ing as an obvious 

replacement may be seen a t  Fielders Hill, f o r  example, where low angle 

dykes in  a sedimentary host are traversed by fractures.  A f lu id  passing 

through the  f racture has caused ve ry  l i t t le alteration i n  the  country rock, 

j us t  a biot i te selvage a few millimetres wide, b u t  there is a vigorous 

reaction i n  t he  microgranite. Symmetrically about the  central f racture 

three zones are present: silexite, a biotite- quartz-  topaz rock, then 

unaltered microgranite. These zones are at least one o r  two centimetres 

wide, b u t  occur at all scales. Where large patches o f  silexite are formed, 

t he  shapes become irregular, and the  biotite- quartz- topaz rock 

decreases in  volume relative to  the  silexite. 

The nature o f  the  alteration may be described as follows: A t  an incipient 

stage, microgranite is f i r s t  altered by part ia l  replacement of alkali 

feldspar by quartz and the  growth o f  scattered clots o f  additional biotite 

u p  t o  two millimetres i n  diameter. Table 18 shows the  ch'emical composition 

o f  th is  rock. Topaz is present, b u t  i ts  tex tu re  is ambiguous, and not 

definitely magmatic o r  replacement i n  origin. This stage passes abrupt ly 

in to  the  biotite- quartz- topaz rock, which retains t he  general texture 

o f  t he  microgranite, b u t  all of the feldspar i s  replaced by quartz, biotite 

and topaz. Biot i te and topaz each constitute between 10 - 20 % of th is 

rock, which is also represented in  Table 18. This rock grades rapidly, 



as t h e  process becomes more profound, i n t o  a low- b io t i te  t ransi t ional  

s i lex i te (see also Table 181, w i t h  o n l y  an average o f  5 8 b io t i te  and u p  

t o  20 % o r  more topaz. F ina l ly  complete transformation o f  si lexi te resul ts  

i n  an almost b iot i te-  f r e e  q u a r t z  - topaz rock, w i th  t yp i ca l l y  20 t o  25 % 
topaz ( Table 18). 

Table 18 

Analyses of microgranite ,  s i l e x i t e ,  and t r a n s i t i o n  
rocks (Kleeman, 1982) 

TOTAL 

1.Unaltered microgranite .  2 . l n c i p i e n t l y  a l t e r e d  
microgranite.  3 . B i o t i  te-quartz-topaz rock. 4.Low 
b i o t i t e  t r a n s i t i o n a l  s i l e x i t e .  5 . S i I e x i t e .  

* Total  Fe. 

Total  transformation t o  s i lex i te resu l ts  i n  almost complete removal o f  Ca, 

Na, K, Ga, R b  and  Sr, and notable deplet ion o f  Fe and Ba. These are 

balanced by minor  increases in S i  and  Al, and substant ial  increases in 

F and  OH as wel l  as Th. A l l  o f  these chemical changes a re  consistent 

w i t h  the  mineralogical changes. 



(a). Discussion and comparison to Renosterkop 

~ e n o s t e r k o ~  is the  only t i n  occurrence known i n  the  granite gneiss 

country rock i n  t he  area. Owing t o  the obvious intense structural  

deformation of the  grani te gneiss no roof zone has been identif ied and 

the  only textural  variation is the presence of an Augen gneiss i n  places. 

Pegmatites are common, b u t  are not found i n  the TBQ. 

Chemically the grani te gneiss a t  Renosterkop d i f fers  from the  Mole Granite 

(see Tables 13 and 17) i n  tha t  it has a higher total FeO, CaO, Sr, Zn, 

Ce, Z r  and Ba content, and a lower Rb content. 

A t  Torrington, transformation to  silexite results i n  almost complete 

removal o f  Ca, Na, K, Ga, Rb and Sr, and notable depletion of Fe and 

Ba. These are balanced by minor increases in  Si and Al, and substantial 

increases in  F and OH as well as Th. On the  other hand, the  

transformation a t  Renosterkop from granite gneiss to  TBQ is  characterized 

by no noteworthy change in Ca, A l  o r  total FeO, an increase i n  Rb, and 

a decrease in  Na, K, Si, Sr, and Ba. An increase in  F is however 

consistent. 

Mineralization at  Renosterkop is found associated wi th  only one rock type  

exposed to  various degrees o f  alteration and d i f fers  from the  f ive episodes 

of mineralization identi f ied in  the  Mole Granite. 

The difference i n  mode o f  occurrence and chemistry between the two 

deposits leads t o  t he  conclusion that the only common feature between 

the  deposits is the  mineral assemblage biot i te - quartz - topaz and the  

presence o f  Sn and WO, i n  both. 



2. Quartz- topaz- loellingite rocks near Eldorado, Victoria 

Two dykes consisting o f  a quartz- topaz loell ingite rock type have 

recently been discovered within the  aplit ic phase of the  Pilot Range 

grani te pluton near Eldorado, i n  NE Victoria (Birch,1984). Minor biotite, 

muscovite, chlorite, kaolinite, anatase and pharmacosiderite are 

associated. Apar t  from the loellingite, t he  dykes are similar 

mineralogically t o  t he  "topazites" from New England, NSW. The northern- 

most dyke i s  approximately 200m long and 2,s - 3,O m wide. The southern 

dyke  is approximately 170 m long and 6 m wide. The dykes have been 

termed "topazites" and at  both localities t he  immediate country rock is a 

p ink  porphyr i t ic  granite wi th an aplit ic o r  microgranitic groundmass. 

The contact between the topazite and the  porphyr i t ic  microgranite is 

sharp rather than gradational. No mention is made o f  mineralization i n  

the  topazites by the  author of the  paper, b u t  he does record that small 

occurrences o f  tin, tungsten and molybdenum mineralization may be found 

i n  t he  grani te rocks o f  the  region. 

(a). Mineralogy o f  the  topazites 

The modal abundances o f  the  minerals present i n  t he  topazite is given 

as follows (Birch, 1984): 

Quartz 80 - 90 % 
Topaz 10 - 15 % 
Loellingite 5 % 
Micas > 5 %  

For the purpose of th is  s tudy only the mineralogy o f  the  micas wil l  be 

discussed. 

Micas 



Micas are not generally conspicuous in the Eldorado topazites, but 

mineralogical banding resulting from concentrations of biotite may be seen 

in some specimens. Microprobe analyses of the biotite from these rocks, 

listed in Table 19, are comparable to the biotite found a t  Renosterkop 

(Table 7 ) .  

Table 19 

Microprobe analyses o f  b i o t i t e  i n  the 
Eldorado t o p a z i t e  dykes ( B i  rch.19841 1 Na ,O 

H,OCa I c  

0: F 
TOTAL 

St ructura l  formulae based on 2 5 ( 0 )  and 4(OH,F) 

SAMPLES 

1. B i o t i t e , S i l v e r  Mine t o p a z i t e  

2. B i o t i t e ,  Weinerts t o p a z i t e  

3. B i o t i t e ,  Byawatha a p l i t e ,  Weinerts 



(b). Paragenesis o f  the topazites 

According t o  Birch (1984), the  formation of the topazites probably 

involved both magmatic and hydrothermal components. The topazite melt 

itself appears l ike ly  to  have been derived b y  extreme fractionation of the 

grani t ic  magma forming the  Pilot Range pluton. This fractionation may 

pass through an intermediate stage with the  formation o f  melts r ich in  

Si, AI  , Na, K and F. Continued crystall ization and increasing F 

concentration may have led t o  t he  removal of feldspars, result ing i n  a 

topazite magma. 

Hydrothermal solutions may have arisen due t o  immiscibility i n  the  upper 

levels of t he  magma body when separation of a vapour saturated aqueous 

fluid phase occurred, o r  on the  other hand, a topazite magma could have 

persisted as an extremely water-, and halide- r i ch  melt into the  final 

stages of intrusion, when a boi l ing process gave r ise t o  a water- r ich 

f l u i d  phase. The crystall ization o f  topaz would be the  major phase 

reducing the  HF content o f  these solutions dur ing cooling and thereby 

compounding the  effect o f  removal o f  HF in  any vapour phase and 

increasing the  alkali chloride content of the solution. 

( c ) .  Discussion and comparison t o  Renosterkop 

Once again ve ry  l i t t le  comparison can be drawn between these rocks 

described and the  topaz- bearing biot i te quartz rocks found a t  

Renosterkop. The biot i te and topaz contents of the  rocks found at  

Eldorado are lower and the quartz content is higher than the  rocks found 

a t  Renosterkop. 

No mention i s  made o f  any accessory minerals similar t o  those found a t  

Renosterkop. A generally weak comparison may be seen t o  exist between 

the  microprobe analyses of the  biot i te found at  Renosterkop and those 

found at  Eldorado. On the  limited information available on the Eldorado 



occurrence, it would seem appropriate to  conclude that no relationship 

exists between the  nature and or ig in of t he  two deposits. 

D. Genesis o f  the Renosterkop T in  Deposit 

1. Previous models proposed 

Genetic models which have been proposed f o r  the  o r ig in  of the  TBQ which 

hosts the  Renosterkop t i n  deposit are as follows: 

(a). Or ig in  by greisenization of a grani to id host rock 

i. Proposal: Armstrong(l985) suggested tha t  the  granite gneiss units 

at  Renosterkop and vic in i ty represent the  granitoids from which the t i n  

mineralization was derived. The process o f  t i n  deposition took place at  

sites of intense and complex metasomatic act iv i ty i n  the apical zone of a 

t i n  bearing granitoid. The quartz - biot i te rocks which car ry  the t i n  

originated by pervasive metasomatic alteration and replacement of granit ic 

host rocks t o  form sheeted greisen bodies. The mineralized environment 

is therefore plutonic and no sedimentary rock types are represented. 

The t in -  bearing solutions could f u r t he r  have metasomatized the granite 

either before, during, o r  af ter  the major structural  events and have thus 

inherited most o f  the structural  features present. 

ii. Discussion: This proposal i s  the  most acceptable o f  all other 

explanations f o r  the  or ig in o f  t he  TBQ a t  Renosterkop, b u t  di f fers 

s l ight ly f rom the  model based on t h e  outcome o f  th is  study. 



(b) . Sedimentary or ig in 

i. Proposal: Southwood (1983) regards both the TBQ and the granite 

gneiss t o  be of sedimentary or ig in and refers t o  them as metaquartzite 

and p ink  gneiss respectively. He f u r t h e r  suggests the i r  or ig in to  be 

der ived from the  denudation o f  an, ancient stanniferous granite. He 

regards the  mineralization as hydrothermal with t i n  leached from the 

biot i te i n  the  p ink  gneiss, probably as alkali- oxyflurostannate complexes. 

The ore- bearing solutions migrated upwards into the metaquartzite, with 

which they re-equilibrated. The resul t ing physiochemical changes led to  

the  formation and precipitation o f  t he  cassiterite. 

ii. Discussion: The nature of the  grani te gneiss has since been shown 

i n  th is  s tudy  t o  be of probable igneous origin, more typical that of an 

A- t ype  than an S-  type granite. I n  the  latest classification by the 

Geological Survey the granite is also regarded t o  be of igneous origin, 

a f ind ing  based on the results o f  various regional researchers (G. Moen, 

pers. comm.). Furthermore, the chemical zonation found around the TBQ, 

as well as t he  presence of rock types tha t  are transitional i n  mineralogy 

and chemistry between the granite gneiss and the TBQ, are not typical 

o f  what would be expected of two genetically di f ferent rock types. 

(c). Sedimentary xenolith wi th in in t rus ive granite gneiss 

i. Proposal: Praekelt (1984) proposes tha t  the TBQ is a xenolith of 

sedimentary or ig in  within the  in t rus ive  granite gneiss and mineralized 

by means o f  hydrothermally active f luids. 

ii. Discussion: The granite gneiss has undergone numerous and intense 

deformational phases since emplacement, and a xenolith of that  size would 

t hus  be expected to  have undergone the  same deformational events. No 

pr imary sedimentary features are recognisable a t  Renosterkop. What might 

appear t o  be bedding in  the TBQ is  i n  actual fact the  inherited foliation 



from the original grani te gneiss which was metasomized b y  the 

hydrothermally active f luids. Fur ther  evidence against a sedimentary 

xenolith i s  the presence of isolated grani te gneiss lenses found i n  the 

host rock, and which are better explained as being areas unaltered by 

the  hydrothermal fluids. Final evidence against th is  postulate i s  derived 

from the petrochemistry of the  host and country rocks. The transitional 

chemical variation observed from the  country rock through into the  host 

rock is characteristic of an alteration process taking place in  a once 

homogeneous rock type.. 

(d). Volcanic exhalative or ig in  

i. Proposal: A proposal was made that  the  t i n  mineralization could be 

controlled by volcanic exhalative processes, and tha t  the TBQ and gneiss 

would thereby be volcanic i n  origin. 

ii. Discussion: The proposed model would not be able t o  explain the 

chemical zonation seen in  the  country  and host rocks a t  Renosterkop. 

The  formation o f  t he  body would have t o  had taken place p r io r  t o  t he  

deformational events responsible f o r  t he  development o f  the foliation, and 

had th is  taken place, the  form of the body would no longer be 

recognizable and zonation would be absent. 

2. Preferred model 

An  interpretation o f  the  results of th is  work supports an or ig in f o r  the 

TBQ b y  greisenization of a once homogeneous grani to id host rock, b u t  

the  genetic model proposed here i s  more elaborate and di f fers sl ightly 

from that proposed by Armstrong (1985). 
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The granite gneiss units at Renosterkop and vicinity represent ancient

"within plate", probably A- type hornblende- bearing granites which have

undergone numerous phases of intense structural deformation and

recrystallization, giving rise to the pronounced gneissosity.

After the development of the final deformational event, responsible for

the present foliation developed in the gneiss, a later stage structural

event took place in the form of a thrust fault or a wide fault or fracture

zone in which the ductility of the rocks, caused by chemical softening,

allowed tight isoclinal folding to develop. It is along this structurally

weak and possibly fractured zone that metasomatic HF- rich fluids found

conduits along which they migrated. These conduits could possibly be.

identified with quartz veins existing in places within the TBQ as

illustrated in Figure 38.

Figure 38: A quartz vein seen developed in this

possibly represents a one- time

greisenizing fluids migrated.

:!:1m wide sheet of TBQ

conduit along which



The granite gneiss thus became greisenized i n  situ, thereby inher i t ing 

the  existing foliation and t i gh t  isoclinal fo ld ing found only i n  th is zone 

and not in  the  surrounding granite gneiss. Fur ther  away from the zone 

of intense and complete greisenization, the migrating f lu ids effected the 

replacement o f  hornblende by biotite, thus g iv ing  r ise t o  the  envelope 

of biot i te gneiss tha t  surrounds the  greisen bodies in  the  country rock 

of hornblende- bearing gneiss. I n  ,one locality t he  greisenizing f lu ids 

are seen t o  cross- cu t  the  foliation developed i n  t he  gneiss, (Figure 91, 

and thus substantiating t h e  theory that  the f lu ids were emplaced af ter  

t h e  development o f  the  foliation. The possibil ity exists tha t  the  faul t  zone 

could pinch and swell along str ike and that similar mineralized extensions 

may be found elsewhere. 

A multiphase invasion by metasomatic f luids i n  a composite conduit system 

is proposed, each f l u i d  phase d i f fer ing s l ight ly  i n  chemistry from the 

other and probably remobilizing and concentrating mineralization emplaced 

by the previous event. This would explain t he  lack of obvious metal 

zonation in  t he  biot i te greisen as well as the  poor relationship between 

Sn, W and Zn mineralization. 

The preferred orientation of the  b io t i te  i s  also thought t o  be inherited 

from the  foliation i n  the  grani te gneiss. The granoblastic nature of the 

TBQ is an indication tha t  it has crystall ized under low stress conditions 

and has not undergone intense tectonic deformation af ter  formation. The 

mineral and chemical zonation around the TBQ host rock as a whole, 

together with t he  remarkably f lat  bottom contact, i s  f u r t he r  substantive 

evidence f o r  the  emplacement of the  hydrothermal f lu ids af ter  the last 

major stress event. The halo pattern is only disturbed by later fau l t  

zones. 

Attempts to  bracket the  temperature - pressure f ie ld o f  formation of the 

TBQ have not  been all successful. It stands t o  reason that  the well 

developed gra in  surface equilibrium observed i n  t he  TBQ is a 

manifestation o f  a h igh  temperature, low stress environment o f  formation. 

Unfortunately, t he  co-existing biot i te and garnet proved t o  be unsuitable 

because of t he  high Mn- content o f  the  lat ter  mineral. Probably the most 

valuable geothermometer i n  the  TBQ is the presence o f  sparsely developed 



sillimanite crystals which po in t  t o  a lower temperature l imit o f  formation 

a t  approximately 600°C. From the  coexistence in  the  same rock of K- 

feldspar, muscovite, quartz and sillimanite (be they not grain contact), 

as well as the apparent solid o r  near- solid state o f  t he  granite gneiss 

d u r i n g  the  metasomatic reactions, one may tentatively der ive a pressure 

of about 3 Kbar and a temperature o f  formation of about 650' C. These 

f igures are subject t o  confirmation. 

The  emplacement of the  metasomatic f luids is thought t o  have taken place 

i n  t he  waning stages o f  a major tectono- metamorphic event af ter  

consolidation of the grani to id country  rock and subsequent to  the  last 

intense foliation event. The f lu ids were obviously not derived from the 

fractional crystallization of t he  Augrabies granite on which at least two 

foliation directions are imprinted. The source of t he  f lu ids remains an 

enigma and no speculation is made as t o  the i r  origin. 

Subject t o  various definitions and descriptions of greisens, and with the 

exception of biotite, the  metasomatic alteration process and mineral 

assemblage is typical ly tha t  o f  a greisen deposit. The presence of biot i te 

i n  place o f  muscovite i s  ascribed t o  the  replacement o f  A l  by Fe in  th is  

relat ively Fe- r ich environment. Because the  A1 was preferential ly t ied 

u p  i n  topaz under the  h igh pHF conditions that prevailed, causing Fe 

t o  act as substitute f o r  Al, b iot i te was stabilised instead of muscovite. 

Accordingly it is fe l t  that  the  TBQ may confidently b e  termed a "biotite 

greisen". The biot i te greisen i s  genetically related to  the  Riemvasmaak 

grani te  gneiss country rock only i n  t he  sense that the  lat ter  is the mother 

rock from which the greisen was derived by F- metasomatism. 

E. Conclusions 

The  mineralized topaz biot i te quar tz  rock (TBQ) at  Renosterkop contains 

a mineral assemblage that, apart  from the  abundance of biot i te and 

absence o f  muscovite, is typ ica l  of a greisen. This rock is therefore 

re fer red t o  as a biot i te greisen. 



The granite gneiss country rock, i n  which the  greisenized bodies are 

developed, has been identi f ied as a "within plate" A- type granite 

belonging t o  the  Riemvasmaak gneiss of the  Namaqualand Metamorphic 

Complex. Mineralogical and chemical evidence support  an or ig in f o r  the 

TBQ by progressive alteration and replacement of a once homogeneous 

granite by F- bearing metasomatic f luids along s t ructura l ly  controlled 

conduits wi th in a pre-exist ing fau l t  o r  f racture zone. This is based on 

the  observation that  the biot i te greisen uni ts display evidence of folding 

and possibly t h rus t  o r  low- angle faulting. Greisenization i s  furthermore 

concluded t o  have taken place af ter  the  f inal  event responsible f o r  the 

development of foliation i n  the  gneiss. I n  the  process the greisen 

inherited all structures i n  t he  grani te gneiss with the  biot i te defining the 

original foliation. 

The petrographic s tudy identi f ied a wide mineralogical halo surrounding 

the  biotite greisen which is characterized by (i) an inner t 2  m wide 

chlorite- r ich t ransi t ion zone situated between the biot i te greisen and the 

granite gneiss, (ii) an intermediate biot i te gneiss zone, and (iii) an outer 

biot i te - hornblende gneiss. The presence o f  th is mineralogical halo was 

chemically substantiated b y  means o f  rock analyses and the  subsequent 

identification o f  a chemical transit ion between the biot i te greisen and the 

granite gneiss using Pearce diagrams. 

The halo effect, together wi th the remarkably f la t  bottom contact between 

the  biotite greisen and the  granite gneiss, i s  important evidence fo r  the 

emplacement o f  t he  greisenizing f lu ids af ter  the last major stress event 

in  the  area. 

No l i terature could b e  traced refer r ing t o  mineral deposits similar t o  that  

at  Renosterkop i n  other par ts  of the  world. Although comparable mineral 

associations have been recorded,. these i n  the i r  geological context, bear 

only l i t t le relationship t o  the  Renosterkop deposit. 
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APPENDIX I 

Field descriptions and depths of  samples collected from borehole core 

Abbreviations used: Al t  

Biot 

Chl 

Feldsp 

Gran 

Hem 

Kaol 

Q V  

S i 

S n 

TBQ 

= altered 

= biotite 

= chlorite 

= feldspathic 

= granite 

= hematite 

= kaolin 

= quartz vein 

= silicification 

= t in  

= topaz - bearing biotite quartz rock 



SAMPLE NO. 

BOREHOLE AES/1 

DESCRIPTION 

Granite gneiss 
Altered TBQ with mottled 
hematite s ta ining 
Greenish f ine grained al tered 
gran i te  gneiss 
Granite gneiss 
Granite gneiss (weakly 
kaolinized) 
Altered kaolinized + 
chlor i t ized TBQ 
Altered TBQ with mottled hematitt 
Altered TBQ with Si,Hem,Chl, 
and Kaol. 
S i l i c i f i e d  TBQ 
Hematized + kaolinized TBQ 
Altered pegmatitic zone 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Sphene-rich biot i te-quar tz-  
d i o r i t e  
S~hene-r ich bioti te-auartz- 
d l o r i t e  
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 

"SAMPLE NO. 

BOREHOLE AES/3 

DESCRIPTION 

TBQ, low % Sn 
TBQ, high % Sn 
TBQ, med % Sn 
TBQ, high % Sn 
TBQ, high % Sn 
TBQ, med % Sn 
TBQ, high % Sn 
TBQ, low % Sn 
TBQ, med % Sn 
TBQ, low % Sn 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 

* TBQ sampled using high + low assay values as c r i t e r i a  



SAMPLE NO. 

AES/4/1 
AES/4/2 
AES/4/3 
AES/4/4 
AES/4/5 
AES/4/6 
RM 32 
AES/4/7 
AES/4/8 
RM 33 
AES/4/9 

DESCRIPTION 

TBO 
T B I ~  (5% feldspathic) 
TBQ 
TBQ 
Granite gneiss (biot-  r ich) 
Granite m e i s s  (biot-  r ich) - 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss (biot-  r ich)  
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss (biot-  r ich)  

SAMPLE NO. DESCRIPTION 

S i l i c i f i e d  TBQ with mottled 
hematite 
S i l i c i f i e d  TBQ 
S i l i c i f i e d  TBQ 
Granite gneiss 
Granite gneiss (kaolinized) 
Granite gneiss with feldspar 
porphyroblasts 
Granite gneiss 
Granite gneiss, a l tered + 
kaolinized 
Granite gneiss, a l tered + 
kaolinized 
Granite gneiss, a l te red  + 
kaolinized 

SAMPLE NO. DESCRIF'TION 

TBQ 
TBO 
TBQ 
TBQ (10% feldspathic,  banded) 
Feldspar- r ich  TBQ (banded + 
porphyroblastic, 30 %) 
representing gradational 
contact with gneiss 
TBQ (lens forming par t  of 
gradational contact zone 
Feldpar- r ich  TBQ (30%) banded- 
forming par t  of gradational 
contact 
Granite gneiss (pink)- jus t  
below bottom contact 
Granite gneiss (pink) 
Granite gneiss (pink) 
Granite gneiss (pink) 



BOREHOLE AES/12 

SAMPLE NO. 

AES/12/1 
AES/12/2 
AES/12/3 
AES/12/4 
AES/12/5 
AES/12/6 
AES/12/7 
AES/12/8 

DEPTH(m) DESCRIPTION 

7; 1 
10,8 
14,s 
16.8 

BOREHOLE AES/18 

TBQ (5% feldsp. ) 
TBQ 
Very feldspathic TBQ 
TBO 

22;4 
25,8 
27,7 

28,35 
33,3 

3.5 

TBG (10% feldsp.) 
Gran. gneiss with porphyroblasts 
Gran. gneiss (kaolinized) just 
below TBQ contact 
Gran. gneiss 
Gran. gneiss 

AEs/18/3 TBQ (5% feldspathic) 
AES/18/4 TBQ (10% feldspar porphyroblasts) 
AES/18/5 14.80 Granite meiss(nrev) 

TBO 

SAMPLE NO. 

1 AE~/18/6 1 15;05 1 Granite *eiss(&icj 

1 BOREHOLE AES/21 

AES/18/1 I 3.00 1 TBO 

DEPTH(m) 

SAMPLE NO. DEPTH(m) 

DESCRIPTION 

DESCRIPTION 

TBQ (20% feldspathic) 
TBQ / granite gneiss contact 
TBQ 
TBQ (5% feldspathic) 
Gran. gneiss (biot- rich) 
porphyroblastic 
Gran. gneiss (pink) 

SAMPLE NO. 

AES/25/1 

DESCRIPTION 

TBQ 
TBQ 
TBQ 
TBQ 
Silicified TBO 
TBQ (10% feldipathic, partly 
porphyroblastic 
TBO . 
Granitic gneiss 
TBQ 
Granitic gneiss or very 
feldspathic TBQ 
Feldspathic TBQ with large 
feldspar porphyroblastis 
TBO -- = 
Biotite- rich granite gneiss 
Biotite- rich granite gneiss 
Biotite- rich granite gneiss 
Granite gneiss (pink) 



DESCRIPTION SAMPLE NO. 

S i l i c i f i ed  TBQ 20 cm from QV 
TBQ (5% kaolinized feldsp.)  
Gran. gneiss i n  feldspar- r ich 
TBQ zone 
TBQ with minor a l te red  feldspar 
porhyroblast and ser ic i t i zed  
topaz 
Feldspar- r ich  TBQ 
TBQ (coarse- grained) 
TBQ (coarse- grained) 
TBQ (fine- grained) 
TBQ on upper gradational 
contact with g ran i t i c  gneiss 
Granite gneiss 
TBQ 20 cm below sharp lower 
contact with g ran i t i c  gneiss 
TBQ 
Augen granite gneiss 
Granite gneiss (b io t i t e -  r ich) 
Granite gneiss (pink) 

DEPTH(m) 

TBQ 
TBQ / gran. gneiss contact 
Granite gneiss 
TBQ 
Granite gneiss (b io t i t e -  r ich)  
TBQ / gran. gneiss contact 
Granite gneiss (pink) 
Granite gneiss (pink) 
Granite gneiss (pink) 
Granite gneiss (pink 
Granite gneiss (grey, a l tered)  
Granite gneiss (pink) 
Granite gneiss (pink) 

BOREHOLE AES/30 

DESCRIPTION SAMPLE NO. DEPTH(M) 



BOREHOLE AES/40 

DESCRIPTION SAMPLE NO. 

Granite gneiss (pink) 
Granite gneiss (pink) 
Granite gneiss (pink) 
Granite gneiss (grey);* l m  from 
upper TBQ contact 
TBQ , 
Granite gneiss (grey) with much 
b i o t i t e  and porphyroblasts 
Granite gneiss (pink) 
S i l i c i f i e d  a l tered TBQ 
forming par t  of gradational 
upper TBQ gran.gneiss contact 
TBQ ( ju s t  below contact) 
TBQ 

DEPTH(m) 

s i l i c i f i e d  a l tered TBQ 
representig gradational lower 
TBQ/ gran. gneiss contact 
Granite gneiss (pink) 
Granite gneiss, grey 
and s i l i c i f i e d ,  representing 
upper TBQ / gran.gneiss contact 
S i l i c i f i e d  TBQ just  below upper 
contact 
TBQ 
Granite gneiss (grey) just  
below TBQ contact 
Granite gneiss (pink) 

DESCRIPTION SAMPLE NO. 

TBQ 
Chloritized + s i l i c i f i e d  TBQ 
TBQ 

DEPTH(m) 

~ h l o r i t i z e d ,  s i l i c i f i e d  + 
kaolinized TBQ 
TBO 

TB Q 
Granit ic gneiss (coarse- 
grained) 
TBQ (porphyroblastic feldspar 
5 %') 

TBQ 
TBQ (15% feldspathic) 
TBQ (10% feldsp. ,  par t ly  
~ o r ~ h v r o b l a s t i c  
~ r a h i i i c  gneiss (b io t i t e -  r ich) 
o r  feldspathic TBQ 
TBO 
~ r & i t e  gneiss (pinkish) 
Granite gneiss (pink) 



SAMPLE NO. DEPTH DESCRIPTION 

TBQ 
TBO 
~iiicified TBQ 
Kaolinized + silicified TBQ 
TBQ 
TBO 
TBI~ (high Sn) 
TBQ (feldspatic) 
TBQ 
TBQ (feldsp. alt. + 
structural deformation 
TBQ 
Granitic gneiss 
Granitic gneiss 
TBQ (5-10% porphyroblastic 
feldspar) 
TBQ (10% porphyroblastic 
feldspar) 
Granitic gneiss (biot- rich) 
Granite gneiss (pink) 
Granite gneiss (pink) 

BOREHOLE AES/47 

DESCRIPTION SAMPLE NO. 

TBQ 

DEPTH(M1 

TBQ 
TBQ 
TBQ Silicified (biot- poor) 
TBQ Weakly silicified 
TBQ Silicified 
TBQ Weakly silicified 
TBO 

TBQ 
TBO 
TBQ Weakly feldspathic 
TBQ Weakly feldspathic 
TBQ Feldspathic 
Gran. gneiss (biotite- rich) 
Gran. gneiss (pink) 



APPENDIX I I  

Mineral composition of samples of all boreholes together with brief 

petrographic descriptions 

LEGEND 

+ Granite gneiss 

A+ Altered granite gneiss 

* Transition zone 

+. Feldspar - rich TBQ 

. TBQ 

A. Altered TBQ 



AES/l:  T h e  rocks i n  th is  borehole have undergone intense alteration 

and no def in i te clear pattern may be seen. Hornblende is found i n  the 

upper port ion o f  t he  borehole together wi th  a greenish brown biot i te 

variety. As one moves down the borehole towards a zone of altered TBQ, 

the  hornblende dissapears and the biot i te i n  the  grani te gneiss becomes 

chloritized. I n  t he  altered TBQ the  biot i te remains strongly chloritized 

and i n  places hematized, and traces o f  red- brown biot i te are present. 

Below the zone o f  altered TBQ, both chlori te and a dark- brown biot i te 

var iety are found i n  vary ing quantities u p  t o  sample no. 7, where only 

brown biot i te i s  present. 



Quartz 

B i o t i t e  

Topaz - 
Fluor i te  

I z ~  rcon I X  I X  I X  I X  I X  I X  I X  I X  I X I  X I  X I  X I  X I  X I  X I  

Plagioclase 

Ser ic i te  

Chlor i te  

Cassiter i te 

Garnet 

Gahnite 

Si l l imani te 

xx 

x 

Sphene x 

x 

Myrmekite x x x x x x x  

A l l a n i t e  I I I I I 

xx 

xx 

I , , I I I I I I 

Muscovite . I I I 

xx 

Rock Type A+ 

xx 

xx 

x x x x x  

Below sample no. 7, t h e  b io t i t e  becomes weakly ch lo r i t i zed  and i n  sample 

no. 9 hornblende i s  seen f o r  t h e  f i r s t  time. Below sample RM28 v a r y i n g  

amounts o f  hornblende, b rown  b io t i t e  and  ch lo r i te  a re  present.  I n  RM29 

b io t i t e  and  ch lo r i te  a r e  present  in equal amounts. I n  samples RM31 and 

14 al terat ion has taken place a n d  al l  b io t i te  has been chlor i t ized and  

replaced by opaques. A f a u l t  zone i s  expected t o  have passed t h r o u g h  

t h e  v i c in i t y  o f  t h i s  posit ion. T h e  hornblende general ly  appears t o  increase 

i n  quan t i t y  between samples 9 a n d  15. 

xx 

xx 

xx 

x 

x x x x x x x x x  

x x x x x x x x x  

xx 

xx 

x 

xx 

x 

x 

xx 

xx 

x 

xx 

xx 

x 

x 

xx 

x 

x 

x 

xx 

x 

x 

x 

xx 

x 

x 

x 

xx 

x 

x x x x x x x  

x x x  

xx 

x 

x x x x  

xx 

x 

x x x  

x 

xx 

X 

x 



1 BOREHOLE AES/3 
( 1 1 1  

F l u o r i t e  x x x x x x x x x x x x  x 1 

- . ~ 

Z i rcon 

Microc l  ine 

P lag ioc lase  

S e r i c i t e  

C h l o r i t e  

Hornblende I X 

xx 

x 

5 

xx 

x 

1 0 1 1 1 2 1 3 1 4 1 5  

xx 

x 

Quartz  

B i o t i t e  

x 

C a s s i t e r i t e  

Garnet 

Gahni te  

S i l l i m a n i t e  

xx 

xx 

3 

xx 

xx 

AES/3: Red- brown b io t i te  is p resent  th roughout  t h e  T B Q  w i th  traces 

o f  chlor i te  occu r r i ng  sporadically. Below t h e  TBQ t h e  b io t i te  becomes 

completely chlor i t ized and w i t h  depth  al ters t o  a brown biot i te. Th is  

brown b io t i te  i s  joined by hornblende as one moves f u r t h e r  down t h e  

borehole. 

6 

xx 

xx 

4 

xx 

xx 

1 2  

xx 

xx 

x x x x x x x x x x x x x x x  

x 

Sphene 

Myrmeki t e  

Al l a n i t e  

I n  sample 5 b io t i te  al ters t o  muscovite, and  th i s  sample is par t icu lar ly  

r i c h  i n  tin. 

xx 

xx 

Borehole AES/3 was select ively sampled according t o  h i g h  and low t i n  

values. Special attent ion was g iven t o  determine microscopically whether 

a relat ionship ex is ts  between t h e  number of cassiter i te gra ins  and t h e  

g r a i n  size o f  t h e  host rock  mat r ix .  No relat ionship could however be 

determined. 

7 

xx 

xx 

xx 

xx 

x 

8 

xx 

xx 

xx 

x 

x 

x 

x 

x 

9 

xx 

xx 

xx 

x x x x x  

x x x x x x  

xx 

xx 

xx 

xx 

xx 

xx 

xx 

x 

x 

xx 

x 

x X 



I -- 
~ ~ 

BOREHOLE AES/5 I 

--- - 
S i l l  imanite 

AES/5: The  TBQ at the top of the  borehole is altered and carries only 

traces of red- brown biotite. The remainder of the  biot i te has been 

chlorit ized o r  replaced b y  opaque minerals. 

Below the TBQ, the biotite is replaced by chlori te i n  samples 4 and 5, 

and in  samples 6 and 7 traces of brown biot i te are found. In  samples 8 

and 9 the biot i te is once again chlori t ized and replaced b y  opaques. 

Quartz wi th a bowtie- type extinction i s  found in  these samples. In  sample 

10, brown biot i te may be seen with traces o f  chlorite, indicating that the 

chlori te altered to  the biotite. A major fau l t  zone is expected to  have 

passed through the vic in i ty of samples 8 and 9, explaining the absence 

of hornblende and the intense alteration throughout the borehole. 



AES/7: The biot i te throughout the  TBQ is red- brown i n  colour. Just 

below the TBQ th is  biot i te changes t o  a deep red- brown variety and 

becomes chlorit ized. Fur ther  down the hole chlorit ization decreases and 

the  biotite takes on a dark  greenish- brown colour. 

This is a typical unaltered borehole passing through the transition zone 

and into the  granite gneiss. 



1 BOREHOLE AES/12 I 

Plagioclase x x x x x  

quartz 

B i o t i t e  

TODBZ 

Ser ic i te  x 

Chlor i te  1 I 

C a s s i t e r i t e  xx I J 

xx 

XY 

Calci te I I I 1 

xx 

xx 

X X X  

Ga rnet 

Opaque x x x x  

MUSCOV~ t e  I X I I 
Monazite I x x I I 1 

xx 

I 

AES/12: Red- brown b io t i te  is f o u n d  th roughou t  t h e  borehole f rom 

samples 1 t o  6. Samples 7,8 and 9 a r e  seen t o  pass t h r o u g h  t h e  t ransi t ion 

zone and in sample 9 on l y  t h e  d a r k  greenish-  b rown  b io t i te  is seen 

remaining with t races o f  ch lor i te .  I n  sample 10, deep red-  b rown p a r t l y  

ch lo r i t i zed  b io t i t e  is once again seen. T h i s  i s  typ ica l  o f  a reaction zone 

i n  t h e  v i c i n i t y  of TBQ and it wou ld  appear t h a t  if t h i s  borehole were 

d r i l l ed  deeper, another lens o f  TBQ wou ld  have been intersected. 

1 

xx 

x x . x x  

I Gahnite I I 1 I 

xx 

xx 

X X X X  

xx 

xx 

xx 

x 

xx 

x 

xx 

x 

xx 

x 



1 BOREHOLE AES/18 1 

Quartz 

Topaz xx .xx xx x x I 

Z i rcon 

cass i te r i te  1 x I I 1 I I 

Fluor i te  

Microcl ine 

Plagioclase 

Ser ic l te  

Si l l imani te I 
Hornblende I 1 I 
s~hene 1 1 I 

x x x x x  

Al lani te I I I 
Apatite I x x 

Calcite 

Opaque 

MUSCOV i t e  x 

x 

ROCK TYPE I .  I 

AES/18: In samples 1 a n d  2 most f l u o r i t e  is associated w i th  b iot i te .  

Z i rcon a n d  f l uo r i t e  inclusions may b e  seen i n  b io t i te  i n  sample 4, and 

z i rcon inclusions i n  b io t i t e  in sample 5. 

x 

x 

X X X X  

Bio t i t e  takes on  a bright red -  b r o w n  colour  i n  samples 1 t o  5 w i th  traces 

o f  g reen ch lo r i t i zed  b io t i te  in 5. Sample 6 contains a dull b rown  b iot i te .  

x 

xx 

x 

x 

xx 

xx 



I Topaz 1 ~ x 1 ~  I x  I x  I I x  I 

BOREHOLE AES/21 

1 ~ i c r o c 1  ine I x I xx 1 ( x I xx ( xx I 
Plagiociase 

Ser ic i te  

Chlor i te 

Quartz 

B i o t i t e  

l z i  rcon I X  I X  I X  I X  I X  I X  I 

xx 

XX 

Cassiter i te I I I 
Ga rne t I I I 

xx 

X X  

xx 

xx 

Sphene 

AES/Zl: T h e  b io t i t e  appears t o  b e  in complete phys ica l  equ i l ib r ium w i t h  

al l  o ther  minerals a n d  takes on a red -  b rown  colour  i n  samples 1 t o  5. 

Ch lor i t i c  a l terat ion o f  t h e  b io t i t e  is p resent  in sample 6. No cassiter i te 

g ra ins  were f o u n d  i n  a n y  o f  t h e  samples. 

xx 

X X  

xx 

xx 

Opaque 

1 2 3 4 5 6  

xx 

X X  

x x x x x x  

ROCK TYPE I + . I + . I .  ! + . I +  I *  



AES/25: Red- brown b io t i t e  is seen th roughout  t h e  TBQ and is 

chlor i t ized along t h e  edges wherever fe ldspar is seen t o  enter  the  mode. 

In sample no. 15, b io t i te  i s  fo l ia ted around large fe ldspar phenocrysts. 

Many cassiter i te and sphaler i te  g ra ins  were ident i f ied i n  sample no. 4. 

T h e  major i ty  o f  cassiter i te gra ins  a re  seen i n  contact w i th  sphaler i te and 

b iot i te .  Gahni te was ident i f ied  i n  sample no. 5. 



I BOREHOLE AES/26 

1 ~ u a r t z  ~ ~ X I X X X X X X X X I X X X X X X ~ X X ~ ~ X ~ X X X X X X ~ ~ ~ ~ X X ~  
B i o t i t e  

Topaz 

xx 

F l u o r i t e  

M i c r o c l i n e  

P lag i oc l ase  

S e r i c i t e  

I I x 

C h l o r i t e  

( c a s s i t e r i t e  I I xx I I xx I I xx I x I I I I I xx I I I I 

xx 

x 

x 

S p h a l e r i t e  x 

x 

x x x x  

x xx x x x x 

1 Sphene 1 I I I I X I I I I I I 1 I X I I I  

x 

x x x x  

x 

Z i rcon  x 

Gahni t e  

S i l l i m a n i t e  

Hornblende 

Myrmeki t e  I X I X 

x 

xx 

x 

xx 

x 

x x x x x  

x 

1 

Muscovi te  I X 

ROCK TYPE . +. . +. . +. + . * * +  

xx 

- 

A l  l a n i t e  

A p a t i t e  

C a l c i t e  

AES/26: I n  th is  borehole a reaction zone may be seen in  which the red- 

brown biot i te of the TBQ is chlorit ized as one moves from the TBQ into 

the  grani te gneiss. This zone may be seen both above and below the TBQ. 

xx 

x 

x 

Gahnite was found i n  sample no. 1 and cassiterite was identif ied in  

samples 2,4,6,7 and 12. 

x 

xx 

x 

xx 

x 

x 

xx 

x 

xx 

x 

xx 

x 

xx 

x 

X 

x 

x 

xx 

x 

xx 

x 

xx 

xx 

x 

x 

x 

x 

XX 

x 

x 

x 

x 

XX 

x 

xx 

x 

XX 

x 

xx 



I BOREHOLE AES/3O 

Topaz x xx x x x I I I 
F l u o r i t e  

Microcl  i n e  

P l a s i o c l a s e  

ROCK TYPE I .  I 

xx 

x 

S p h a l e r i t e  

Z i rcon 

C a s s i t e r i t e  

. . . . - . . . - - 
A p a t i t e  

C a l c i t e  

AES/30: Few cassi ter i te  gra ins  associated w i th  a re lat ive abundance o f  

sphaler i te were  f o u n d  in samples 1 and 2. 

x 

Alterat ion w i th in  t h e  g ran i te  gneiss i s  seen i n  sample no. 11 i n  which 

p a r t l y  chlor i t ized reddish-  brown b io t i t e  typ ica l  o f  t h e  TBQ may be 

found. 

x 

x x x x x x x x x x x x  

x  

x  

x 

xx 

x  

X 

x 

x x x x x x x x x x x x x x  

xx 

I 
x 

I 

xx 

x x 

xx XX 

x x x x x x x  

xx xx xx 
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I BOREHOLE AES/4O I 

Quartz 

B i o t i t e  

Topaz 

Hornblende x x I I I I I I I I 

Muscovi r e  I I I I I I X I I I 
ROCK TYPE I .  I * 

AES/.U): Hornblende is  found i n  samples 1 and 2 i n  the  granite gneiss 

over ly ing t he  TBQ. This hornblende occurs together wi th  a l ight  brown 

biotite. As one approaches the upper  TBQ, the  hornblende dissapears 

and the biot i te becomes chlorit ized. The remaining biot i te gradually 

becomes darker red- brown as seen i n  samples 3 and 4. I n  the TBQ itself 

t he  biot i te takes on a red- brown colour. Below the  TBQ the biot i te is 

once again chlorit ized as seen i n  sample 12. Approaching the lower TBQ, 

t h e  chlori te once again transforms t o  a red- brown biot i te as seen i n  

samples 13 t o  15. I n  sample 16 the  red- brown biot i te i s  once again broken 

down to  chlori te below the  TBQ. I n  sample 17 the chlori te alters t o  a dark 

brown biot i te variety. 

Cassiterite grains were on ly  found i n  sample no. 8 associated with 

anomolous topaz. 



AES/44: B io t i te  is general ly  red-  b rown  th roughou t  t h e  TBQ except f o r  

sample 7 in which it i s  brown.  Minor ch lor i te  al terat ion i s  found associated 

w i t h  the  development o f  fe ldspar w i th in  t h e  TBQ. T h e  fe ldspar is assumed 

t o  b e  secondary due  t o  t h e  fol iat ion o f  t h e  b io t i te  around the  feldspar 

phenocrysts.  A n  increase in chlor i t izat ion i s  f o u n d  below t h e  T B Q  in to  

t h e  g ran i te  gneiss. 

Gahnite is found  i n  samples 13 and 14. 



1 BOREHOLE AES/45 I 

Quartz xx xx xx xx xx xx xx xx xx xx xx xx xx xx xx xx 

B i o t i t e  xx xx x . x  xx x xx xx xx xx Xx xx x xx xx xx 

Topaz x x x x x x x x x  x x x x x  x 

F l u o r i t e  X X X X X X X X X X X X X X X X X X  

S e r i c i t e  x x xx x x x x x x  I 

1 Sahene I I I x I I ~ I ~ I I I I I I I \ ~ l I  

C h l o r i t e  

S p h a l e r i t e  

Z i rcon 

Opaque x x x x  x x 

xx 

I I I I I I I I I I I I I I I I I I 
ROCK TYPE I .  I .  I A . I A . I .  I .  I .  ! + . I .  ! + . I .  I I 

AES/45: T h e  b io t i te  is general ly  red-  b rown  throughout  t h e  TBQ except 

for sample 6 i n  which it i s  v e r y  pale brown.  Chlor i t izat ion may be seen 

i n  zones enr iched i n  fe ldspar.  Below t h e  TBQ the  b io t i te  i s  chlor i t ized. 

Cassiter i te gra ins  observed appeared t o  b e  locked p r imar i l y  t o  f l uo r i t e  

and t o  a lesser degree t o  sphaler i te  and  biot i te. 

x 

x 

I I Monazi te  I 

Gahnite i s  ident i f ied  i n  samples 3 a n d  5. 

Muscovite I  I I I x I I I I I 

x 

x 

1 

X 

I I I X 

x x x x x x x  xx 

x x 

xx 

X X X X X X X X X X X X  

x 

x x x  

x xx xx 



P lag ioc l ase  x x 

q u a r t z  

B i o t i t e  

Topaz 

F l u o r i t e  

Sphene x I I X I X 

xx 

xx 

S e r i c i t e  

C h l o r i t e  

S p h a l e r i t e  

Z i rcon  

xx 

xx 

x x x x x  

xx 

Myrrnekite 

A l  l a n i t e  

A p a t i t e  

C a l c i t e  

Opaque 

AES/47: T h e  b io t i te  is seen to  take o n  a red -  b rown  colour th roughout  

t h e  TBQ. Smaller amounts o f  b iot i te  are present  i n  t h e  al terat ion zone 

between samples 4 and 6 which are character ized by t h e  presence o f  

gahn i te  th roughou t  t h e  zone. D i rec t ly  below t h e  T B Q  t h e  b io t i te  changes 

t o  a b rown  colour. Topaz is present  mainly as la rge porphyroblasts and 

gahn i te  is f o u n d  i n  abundance i n  samples 4 and  5 and t o  a lesser degree 

in 6. 

xx 

xx 
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x x x  
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x x x x x  
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xx 
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xx 

xx 
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xx 

xx 
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xx 

xx 
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+. 

xx 

xx 
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xx 

xx 
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XX 
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APPENDIX I l l  

Graphical presentation of major and trace element chemistry 

LEGEND 

-- - - : TBQ / Granite gneiss contact 

r : Hornblende - biotite granite gneiss 

+ : Biotite granite gneiss 

0 : Transition zone and granitic gneiss lenses 

: TBQ 



I U U I1 41 51 LI 11 I1 * 
RMllYE DEPTH (rn) 

fl- 

u- 
I- 

I- 

1- 

3 :: 
u 

4- 

1.1- 

1.1- 

L.1- 

p i t -  L 

Y 

CI- 

3.1- 

L I-' 
I 11 21 U O 51 LI 11 I1 11 1 11 11 I1 41 51 LI 11 I1 11 

REUnYE PEPTH (rn) RMm DEPTH ( rn ) 

I 
I n  I "41] 1.11 I 
I 

LII- I . .  
i n . .  I D r- 

. u I. bl- I 
+ I 

I 1.41- 
4 . 9 .  

X m I 1. 21- 
X I 

X 

t 

I 
I 

+ I 
I 
I n  
I * . I m  m 

I O D  

X * I  . ,,* 
I 0  D 

X 4 . 
1.11"7-- 



I 
I. 414 I 

I 
I 
I 

1.11 I 
1.11 - T A - -  

I 11 11 U 41 51 t l  11 11 11 
REUM EPlH (rn) 





I 
= x +  I  

I  
I 
I . 

+ .  I n m  
x 

'$1 . . 
I 
'tom 

. 
I  
I  0 

m 
+ I .  

I 
I  

D 

3 3- 

'I I  
Ut. 

x + II I 111- . . 
I I  1LI- 

I 11 u II u 51 LI 71 11 i t  I i t  u 1 41 a LI 11 II II 
REUnYE DEPTH (m) RUAnVE D m  I m l  

n 

Lt?' 

zit- 
au- 
3 

It- 

U- 

U- 

li 

I  
I  
I  
I  
I  
I 
I  

I I .  0 

I  
+ * *  

X + I =I: x x + . .*IDrm. 
I 
I 

, 1 

Ill, 

L I I -  

ill- 

I::: * 

UI- 

lll;c 

I 
141- / m a  0 

I  
z - I 

lllJ1 

p. *{ '0 

I .  8 11- 

D b I -  1 .  . 
I  U- rn D 

I 
LC I  

D 
1 I+ 

I 11 n 31 u 11 u 11 II II I 11 u 31 u II LI n u II 
R E U ~ M  DEPTH ( m )  m n ~  DM (m) 

I 111- I n  
I  

Ut- I  
I  
I II- 
I 
I I  1 S L I -  

I  
U- I D 

I . I0 0 11-1 
1 . + + * r . q  m e .  

I 
m . 

h ,  I I- 

I  
I  . 
l m  
I  
I  

J 
I . 
I 

+ + +  I m  
X x *  I.'. 

'I  t " . ° "  rn 

I 
I m 

, 1 

111- 

111- 

111- 

in- 

s-. 
hltt-' 

UC 

111- 

I, 
I 11 U 31 41 i t  b l  11 I1 II I U U I I U U ~ I I I I I I I  

RVNM D m  (m) WUM WPRl (m) 

I 
111- 

I "  111- 

I  
I  

111- 

141- I 
I  ill- 

I . I O m  

I * * * Y  . p 
1. m* A It- 
7 0'. 

I Ll,: 
I  m u- 
I m 

U- I 
I t 





APPENDIX I V  

Trace element correlations 

LEGEND 

: TBQ . : Transition zone and granite gneiss lenses 

x : Granite gneiss 
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APPENDIX V 

Niggli values and Niggli norms 



NIGGLI-VALUES &NO NICGLI-NOR* 

SAMPLE NUMBER: AESl411 

WIGGLI-VALUES AH0 NIGCLI-NORM 138 

SAMPLE NUMBER: AESl412 

1.MASS PERCERTLGES OF OXIDES I.HPISS PEFlCENIACLS OF OXIDES 
5102 T I 0 2  K Z 0 3  CR203 FEZ03 FFO WNO MGO 5102  T l O Z  AL203 CRZO3 F E Z 0 3  0 HI10 MGO 

ChO MA20 Y20 F205 COZ HZ0 HZ0 5 C10 "120 YZO PZ05 COZ "20 1420 S 
67.300 0.500 14.500 0 ,000  0.270 6.100 0 . 4 1 0  0 . 3 0 0  70 .800  0 .500  12.400 0 . 0 0 0  0.210 5.300 0 . 1 8 0  0 . 2 0 0  

1.560 0 . 3 0 0  3.250 0 . 0 6 0  0.000 0 . 1 4 0  0 . 1 1 0  0.140 1 .270  0 . 8 0 0  3 .410  0.020 0.000 0.650 0 . 2 5 0  0 . 5 4 0  

3 .CATIOI  PERCENTAGES ].CATION PERCENTAGES 
6 8 . 1 2 4  0.929 17 .295  0.000 0.206 5.162 0 .403  0.452 71.344 0.427 14.724 0.000 0 .159  4 .465  0 . 1 5 4  0.300 

1.691 0 .588  4 .195  0 .051  0.000 0.000 1 .371  1.512 4 .459  0 .011  0.000 0.000 
TOTAL = 100.000 TOTAL = 100.000 

4.NICGLI-NORM 4.NICCLI-NOR* 
PHOS. NOT lLLOCITEO 10 CAO; 0 .000  PHOS. NO1 ALLOCATED TO C I O .  0 .000  
C07 HOT ALLOC. T O  C 1 0  = 0 . 0 0 0  CO? NOT nLLoc.  t o  c r o  = o.ooo 
CALCl rE= 0.000 APATITE= 0 . 1 3 1  PYRITE. 2.105 ILHENITE. 0 . 8 5 1  CALCITE= O.OO0 *PAT I T E i  0 . 0 4 5  PYRI lE= 1 .529  ILMENITf= 0 .85h  
ORIIIOCLASE 0.000 A L B I T ~ =  2.942 ANORTHITE 8.027 OR~HOCLASE 1.341 ALBITE= 1.810 ~NURIHITE 6.711 
BIOTITE; 15.309 MUSCOVITE= 15.972 8 1 0 l I T E =  12.4118 HVSCOYITE= 15.600 

EN- 0 . 0 0 0  FS= 0.000 EN= 0 . 0 0 0  FS= 0 . 0 0 0  
O<OPIIOE= 0.000 rs= 0.000 HIPERSTHENE 0.000 DIOPSIOE= 0.000 rs= 0.000 HYPLRSTHENE o.000 

UO; 0.000 EM= 0.000 M =  0 . 0 0 0  EN= 0 . 0 0 0  

F O i  0.000 F0= 0.000 
OLIVINE= 0.000 OLIVINE= 0.000 

FA= 0 .000  FA= 0.000 

LEVCITE= 0 . 0 0 0  1lEP1IELINE 0.000 AKMITE= 0 . 0 0 0  LEUCITE' 0.000 WEPIIELINE 0 . 0 0 0  ANMITE= 0 . 0 0 0  
CORUNO. 2.123 OR SILLIWNIT~= 4 .235  CORUNO. o.oon OR SILLIHANITE= 0.000 

CIIROHITE= 0 .000  MAGNETITE= 0 .308  l lEMAl ITE= 0 . 0 0 0  CIIROMIlE= 0 .000  ' WAGNEIIlE= 0.239 H E H n l l T E i  0 . 0 0 0  
RUTILE. 0 . 0 0 0  T l l A N l T E i  0.000 R U l l L E i  0 .000 l l l A N I T E =  0.000 

SODIUM U E I A S I L I C A I L  = 0.000 XAL IOPHIL ITE i  0.000 SODIUM WETASILICATC = 0.000 YkLIOPHILITE= 0 , 0 0 0  
YOUSTONI lE=  0.000 M L A S T O N I T E i  0 . 0 0 0  

QUARTZIIF CDRUHDUll 15 USE0 I= 51.519 QUARTZ1 I F  CORUNDUM I S  USED 1. 51.376 
QUI\RTZIIF S I L L I W N I l E  I S  USED I =  5 0 . 1 0 1  QUARTZIIF SILLIMANITE I S  USED 1- 51.376 
OIFF. S t 0 2 1  0 .000  TOTAL =100.000 OIFF. S 1 0 2 i  0 .000 TOTAL =100.000 

---------- ---------- 
%*H I N  PLAOIOCUSE=13.2 
i r L o s p m  w r l o  : m n =  0.0 W 8 =  26.8 %AN= 73.2 
RLStOVA:OR= 0.0 AB= 5.5 QZi 9 4 . 5  
MUSCOVITE TACT. 11.9 

DE LA ROCHE-VALUES : R1= 3593.0 R2= 489.0 

%1N I N  PLAGIOCLASE=46.2 
FELDSPAR RATIO :%OR= 18.7 %An= 43.7 %AN= 37.6 
RCSIOUA:OR= 5 . 4  I B i  12.5 P Z i  8 2 . 2  
nUSCOVlTE FACT. 25.2 

OE L A  ROCHE-VALUES : R1= 3609.6 RP= 406.6 

SAMPLE NUMBER: AESl413 SAMPLE NUMBER: AESIUIU 

1.WISS PERCENTAGES OF OXIDES 1.MASS PERCENTAGES OF OXIDES 
SIOZ 1102 A U O ~  ~ ~ 2 0 3  ~ ~ 2 0 3  FEO MNO M ~ O  SIOZ T I 0 2  AL203 CRZO3 FEZ03 FEO UNO Moo 

GAO NA20 I 2 0  P205 CO2 HZ0 HZ0 S CAO W 2 0  K2O P205 C02 l l 20  HZ0 S 
68 .400  0.350 14.600 0.000 0.360 5 . 4 0 0  0 . 5 4 0  0 . 2 0 0  64.000 0 . 4 4 0  17 .800  0.000 0.130 5.900 0 . 4 1 0  0.200 

1 . 1 4 0  0 . 3 W  2.800 0.040 0 .000  0.770 0.160 0 . 6 9 0  1 .500  0 . 4 0 0  2.840 0.440 0.000 0.930 0 . 1 8 0  0 . 9 5 0  

2.NIGGLI-VALUES 2.NICGLI-VALUES 
AL- 49.32 FM= 31.77 AL= 51.36 FM= 30 .01  
C= 7.00 ALX= 11.90 SUN=IOO.OO C i  7 . 8 1  LILY= 10 .71  SUM=lOO.OO 
51; 3 9 2 . 2  0 . 8  YC=0.05 QZ= 244.6 S I =  313.4 K=0.82 ffi=O.OS QZ= 170.4 
A L I I C + A L I ) =  2 .61  AL/IC+ALK)= 2.76 

3.CATION PERCENTAGES 3.CATION PERCENTAGES 
6 9 . 6 9 6  0.302 17.530 0.000 0.276 4.600 0.466 0.304 6 4 . 2 3 1  0 .374  21.053 0 . 0 0 0  0 . 5 5 1  4.951 0.348 0.299 

1.244 0.592 3.638 0.034 0.OW 0 . 0 0 0  1.612 0 . 7 1 8  3 .635  0.374 0.000 0 . 0 0 0  
TOTAL = 100.000 TOTAL = 100.000 

4.NICCLI-NORM 
PIIOS. HOT ALLOCAIEO TO C I O i  0.000 
C02 NO1 ALLOC. TO CAO = 0.000 
CALCITE- 0 . 0 0 0  APATITE= 0.092 PY l l lE .  1.916 ILWENITEi  
ORTWOCUSE 0.000 ALBITE= 2 .961  ANORTHllE 5.933 
B l O T l T L r  1 3 . 6 6 1  l lUSCOVIlE= 13.510 

4.NIGGLI-NORM 
PUOS. NOT ALLOCATED 10 C M =  0 .000  
coz NOT AILOC. 70 cno = 0.0190 
C&LC~TE= O.OUO m . a T I i c =  0.997 w n l i E =  2 
ORTHOCUSE 0.000 ALBllE. 3.190 ANORlHI lE  
B l O T l T E s  12.918 HUSCOVITL= 14 .091  

EN= 0 . 0 0 0  i s=  0.000 m= 0.000 FS= 0 . 0 0 0  
OIOPSIOE= 0.000 FS= 0.000 HIPERSTHEWE 0.000 DIOPSIDE= 0.000 i s =  0.000 MVPERSTHENE 0 . 0 0 0  

YOi 0.000 EN= 0.000 YO= 0 . 0 0 0  EN= O.OOO 

F 0 ;  0.000 FO? 0.000 
OLIVINE= O.WO OLIVINE- 0,000 

A 0 .000  FA- 0.000 

LEUCITE- 0.000 NEPHELlNE 0 .000  AKMITE= 0 . 0 0 0  LEUCITE= 0,000 NEPllELlNE 0.000 A W I l E =  0 . 0 0 0  
CORUNO. 5.358 OR S I L L I H A N l l E =  8.036 CORUHO. 9 .012  OR SILLIHANITE= 13.518 

CHROMITE- 0.000 MlGNETlTEi  0.414 HEMATITE= 0.000 CIIROMITEI 0.000 MAGNETITE= 0 .827  HEMATITE= 0 . 0 0 0  
RUTILE- 0.000 T I l A N I T E =  0.000 R U T l L E i  0.000 T l T A N l T E i  0.000 

SODIUM HETASILICArE r 0.000 U L l O P l l l l l T E i  0 . 0 0 0  SODIUM MCTASILICATE = 0.000 M L l O P t l l L l T E =  0 . 0 0 0  
MLASTONITE. 0 . 0 0 0  M L A S l O N I l E i  0 . 0 0 0  

QUARTZIIF CORUNDUM I S  USE0 1- 55.485 OUARTZIIF CORUWnUM I S  USE" I =  U9.831 
QUIIRTZI IF S I L L I W N I T E  I S  USE0 1' 52.806 QUARTZl l f  S I L L l f l N l l l E  I S  USED I =  45.325 
DIFF .  51025  0.000 TOTAL ;100.1)00 DIFF. 5102. 0.000 TOTAL =100.000 

---------- ---------- 
Z1N I N  PLAGICGLASE-66.7 
FELDSPI\R RATIO :%OR= 0 . 0  %An= 33.3 %AN= 66.7 
RESIOUA:OR= 0.0 AB- 5 .3  QZ= 94.1 
MUSCOVITF FACT. 16.0 

OE U ROCHE-YLLUES : A l -  3823.8 R2= 441.2 

%AN I N  VLAGIOCLISE=56.0 
FELDSPAR R A r t O  :%OR= 0.0 %AB= 4 4 . 0  %AN= 56.0 
RESIOU14:ORi 0 . 0  AB= 7.9 W= 92.1 
MUSCOVITE FACT. Z0 .1  

OE LA ROCHE-VALUES : R1= 3412.0 112= 543.5 



NIFOLI-VALUES AND NIGGLI-NORM N ~ ~ L I - V A L U E S  AND NICGLI-NORM 134 

SAMPLE NUMBER: ALS/4/5 s ~ P L E  NUMBER: AES/4/6 

1.WASS PERCENTAGES OF OXlOES I . ~ S S  PFRCEHTACES OF OXIOES 

S102 T I O Z  AL203 CR201 ~ L Z O ~  FEO MNO HOO 5102 7102 A L Z O ~  CR203 r ~ ~ o f  FEO  HI^ MCO 
CAO N U 0  K t 0  P Z O ~  C02 HZ0 HZ0 S CAO H&20 1 2 0  P205 GO2 HZ0 HZ0 S 

71 .700  0,460 12 .300  0 .000  0.060 3 .400  0 . 0 9 0  0.300 71 .700  0 ,450  12.100 0,000 0.030 3 .100  0 , 0 5 0  0.100 
1.120 1.700 6.810 0 , 0 7 0  0 ,000  0.650 0 . 1 8 0  0.020 1.260 2 .400  5.150 0 . 0 5 0  0 . 0 0 0  0.900 0.760 0 . 0 1 0  

Z.NIOGLI-VALULS 
*L= 40.10 F l t  18.87 
t. 7.82 I L K =  33.21 SUY=100.00 
51; 396.7 k O . 7 3  11G'O.Il 02; 163.9 
LIL/ ICIALKl= 0.98 

3.CATION PERCENTAGES ~ . C A T I O H  PERCENTACES 
69.270 0 . 3 7 6  14.002 0 , 0 0 0  0.044 2.746 0 . 0 7 4  0.432 70 .111  0.373 13.946 0 . 0 0 0  0.022 2.698 0.041 0.437 

1 .366  3 .182  8 . 4 1 5  0.057 0 , 0 0 0  0.000 1.120 4 . 5 M  6.424 0.041 0 . 0 0 0  0.000 
TOTAL = 100.000 TOTAL = 100.000 

U.NIOGLI-NORM II.NlbGLI-NORM 
PHOS. NOT ALLOCITED 10 CAO' 0.000 PHOS. NOT ALLOCAIED TO CAOi 0.000 
c 0 2  NOT ALLOC. TO CAO = 0.000 C07 NOT ALLOC. TO CAO 0 . 0 0 0  
CLLCITE' 0.000 APATITE= 0.153 PYRITE. 0.054 ILMENITE= 0.753 CALCITE. 0 .000  APATITE= 0.110 WRITE= 0 .027  ILMENITE= 0.746 
oPTHOCLASE 42.074 ALBITE' 15.911 ANORTHlTE 6.013 ORTHOCUSE 29.761 ALBITE= 22 .742  ANORTHITE 6 .255  
g % o T I T E =  0.000 MUSCOVITE= 0 . 0 0 0  B l O T l T C  1.713 IIUSCOVIlL= 0.000 

EN= 0.021 F S i  4.692 EN= 0 . 0 0 0  rsi 2.706 

DIOPSIDE= 0 . 2 7 1  FS .  0.115 HIPERSTHEWE 5 .535  OIOPJIDES 0.000 I S =  0 . 0 0 0  HYPERSTHENF 3.209 
YO= 0.116 EN- 0.843 YO= 0.000 EN= 0.504 

F O i  0.000 F O i  0.000 
OLIVINE- 0.000 OLIVINE= 0.000 

FA= 0.000 FA= 0.000 

LEVCITL= 0.000 NEPIILLINE 0 .000  AKMITE= 0.000 LEUCITE. o.000 NEPHELINE 0.000 A K ~ I T E =  0.000 
CORUNO. 0 . 0 0 0  OR SILLIMANITE= 0.000 CORUNO. 0.000 OR SILLIMANITE= 0.000 

CIIROWITE= 0.000 HAONETITL= 0 . 0 6 5  HEMATITE= 0.000 CHRORITE= 0.000 MAGNETITL= 0 .033  HEIUTITE; 0 .000  
RUTILE. 0.000 TITANITE= 0.000 RUTILE. 0 . 0 0 0  T I l A N I T L =  0.000 

SOOtUII MErASILICATE = 0.000 KALIOPH1LITE= 0.000 SODIUM RETASILICATE = 0.000 KALIOPHILITE= 0.000 
WLASTONITE i  0 .000  MLASTONITE= 0.000 

QUARTZ(IF CORUNDUH IS USED I= 29.170 QUARTZIIF CORUNDW IS USED )= 13.343 
Q U I R T Z ( I F  S I L L I I U N I T E  I S  USE0 I= 29.170 g U I ~ l z ( l F  SILLIHANITE I S  USED I =  3 3 . 3 4 1  
OIFF. 5102. 0.000 TOTAL =100.000 OIFF. s102= 0.000 TOTAL =100.000 

---------- ---------- 
p W  I N  PL IGIOCUSE=ZI .U  
FELDSPAR RATIO :%OR= 65.7 %An= 24.9 %AN= 9.4 
RESIOUI:OR= 4 8 . 1  A 8 . 3  91; 33 .5  
l l ~ S c O v l T E  FACT. 0.0 

DE LA RDEHE-VALUES : R1= 2511.5 R21 404.5 

%AN IN PLAGIOCLASE=?I.~ 
FELDSPAR RATIO .%OR= 50.7 %A&= 38.7 %AN= 10.6 
RESIDUI:OR= 34.7 ABi 26.5 01- 38.8 
MUSCOVlTE FACT, 0 . 0  

OE LA ROCHE-VALUES : R1= 2701.8 R2= 399 .9  

S M P L L  NUMBER: AES/4/7 SAMPLE NUMBER: AES/4/8 

,.MASS PERCENTACES OF OXIDES 1.11158 PERCENTACES OF OXIDES 
5 1 0 2  1 1 0 2  ALZO3 CR203 FEZ01 FEO WNO YGO 5102  1 1 0 2  ALZO3 CRZOl FEZ01 FEO MNO HGO 

CAO MA20 K20 P205 COZ HZ0 HZ0 S C I O  H I 2 0  K20 PZO5 COZ HZ0 HPO S 
73 .500  0 . 4 1 0  12 .000  0.000 0.200 1 . O W  0.030 0.300 74.400 0.480 11 .600  0 . 0 0 0  0 . 4 9 0  3.350 0 . 0 7 0  0 . 7 0 0  

1.520 2.700 9.700 0.050 0 ,000  0.630 0.180 0.000 1.130 2.500 4.730 0.080 0,000 0 .530  0 . 1 8 0  0.000 

2.NIGCLI-VALUES 
AL= 40.54 F l t  17.95 
c= 9.13 A 3 . 1  SU l t100 .00  
s f =  421 .4  -0.53 11G=O.14 02; 192.7 
AL/ lC+ALKl= 0.98 

3.CATIOH PERCENTAGES l .CA7 ION PERCENTAGES 
70 .664  0.334 13.594 0,000 0.145 2 . 4 1 1  0.024 0.430 71.432 0.390 13.123 0.000 0 .354  2.689 0.057 0 .286  

1 . 5 6 5  5.030 5.762 0 . 0 4 1  0.000 0.000 1 . 1 6 2  4.651 5.791 0 .065  0 . 0 0 0  0.000 
TOTAL = 100.000 TOTAL = 100,000 

9,HICOLI-WORM 4.NIGGLI-HDRM 
PHOS. NOT ALLOCATED TO C A W  0 . 0 0 0  PHOS. NOT bLLOCATED TO CAO= 0 . 0 0 0  
CD2 NOT ALLOC. TO CAO F 0.000 C02 HOT ALLOC. TO CAO = 0 . 0 0 0  
CALCITE- @.OW &PIT lTE=  0.108 PYRITE= 0.000 ILMENITLF 0.668 CALCITE= 0.000 APATITE= 0.173 PYRITE= 0 . 0 0 0  ILHLNITE: 0.781 
ORTHOCLASE 28.812 ALBITE. 25.148 ANORlH l lE  7.006 ORTHOCLASE 26 .086  ALBITE= 23 .254  ANORTHITE 5.268 
B lOT lTE=  0.000 MUSCOVI7€= 0.000 BIOTITE= 4 .593  MUSCOVITE= 0.000 

EN= 0.034 FS- 3 .900  EN= 0.000 iS=  1 .819  
D lOPS lOE i  O.38P T S .  0.159 HYPERSTHEN€ 4.726 O lDPS lDE i  0 . 0 0 0  FS= 0.000 HYPERSTHEME 2 .058  

YO= 0 .192  EN= 0.826 W O i  O.UO0 E N  0.239 

F O l  0.000 so= 0 . 0 0 0  
OLIVIHE. 0.000 OLIVIHE= 0.000 

FA= 0 . 0 0 0  FA= 0 . 0 0 0  

LEUCITE= 0.OW NEPHELINE 0.000 AKMITEi 0.000 LEUCITE= 0.000 HEFHELINE 0.000 AKMlTL i  0 . 0 0 0  
CORUND. 0.000 OR SILLIUANITE- 0 . 0 0 0  CORUNO. 0.000 OR SILLIMANITE= 0 . 0 0 0  

CWPDlllTE= 0.000 MaCNETITE= 0 . 2 l 7  HEMATITE= 0.000 CHROW~TEI 0.000 YACNE117€= 0.511 HEMATITE= 0 . 0 0 0  
RUTlLE= 0.000 TlTANlTE= 0.000 RUTILL= 0.000 T ITANITL=  0.000 

SDDlVM METASILICATE = 0.000 M L I O P H I L I T E -  0.000 SODIUS I IETASIL ICAIL  ' 0.000 K A L l O P H I L I l L =  0 . 0 0 0  
MLASTONI  TE= 0.000 ~ L I S l O N I ~ E =  0 . 0 0 0  

g u m T Z ( I F  CORUNOUH I S  USED )= 32.930 QUARTZIbF CORUNDUR I S  USE0 )= 17.256 
~ U A R T ~ I I F  SILLI~UNITE IS USED )= 12.930 QUARTZIIF S ILL IMANITE I S  USED I =  37.256 
O l r L  S102= 0.000 TOTAL 1100.000 OIFF. S102= 0,000 TOTAL =100.000 

---------- ---------- 
%AN I N  PLAGIOCUSE=21.8 
TELOSPAR RATIO :%OR= 47.3 %A% 41.2 1 1 . 5  
RESIDUA:OR= 31.2 AB;  2 8 . 9  02; 1 7 . 9  
HUSCOVITE FACT. 0.0 

DE U ROCHE-VALUES : R l s  2783 .1  RZ= 419.6 

%AN I N  PLAGIOCLASE=I8.5 
FELDSPAR RATIO :%OR= 4 7 . 8  ZAB= 42.6 !&AN= 9.6 
RESI0UA:ORs 30.1 AB= 26.9 0 2 s  41.0 
11USCWITE FACT. 0.0 

DE LA ROCHE-VALUES : R1- 2871.9 R21 361.9 



SIMPLE IURBER: 

1 . IUSS PERCENTAGES OF 
$102 7 1 0 2  AL203 
U O  11120 K20 

11.300 0.540 11.100 
1 . 4 1 0  2.000 5.610 

AES/4/9 SAMPLE NUMBER: AESUI lO 

OXIDES ?.MASS PERCENTAOES OF OXIDES 
CR203 FEZ01 FCO *NO K i O  $102 7 1 0 2  AL203 CR2O3 FEZ01 FFO HMO f f i 0  

P205 COZ I420 HZ0 S C M  NA20 KZO P205 C02 HZ0 HZ0 S 
0,000 0 . 5 4 0  4.050 0.070 0.300 13 .600  0.500 1 2 . 0 0 0  0.000 0 . 2 9 0  2.900 0 . 0 7 0  0.300 

0.070 0.000 0 . 6 5 0  0.150 0 . 0 8 0  1.280 2.500 5 . 0 0 0  0.040 0.000 0 . 6 1 0  0.120 0.000 

3.CATION PERCENTAGES 3.C1TION PERCENTAGES 
69.982 0.449 12 .838  0.000 0.399 3.323 0.058 0.U39 10 .812  0 .408  13.604 0.00n 0.210 2.333 0 .051  0 . 4 1 0  

1.482 1.805 1 .022  0.058 0.000 0.000 1.319 U.661 6.135 0.033 0 .000  0,000 
TOTAL = 100.000 TOTAL = 100.000 

4.WIGCLI-NORM 4.NIUi l l -UOWH 
PW05. NO1 ALLOCATED TO CAO- 0 . 0 0 0  PMOS. NOT ALLOCATED TO CAO= 0 . 0 0 0  
C02 NOT ILLOC. TO CAO = 0.000 CO2 NOT LLLOC. TO CAO = 0.000 
CALCITE. 0 . 0 0 0  APATITE= 0,155 WRITE= 0.221 ILIIEHITE. 0.898 C A L C l l E =  0.000 I P A T I I E =  0 .081  PYRITE. 0.000 I L H E N l T E i  0.815 
ORTHOCUSE 35.110 ALBITE= 19.018 lNORTHlTE 5 .011  ORTHOCUSE 29.215 ALBITE= 23.103 lNORTHlTE 6 . 3 2 1  
SlOTlTE= 0.000 MUSCOVITE= 0.000 B IOTITE=  2.239 MUSCOVITE= 0.000 

EN= 0 .101  FS= U.668 EN- 0.000 FS= 2 . 6 1 6  
OIOPSIDE= 1.511 FS= 0 .651  HVPERSTHENE 5 .418  DlOPSIOE- 0.000 is= 0.000 HVPERSTHENE 3.215 

lU= 0.158 EN= 0.710 HO- 0.000 EN= 0.599 

F&- 0.000 F O i  0.000 
OLIVINE= 0 . 0 0 0  OLIVINE- 0.000 

FA= 0 . 0 0 0  FA= 0.000 

LEUCITE= 0.000 NEPHLLINE 0.000 ANMITE= 0.000 LEUCITE= 0.000. NLPHELIWE 0 . 0 0 0  iKMlTE=  0.000 
CORUNO. 0.000 OR S l L L l l U N l T E =  0.000 CORUNO. 0.000 OR S I L L I W I l E =  0 .000  

CHROUlTE- 0.000 MAGNETITE' 0 . 5 9 8  HEMATITE= 0.000 CHROMITE- 0 . 0 0 0  HAGNETITL= 0.315 H L W T I T L =  0 . 0 0 0  
RUTILE- 0.000 T I T A N I l E =  0.000 R U T l L E i  0.000 TITANlTE= 0.000 

SODIUM METASILICATE = 0.000 M L I O P H I L I T E =  0.000 SODIUM HETASILICATE = 0.000 KAL IOIH IL ITE-  0 .000  
M U S T O N I T E =  0.000 YOUSTONI IE=  0 . 0 0 0  

OUARTZIIF CORUNOUIl I S  USED 1' 32.016 OUARTLI IF CORUNDUM I S  USE0 I =  34.429 
OUARTZI I F  S I L L I W N I T E  I S  USE0 I= 32.016 QUARTZ(IF SILLIMANITE IS USED 1' 34.429 
OI rF .  SIOZ- 0 . 0 0 0  TOTAL I l O D . 0 0 0  D IFF .  S l O Z i  0.000 TOTAL =100.000 

---------- ---------- 
%Ul I W  PUGlOCUSE=20 .9  
FELDSPAR RATIO :%OR= 59 .1  %An= 32.1 *LN= 8.5 
RESIDUA:OR= 40.8 A* 22.1 02- 31.2 
MUSCOVITE FACT. 0.0 

DE U ROCHE-VALUES : R1= 2665.1 RZ= 195.1 

%AN I N  PUOIOCUSEs21 .3  
FELOSPAR RATIO :%OR= 49 .1  %A% 39.6 %AN' 10.1 
RESIDUI:OR= 33.6 A B i  26.8 PI= 19.6 
MUSCOVITE FACT. 0.0 

DE LA ROCHF-VALVES : R l i  2181.0 R2- 393.2 

SAMPLE NUMBER: AES4/11 SAMPLE NUMBER: ALSU112 

1.MASS PERCENTAGES OF OXtOES 1.MASS PERCENTAGES OF OXIDES 
SlOZ 1 1 0 2  ALZOI CRZOI FEZ01 i E O  MNO M W  5 1 0 2  T I 0 2  AL203 CR201 FEZ03 FEO HNO MOO 

CAO MA20 KZO P205 COZ HZ0 HZ0 S CAO M U 0  Y2O P205 CO2 HZ0 HZ0 S 
15 .400  0 . 4 2 0  11.100 0.000 0.090 2.100 0 . 0 3 0  0.200 1 4 . 4 0 0  0.330 12.100 0.000 0.120 2.200 0.030 0.200 

1.140 2 . 8 0 0  4.890 0.050 0.000 0.610 0.130 0.000 0.870 2 .100  5 .620  0.030 0.OW 0.290 0.010 0.000 

2 .N lML I -VALUES 
AL= 43 .11  FH;  13.64 

5.64 I L K =  3 7 . 5 4  SUH=100.00 
S t =  450.6 6 0 . 5 8  K i = O . l 3  01; 200.4 
AL I IC+ALKI=  1.00 

3.ClT lON PERCENTAOES 3.CATION PERCENTAGES 
11.131 0 . 3 3 8  13.116 0.000 0 . 0 6 4  2 . 1 9 1  0.024 0.283 1 1 . 1 6 5  0 .261  13.638 0 . 0 0 0  0.086 1.159 0 . 0 2 1  0.285 

1.161 5.161 5 .931  0.040 0,000 0.000 
TOTAL = 100.000 

0 .891  5.004 6.855 0.024 0.000 0 . 0 0 0  
TOTAL = 100.000 

U.NICCLI-NORM U.NIGCLI-WORN 
PHOS. NOT ALL-TED TO CAO= 0 . 0 0 0  
C02 NOT ALLOC. TO CAO = 0.000 

PHOS. NOT ALLOCATED TO CAO= 0.000 
C02 NOT ALLOC. TO CAO = 0 , 0 0 0  

CALCITE' 0.000 APATITE= 0 . 1 0 7  PYRITE= 0.000 ILYENlTE= 0.617 CALCITES 0.000 A P I T I l E =  0.065 PYRITE= 0.000 ILMENlTE= 0.535 
ORTHOC~ASE 29.661 ALBITE= 25 .801  ~ N O R T H I T E  . 5 . 0 5 5  ORTHOCLASE 31.892 ALBITE= 25.020 ANORrHITE U.254 
BIOTITE= 0.000 nUSCOVITL= 0.000 BIOTITE= 0.616 MUSCOVITE= 0.000 

EN= 0.023 FS= 3 .458  EN= 0 . 0 0 0  FS= 2.623 
DIOPSIDE= O.3lU FS= 0.144 HVPERSTHENE 9 .002  OIOPSIOE= 0.000 FS= 0.000 HYPERSTHENE I. 131 

lU= 0 .161  EN= 0.544 YO; 0.000 EN= 0.508 

FO= 0.000 
OLIVINE= 0.000 

I* 0.000 
OLIVINE= O.OW 

FA= 0.000 FA= o.On0 

LEUCITE= 0.000 NEPHELINE 0.000 AXMITE= 0.000 LEUCITE= 0.000 HEPHILINE 0.000 A K M l l E i  0 .000 
CORUND. 0.000 OR S I L L I M N I T E =  0.000 MRUND. 0.000 OR S I L L I W N I T E =  0.000 

CHROWlTE= 0 . 0 0 0  MAGNETITE= 0.097 HEMATITE= 0.000 CHRO*ITE= 0.000 HAGNETIlE= 0.130 I IEHITITE= 0.000 
RUTILL= 0 . 0 0 0  T I l A N l l t =  O.OW RUr lLE=  0.000 TITANITLF 0.000 

SODIUM YCTASlLlCATE = 0.000 KALIOPNILITE= 0.000 S00tUM WCTASILICATE = 0.000 
M U S T O N l l E =  0.000 IAL IOPHIL ITE=  0.000 MLASTONITE= 0.000 

OUIRTZ(1F CORUNDUM I S  USE0 1- 34.260 WARTZ, I F  COIIUHIIUW 15 USLO 1- 31.358 
Q U A R T Z l l i  S lLL lMANlTE I S  USEO I= 14.260  
OIFF. S102= 0.000 TOTAL =100.000 

OUARTZ(1F S ILL IMANITE 15 USCD I= 12.350 
OIFF.  S1OZ= 0 . 0 0 0  TOTAL =100.000 

---------- ---------- 
%AN I N  PLAOIOCUSE=16.4 
FELDSPAR RAT10 :%OR= 49.0 %A8- 42.6 %AN= 8.4 
RESIOUA:WI= 33.1 A 2 PL= 18.2 
"I IScOYIrr  FACT n n 

%AN I N  PLAOIOCUSE=14.5 
FELDSPAR RAT lD  :%OR= 51.1 %An= 19.6 %AN= 6 . 1  
RLSIDUI:OR= 37.1 A h  21.11 aZ= 35.5 
M W I T E  FACT. 0.0 
M U ROCHE-VALUES : R1= 2641 .1  R 2 1  145.2 



NIOOLI-VALUES AND NIGOLI-NOW IIGGLI-VALUES AN0 NIOOLI-NORM 

SAMPLE NUMBER: At32611 
-- - 

SAMPLE IUMBER: AES4113 

1.WSS PERCENTLGES OF OXIDES 
SlO2 1102 ALm3 CR203 FL203 FEO M110 HQ) 

c&O N U 0  X20 P205 C02 HZ0 HZ0 5 
11.000 0.350 11.000 0,000 0.000 2.400 0.050 0.200 

0.900 2.400 5.110 0,020 0.000 0.590 0.080 0.000 

1.111SS PERCENTAGES OF OXIDES 
S t 0 2  l l o l  K Z O 3  CRZO3 FEZ03 t t O  HNO HCO 

CIO MA20 WO "205 CO2 HZ0 HZ0 5 
10.300 0 . t 1 0  16.(00 0.000 0.490 1.050 0.030 0.000 

2.990 0.1100 1.990 0.050 0,000 1.020 0.080 0.500 

3.C.&TION PFRCEMTllOES 
73.453 0.283 12.365 0.000 0.000 1.914 0.040 0.284 

0.919 4.436 6.289 0.016 0.000 0.000 
TOTAL i 100.WO 

3.CLTION PLRCENTL.CES 
10.856 0.145 19. $21 0.000 0.312 2.510 0.026 0.000 

3.228 0 . 1 8 t  1.915 0.043 0.000 0.000 
TOTAL 1 100,000 

h.NIO0LI-NORM 
PHOS. NO1 ALLOCATE0 TO -0s 0.000 
COZ NOT ALLOC. TO CAO = 0.000 
ClLClTE= 0.000 APATITE= 0.043 WRITE= 0.000 ILMENITE= 0.566 
ORTHOCLASE 31.441 ALBITE' 22.180 ANORTHITE 4.098 
BlOllTE. 0.000 MUSCOVITE= 0.000 

EN= 0.021 FS= 3.218 
OIOPSIOE= 0.292 FS= 0.125 HVPERSTHENE 3.166 

UO. 0.146 US 0.5- 

F 0.000 
OLIVINE- 0.000 

FA- 0.000 

LEUClTD 0.000 HEPHELINE 0.000 AYWIlE- 0.000 
CORUNO. 0.000 OR SILLIMANITE= 0.000 

CHROMITE- 0.000 MAGNETITE= 0.000 HEMATITE= 0.000 
RUTILE- 0.000 TITAIIITC= 0.000 

SOO~UM UETASILIWLTE = 0.000 IhLIOPII ILITE= 0.000 
YOLASTONlTEl 0.000 

OULRTZIIT CORUIOU* I S  USED 1% 31.609 
QUIRTZl l f  S I L L I W N I T E  I S  USEO I =  31.609 
OIFF. S102= 0.000 TOTAL 1100.000 

---------- 

4,WICOLI-NORM 
PHOS. NOT ILLOCATEO TO C I O i  0.000 
C02 NOT ALLOC. TO CAO = 0.000 
CALCITE' 0.000 APhTITE= 0.114 WRITE= 1.416 ILMENITE' 0.290 
ORTHOCLASE 0.000 ALBITE. 3.906 AWORTHITE 15.182 
BIOTITE= 5.131 MUSCOVITE= 6.387 

EN= 0.000 FSS 0.000 
OIOPSIOE= 0.000 r s =  0.000 HYPERSTHENE 0.000 

WP 0.000 EN= 0.000 

ro= 0.000 
OLIV1WE' 0 .000 

FA= 0.000 

LEUCITE= 0.000 NEPHELINE 0.000 AXMITE= 0.000 
CORUHO. 6.999 OR SILLIHANIlE= 10.498 

cunoMtrE- 0.000 H*GNET~TE= 0.557 IIEU&TI~E= 0.000 
RUTILE; 0.000 TITANl lE= 0.000 

SODIUM METASILICATE . 0.000 KALIOPHILITE' 0.000 
HDLASlONllE= 0.000 

OUARTZIIF CORUNWN I S  USEO )= 56.813 
UUARTZLIF SILLIMANllE I S  USE0 )= 53.313 
DlFF. 5102- 0.000 TOTAL =100.000 

---------- 
%U4 I N  PLAOIOCUSE=15.6 
FELDSPARRATIO :%OR-54.5%AB=38.4%AN= 1.1 
RESIOUA:OR= 34.5 A B r  24.3 UZ= 41.2 
MUSCOVITE FACT. 0 . 0  

OE LA ROCHE-VALUES : R1= 3001.6 R2= 323.1 

%An IN PLIOIOCUSE-80.2 
FELDSPAR RATIO :*OR= 0.0 %An= 19.8 %AN= 00.7 
RLSIOUA:OR= 0.0 i5 6.8 QZ= 93.2 
MUSCOVITE FACT. 9.5 

OE U ROCHE-VALUES : R l =  5279.6 R2= 665.2 

SAMPLE NUMBER: AES2612 SWPLE NUMBER: AES2613 

1.MASS PERCENTIOES OF OXIOES 
S1OZ T I 0 2  U 0 3  CR203 FEZ03 FEO MNO 1(00 

U O  NA20 XZO P205 CDZ N2O HZ0 S 
10.100 0.100 t 9 . 5 W  0.000 0.200 4.850 0.120 0.000 

2.250 0.300 2.290 0.010 0 . W  0.610 0.010 0.810 

1.MASS PERCENTAOES OF OXlDES 
5102 1102 AL203 CRZO3 FEZ03 FEO HNO W O  

CAO HA20 Y20 P205 COP HZ0 H20 S 
62.400 0.690 15.1W 0.OW 0.300 4.600 0.140 0.700 

2.620 2.100 6.910 0.230 0.000 0.920 0.130 0.230 

3. CAT ION PERCENTAOES 
70.198 0.086 11.256 0.000 0.152 9.095 0.703 0.000 

2.434 0.587 2.949 0 . W 9  0.000 0.OW 
TOTAL = 100.000 

3.CATIO* PERCENTAOES 
60.299 0.565 11.194 0,000 0.218 3.116 0,115 1.008 

2.111 5.055 8.515 0.188 0.000 0.000 
TOTAL = 100.000 

4. NIOGLI-NORM 
PHOS. NO1 ALLOCATED TO CAO* 0.000 
CU2 NOT ALLOC. 10 CAO = 0.000 
CALCITE= 0.000 AVATITE= 0.023 PYRITE= 2.299 IMENITE= 0.111 
ORTHOCLASE 0 . W  ALBITE; 2.935 At4ORTNIlE 12.091 
8 I O l I T E r  10.4#+ MUSCOVITE= 11.490 

4.NIOGLl-NORM 
PNOS. NOT & L L a & i f o  TO WO; 0.000 
CO2 NO1 ALLOC. TO CAO = 0.000 
CALCITE= 0.000 APWITES 0.502 ?VRITE= 0.625 lLMENITE= 1.130 
ORlHOCLASE 42.511 ALBITE- 25.211 ANORTHITE 9.058 
B l O l l T E s  0.000 MUSCWllEs 0.000 

Fa- 0.000 
OLIVI.E= 0.000 

FA- 0.000 

LEUCITE= 0.OW NEPHELINE O.OW AKYITE- 0.000 
UHIUNO. 9.290 W1 S I L L I I W ~ I T E -  6.435 

For  0.000 
OLIVINE- 0.000 

FA= 0.000 

LEUCITE- 0.000 NEPHELINE 0.000 AKMITE- 0.000 
MRUNO. 0.000 OR SILLIWINITE- 0.000 

YIDIWI MElASILIcAlE - 0.000 
W U s l O l l l E =  0.000 

N A L l O s l l l L ~ l f =  0.000 SoolUM MLTASILICATI = 0.000 M L I O P H ~ L I T E =  0.000 
WUSTONITE= 0.000 

WIRTZ I F  MIRUNMI* I S  USED )= 56.003 
WARTLIIF SILLIWRITE IS USED ); 53.859 QUARTZOF CORUNDUM I S  USE0 )= 11.421 
OIFF. 5102- 0.W0 TOTAL ~ 1 0 0 . ~ 0 0  QUARTZ(lF SILLINANITE I S  USE0 )= 11.421 

OlFf. 5102- 0.000 TOTAL -100,000 

%AN I* PUOIOCUSE=80.5 
FELOSPAR RAl10 :WR= 0.0 X1B= 19.5 X*ll. 80.5 
RES1WA:ah 0.0 A 5  5.2 01- 99.8 
WSCWITE TACT. 1 2  5 

Of U WE-VALUE; : R1- 11066.2 R2= 549.8 

%AN I N  P L A G I ~ & L A S E = ~ ~ . ~  
FELDSPAR R A l l O  :%OR= 55.4 W 32.9 %AN= 11.8 
RCSIOUA:OR= 53.7 A =  3 1 9  42- 14.4 
WSCUVITE FACT. 0.0 

OE U ROCHE-VALUES : 11%- 1878.7 RZ. 632.1 



NIOCLI-VALUES AN0 NIGGLI-NOW 

SAMPLE NUMBER: AES26/4 

NIDGLI-VALUES AN0 NICGLI-NORM 

SAMPLE NUMBER: AES26/5 

t . n r s s  PERCENTAGES OF 0 x 1 0 ~ s  1.M155 PERCENTAGES OF O X ~ O C S  
5102  T I 0 2  AL203 CR203 FEZ03 FEO MNO W O  5102  T I 0 2  AL203 CR703 FEZ03 FEO WNO HGO 

CAO NAZO ~ 2 0  ~ 2 0 5  coz HZ0 1120 s ero ~ ~ 2 0  KZO P205 coz HZO w o  s 
63.900 0 . 5 1 0  13.000 0 . 0 0 0  0 . 1 2 0  5.550 0 .160  0 . 4 0 0  71.500 0 .340  13.200 0 . 0 0 0  0 .260  1 .330  0.160 0.200 

6 . 8 0 0  0.200 2.720 0.160 0 . 0 0 0  0.EDO O.Db0 0.930 0 . 1 3 0  1 .TOO 6.580 0 . 0 5 0  0 .000  0.750 0.090 0.000 

3.CATIOW PERCENTAGES 3.CATIOI  PERCENTAGES 
6 5 . 7 4 7  0 . 4 4 5  15.761 0.000 0 .093  4.714 0.139 0 . 6 1 3  69.240 0 .219  15 .062  0.000 0 .189  2.696 0.131 0 .288  

7.493 0.399 3 . 5 6 9  0 . 1 3 9  0.000 0 . 0 0 0  0.757 3.190 8.126 0 .041  0 .000  0 .000  
TOTAL I 100.000 TOTAL i 100 .000  

4,NIOOLI-NORM 4.NIGGLI-NORM 
PHOS. NOT ALLOCATED TO CA0= 0.000 PWOS. NOT ALLOCATED 10 CAO= 0 . 0 0 0  
CDZ NO, *LLOC. 10 C10 F 0.000 CO2 NOT ILLOC. TO CAO = 0.000 
CALCITE= 0.000 APATITES 0 . 3 7 2  PYRITE= 1.243 tUIENITE= 0.889 WLCITE. 0 . 0 0 0  I P A l I I L =  0.109 PIRITE= 0.000 ILWEN4TE' 0 . 5 5 8  
ORTHOCLASE 11.845 ALBITE- 1.994 ANORTIITE 29.413 ORTHOCLASE 31.965 ALBITE. 15 .949  INORTIIITE 3.444 
BIOTITE= 0.000 HUSCOVITE= 0.000 BIOTITE= 8.715 HUSCOVITL= 4.453 

EN= 0.262 rs= 5.650 EN- 0.000 FS= 0.000 
D1O?SIoE= 5.057 r S =  2.366 HYPERSTHENE 6.514 OIOPSIOE= 0.000 rS= 0.000 HIPERJTHENE 0.000 

YOi 2.728 EN= 0.864 VOi 0.000 EN= 0 . 0 0 0  

FO- 0.000 rc= 0.000 
OLIVINE. 0.000 OLlVlNE= 0.000 

F 0.000 FA= 0.000 

LEVCITE= 0 . 0 0 0  NEPHELINE 0 . 0 0 0  AMRITE= 0.000 LEUCITE= 0.000 NEPHELINE 0 .000  AKYITE' 0 .000 
CORUNO. 0 . 0 0 0  OR S ILL IHLNITES 0.000 CORUHO. 0.000 OR S I L L l M A N I I E i  0 .000  

C~IROHITE= 0 ,000  MAGNETITE= 0 . 1 3 9  HEEIAl l lE= 0.000 CHROWITEF 0.000 MAGNETITE= 0.284 HEW.TITE= 0 . 0 0 0  
RUTILL- 0.000 T l T A W l T E i  0.000 RUlILE. 0.000 TITANITE= 0.000 

SODlUn HETISILICATE = 0.000 M L I O P H I L l T E =  0.000 SOOlUM MElAStL lCATE i 0 . 0 0 0  KALIOPHILITE= 0 . 0 0 0  
wLASTOWITL= 0.000 W U S T O N I T E =  0.000 

QUARTZ(1F CORUNOUH I S  USEO 1' 36.065 
QVIRTZIIF S I L L I U N I T E  1 s  USEO I= 36.065 
OlFF. s102= 0 .000  TOTAL =100.000 

%AN I N  PLAGIOCUSEi93.7 
r n o s p r n  RATIO :%OR= 36.2 %An= U.0 %AN= 59.8 
RESIoUA:OR= 31 .9  AB= 3.6 QZ= 64.5 
MUSCOVITE FACT. 0.0 

DF U ROCHE-VALUES : R1= 3595.1 R2= 1067.0 

S M P L E  NUMBER: AESZ6/6 

o u m i z ( t r  CORUNOUH IS USLO I =  34.463 
QUIRTL(1F S ILL IMANITE I S  USEO I =  34.463 
olrr .  s102= 0.000 TOTAL = l o o . o o o  

U N  I N  PLIOIOCLASE=17.8 
FELOSPAR RATIO :%OR= 62.2 %A& 31.1 %AN= 6.7 
REEIOUA:OR= 38.8 UI= 19.4 QZ= 41.8 
MUSCOVITE FACT. 20.0 

OE U ROCHE-VALUES : R1- 2562 .9  R 2 i  353.9 

SAMPLE NUMBER: AES26/7 

l.MASS PERCENTAGES OF OXIDES 1.WMS PERCENTAGES OF OX10ES 
S t 0 2  1 1 0 2  A U O 3  CRZOl FEZ03 FEO MllO MOO E l 0 2  T l O 2  ALZOI  CR203 FEZ03 FEO MNO HCO 

CAO NA20 X20 P205 COZ HZ0 HZ0 S CAO MA20 KZO P205 C02 HZ0 HZ0 5 
66 .400  0.430 18.300 0.000 0.410 5 . 3 0 0  0.300 0.200 65.900 0.460 1 5 . 9 0 0  0.000 0.290 6.100 0 . 2 9 0  0 . 3 0 0  

1 . 3 0 0  0.400 2 . 0 6 0  0,010 0 . 0 0 0  0.570 0 .050  1.220 2 . 2 1 0  O.kO0 2.310 0 . 2 1 0  0.000 0.560 0.090 1.370 

3.CATION PERCENTAGES 3.CITION PERCENTI)OCS 
65.934 0.362 21.412 0,000 0.306 4.400 0 .252  0 . 2 9 6  65 .988  0.390 18.760 0.000 0 .218  5 . 1 0 1  0.246 0.U41 

1.382 0 . 7 7 0  2.609 0.008 0.000 0.000 2.370 0.776 2 . 9 5 0  0 .111  0.000 0.000 
TOTAL = 100.000 TOTAL = 100.000 

4.NIOGLI-NORM 4.NIOGLI-WORN 
PHOS. NOT ALLOCATED TO CAO= 0.000 PHOS. NO1 ALLOCATED 10 CAO= 0 . 0 0 0  
0 2  NOT ALLOC. TO CAO = 0.000 COP NOT LLLOC. TO C10 = 0 . 0 0 0  
CALCITE= 0.000 APATITE= 0.022 PYRITEi 3.404 ILHENITE- 0 . 7 2 3  CILCITE= 0.000 APATITE= 0 .475  PIRITE. 3 . 5  IUIENITE= 0 . 7 8 0  
ORTHOCUSE 0.000 ALBITE; 3.848 ANORTHITE 6 .842  ORIHOCUSE 0.000 ALBIIE; 3.880 ANORTHITE 10.367 
BIOTITE- 10.555 MUSCOVITE= 9 . 0 2 5  B10TITE3 12.850 MUSCOVITE= 9 .405  

EN- 0 . 0 0 0  6s; 0 , 0 0 0  a; 0.000 FS= 0.000 
DIOPSIOE= 0.000 FS- 0.000 HYPERSTHENE 0.000 OIOPSIOE= 0.000' FSs 0.000 HVPERSTHENE 0 . 0 0 0  

HO; 0.000 EN= 0.000 W O I  0.000 EN= 0.000 

ro- 0.000 r o i  0.000 
OLIVINE= 0 . 0 0 0  OLIVINE= 0.000 

A 0.000 FA. 0 . 0 ~  

LEUCITE= 0.000 NEPilELlNE 0.000 AKMITE= 0.000 LEUClTE i  0.000 NEPHELINE 0.000 AKMIlE= 0 . 0 0 0  
CORUNO. 11.399 OR SILLIMNITE= 17.099 CORUNO. 6 . 5 9 5  OR S I L L I W N I T E F  9 .892  

CHROHITE- 0 . 0 0 0  MAGNETITE= 0.459 HEMATITE= 0 . 0 0 0  CHRMIITEi  0.000 HAGNEllTE; 0.328 HEMATITE= 0.000 
I U r l L E -  0.000 TITANITE; 0.000 RUTILE; 0.000 l I T A N I T E =  O.OUO 

SODIUM METASILICATE r 0.000 U L l O P H l L l T E i  0.000 SODIUM ME7ASILICATE = 0 . 0 0 0  KALIOPII IL ITE= 0.000 
W U S T O N I l E -  O.OW WLASTONITE' 0 . 0 0 0  

OUARTZ(1T CORUNOUM I S  USE0 1; 53.722 QUI I I lZ (1F  CORUNIWM 15 US(0 I =  51.466 
QUARTZ( I F  S I L L I Y I N I T E  15 USED 1' 48 .022  . OUARTZIIF S I L L I W I N I T E  I S  USE0 1' 48 .169  
OIFF. S l O Z i  0.000 TOTAL =IOO.OOO OIFF. 6102i 0.000 TOTAL =100.000 

---------- ---------- 
%AN I N  QLNj lOCUSE=64.0 
FELDSPAR RATIO :%OR= 0.0 %A% 36.0 %AN= 6U.0 
RESIOUA:OR= 0.0 AB.  7.4 02. 92.6 
MUSCOVITE TACT. 12.4 

DE U ROCHE-VALUES : R1- 3167.5 R25 5 2 7 . 4  

l A N  I N  PL IGIOCUSE=72 .8  
FELDSPAR RATIO :%OR= 0.0 %An= 27.2 %AN= 72.8 
RESIOUA:OR= 0.0 AB= 7.5 42; 92.5 
MUSCOVITE FACT. 11.4 

OE U ROCHE-VALUES : R l s  3673.9 R2= 588.3 



WICGLI-VALUES AND NIOOLI-WORN 

SAMPLE NUMBER: AES26/8 SAMPLE NUMBER: AES2619 

I .nASS PERCENTAGES OF OXIDES 1.HASS PERCENTAGES OF UXIOES 
S l 0 2  T I 0 2  ALZOI CRZO3 rEZO3 FEO MNO MGO 5 0 0 2  T I 0 2  AL203 CRZO3 FEZ03 FEO MNO WGO 

CAO HA20 KZO P205 COZ HZ0 H Z 0  5 C IO NIZO Y2O P2O5 C02 HZ0 HZ0 S 
6 7 . 4 0 0  0.510 1 4 . 5 0 0  0 . 0 0 0  0 .500  6.700 0.100 0.300 69.300 0.510 11 .400  0.000 0 . 0 4 0  6.700 0.230 0 . 6 0 0  

2 . 1 7 0  0 . 2 0 0  P.450 0 .010  0.000 0 . 8 0 0  0 . 1 5 0  0 . 5 8 0  1 .840  0 . 4 0 0  6.370 0.090 0.000 1.140 0 . 2 6 0  0 . 1 9 0  

3.CATION PERCENTACTS 3.CATlON PFRCLlTlGES 
68 .908  0.418 17.341 0 .000  0.382 5 .685  0.258 0.454 68.505 0.44U 13.179 0.000 0.030 5.537 0.193 0.883 

2.359 0.393 3.171 0.009 0.000 0 .000  1.948 0 . 7 6 6  8.010 0.033 0.000 0.000 
TOTAL = 100.000 TOTAL = 100.000 

4.NIGCLI-NOW 4.WIGGLI-NORM 
PMOS. NOT ALLOCATED TO CA0' 0 .000 PHOS. NOT ALLOCATED TO CAO= 0 . 0 0 0  
C02 NOT ALLOC. TO CA0 = 0.000 COZ NOT ALLOC. TO CAO = 0.000 
CALCITE= 0.000 APATITE= 0.023 PIRITE= 1.659 lLnENlTE= 0.877 C ILCITE=  0.000 APATITE= 0.089 PYRITE- 0.528 ILMENITE= 0 . 8 8  
ORTHOCLASE 0.000 ALBITE. 1.967 ANORTHITE 11.722 ORTllOCLASE 36.661 ALBITE; 3.831 ANORTHITE 9.461 
B l D T l T f i  16.690 MUSCOVITE= 7.594 BIOTITE= 5.585 MUSCOVITE= 0.000 

EN= 0.000 FS= 0.000 EN= 0 .000  TS= 7.21 
OIOPSIDE- 0 . 0 0 0  TS= 0 .000  HYPERSTHENE 0.000 O lOPSlOE i  0.000 FS= 0.000 HVPERSIIIENE 8.466 

YOS 0.000 EN= 0.000 YO- 0.000 EN= 1.25 

F 0 1  0.000 F O i  0.000 
OLIVINE; 0.000 OLIVINE= 0.000 

F A  0.000 r*= 0 . 0 0 0  

LEUCITE; o.ooo NEPIIELINE 0.000 AKHITE= 0.000 LEUCITE= 0.000 NTPIIELINE 0.000 A ~ I T E =  o.ooo 
CORUNO. 4.832 OR SILLIWANITE= 7.248 CORUNO. 0 . 0 0 0  OR S I L L l M l N l I C =  0.000 

CHROWITE= O.OW MAGNETITE= 0.573 HEI IAT I~Es  0 .000  CIIROWlTE= 0 . 0 0 0  W&CHEIlIE= 0.045 HEMATITE= 0 . 0 0 0  
R U r l L E i  0 .000 T IT IN ITE=  0 .000  R U T l L E i  0 . 0 0 0  T I l A N l T E =  0 . 0 0 0  

J O D ~ U W  IICTASILICATE 1 0.000 Y IL IOPWIL17E i  0.000 SODIUM METASILICATE = 0.000 I A L I O P H I L I T E i  0.000 
M L A S T O N l T E i  0 . 0 0 0  M U S T O N I T E =  0.000 

QUARTZIIF CORUNOUH I S  USED 1. 54.069 W l R T Z l l F  CORUNDUM I S  USED )= 34.447 
QUARTZl lF S lLL lWANlTE I S  USE0 )= 51.653 QUARTZIIF SILLIWANITE I S  USED I' 34.447 
OIFF. S102= 0 . 0 0 0  TDTAL =100.000 OIFF. S102= 0 . 0 0 0  TOTAL =100.000 

- - - - - - - - - - ---------- 
% I N  I N  i 'LAGIOCUSE=85.6 
FELDSPAR RATIO :WR= 0.0 %AS= 14.4 %N= 85.6 
RESIOUA:OR= 0.0 A 8 .  3.7 QZ= 96.3 
n u s c o v l i E  FACT. 8.1 

DE LA ROCHE-VALUES : R l -  3798.6 R h  555 .9  

%AN I N  PLAGIOCLASE=TI.Z 
F r L o s P r n  RATIO :%OR= 73.4 p a =  7.7 %An= 18.9 
RESIDUA:OR= 48.9 AB' 5 . 1  91' 46.0 
MUSCOVITE FACT. 0 . 0  

OE U ROCHE-VALUES : R1= 2850.4 R2= 461.2 

W P L E  NUMBER: AE26/10 SAMPLE NUMBER: AE26/11 

1.HIISS PERCENTAGES OF OXIDES 
5 1 0 2  1 1 0 2  ALZO3 CR203 FEZ03 FEO *NO WM 

1.WASS PERCENTAGES OF OXIDES 

CAO N U 0  K20  P205 COZ HZ0 HZ0 S 
S l 0 2  T I 0 2  A U O 3  CRZO3 FEZ03 FEO MNO MOO 

72.700 0.4110 11.700 0.000 0.000 3.300 0.090 0.300 
CAO NAZO W20 P205 C02 HZ0 "20 S 

1.130 2.500 5 . 2 3 0  0.040 0 .000  0.970 0.210 0 . 0 1 0  6"500 10.600 0'580 0 . 3 0 0  6'000 2.730 O.Ooo 0.020 0 . 0 0 0  7'400 0.840 0'210 0.190 O.'OO 1 .430  

3.CATION PERCENTAOES 3.CATION PERCENTAGES 
70.639 0.362 13.396 0.000 0.000 2.681 0.074 0.434 . 64 .652  0 . 5 1 7  7.432 0 ,000  1.044 6.504 0 7 0 ,626  

1 .176  4.707 6 .481  0 .031  0.000 0.000 
TOTAL = 100 .000  

11.934 0 . 6 1 1  1.660 0.018 0.000 0.000 
TOTAL i 100.000 

4.NIGGLI-NORH 
PHOS. NOT ALLOCITEO TD CAO' 0 .000  

4.NICGLI-NORH 

C02 NOT ALLOC. TO CAO = 0.000 
PHOS. NOT ALLOC19TED TO CAO= 0.000 
COZ NOT ALLOC. TO CAO 0 . 0 0 0  

CALCITE= 0.000 APATITE= 0 .088  PYRITEi 0 .027  ILMEHITE= 0.724 CALCITE= 0.000 APATITE. 0.047 PYRITE. 4.224 ILMENITEF 1.033 
ORTHOCLASE 3Z.403 ALBITE= 21.533 ANORTHITE 5.521 
~ ! D T I T E =  0.000 n u s c o v l r L =  0.000 

ORTHOCLASE 18 .299  ALBITE= 3.055 ANORTHITE 7 .903  
B lOT lTE=  0 . 0 0 0  MUSCOVITE= 0.000 

EN= 0.005 FS= 4.738 
OIOPSIDE= 0.067 6% 0 .028  HVPERITHENE 5.602 , 

EN= 1 .251  TS= 0 . 0 0 0  

YOr 0.034 
0,863 OIOPSIOE= 19.482 FS= 8.488 HIPERSTHEWE 0.000 

WOi 9 .791  EN= 0 . 0 0 0  

r e  0.000 
OLIVINE= 0.000 

F O i  0.000 

FAZ 0.000 OLIVINE= 0 .WO FA= 0 . 0 0 0  

LEUCITE- 0.000 NEPHELINE 0.000 AKHITE= 0.000 
CORUNO. 0.000 OR S ILL IMANl lC=  0.000 

LEUCITE= 0.000 NEPIICLINE 0.000 AKMITE= 0.000 
CORUHO. 0.000 OR SILLIMANITE= 0.000 

CllROIllTE= 0.000 MlCNCTlTE i  0 . 0 0 0  HEMATITE= 0.000 
RU1lLE- 0.000 TITANITE= 0.000 

CIIROWITE= 0.000 RACNETlTC= 1.566 HEHATlTE= 0.000 
RUTILL= 0.000 l I T A N I T E =  0.000 

SODIUM HETASILICATE = O.OW M L I O P H I L I T E i  0.000 
HOLASTOWl7E= 0.000 

SODIUM METASILICATE = 0.000 X ~ L I O P H I L I T E =  0.000 
HOLASTONITE= 10.907 

QUARTZIIF CORUNOUM I S  USEO I =  32.03b 
QU&RTLl IF J I L L I H I I N I T E  I S  USED )= 12.014 

OlII\RTZ(IF CORUNOUM I S  USED Is 31.483 

OlFF. S l O Z i  0.000 TOTAL =tOO.OW 
QUARTZIIT S ILL IH I IN ITE  I S  USE0 33.483 
D IFF .  S 1 0 2 i  0 . 0 0 0  TOTAL =100.000 

---------- ---------- 
%AN I N  PLAGIOCLASE=19.0 
FELDSPAR R l T l O  :%OR= 52.7 %AS= 38.3 %AN= 9.0 
RESIDUA:OR= 36.8 A& 26.8 QZ= 36 .4  
WSCOVITE FAZT. 0.0 

OE u ROCHE-VALUES : RI- 2697.9 RZ- 374.9 

%AM I N  PLAGlbCLASE-72. I 
FELOSPAR RATIO :%OR= 6 2 . 5  %AB= 10.4 %N= 27.0 
RESIOUA:OR= 33.4 ABr 5.6 PZ= 61.1 
MUSCOVITE FACT. 0.0 

OE U ROCHE-VALUES : R I =  3347.8 R2r  1374.9 



NIGCLI-VALUES AND NIOGLI-NOR* NIOCLI-VALUES AND NIGGLI-NORM 144 

SAMPLE UMBER: AE26/12 SWPLE NUMBER: AE26/13 

1.MASS PERCENTAGES OF OXIDES i.nass PERCENTAGES OF OXIDES 

$102 T I 0 2  A U 0 3  CR203 FEZ03 FEO MNO MC0 S102 1 1 0 2  AL203 CRZO3 FEZ03 FEO MNO RGO 
CAO N12O 1120 PZ05 COZ HZ0 H2O S CAO "A20 I Z O  P205 CO2 HZ0 HZ0 5 

70.200 0.400 14.500 0 . 0 0 0  0.110 5.600 0.230 0 . 1 0 0  73.200 0.510 11.900 0.000 0 . 3 1 0  3 . 2 0 0  0 . 0 3 0  0 . 3 0 0  
1.260 0 . 2 0 0  2.050 0,000 0.000 0 . 6 1 0  0 . 2 0 0  0 .470  1 . 0 4 0  2 . 4 0 0  5.270 0.050 0,000 0.690 0 . 1 9 0  0 . 0 0 0  

1.CATION PERCENTAOES 3.CATIOM PERCLNIWXS 
71 .659  0 . 1 1 6  17.441 0.000 0 . 0 8 4  4 . 7 7 9  0.199 0 . 1 5 2  70 ,682  0 . 4 1 7  13 .540  O .OW 0 .225  2 .581  0 . 0 2 5  0.432 

1.177 0.396 2.669 0.000 0.000 0 .000  1.076 4.490 6.490 0.041 0.000 0.000 
TOTAL = 100.000 TOTAL = 100.000 

U.NIGCLI-NORM 4.NlOGLI-NORM 
PHOS. NOT ALLOCLTCO TO CAO. 0.000 PHOS. NOT K L O C I T E D  TO CAOi 0.000 
C02 HOT ALLOC. TO CA0 = 0 . 0 0 0  C02  MOT ALLOC. TO CAO = 0 . 0 0 0  
CALCITE= 0 . 0 0 0  APATITE= 0.000 PYR lT t -  1 .148 ILMENITE' 0 .692 CALCITE= 0 .000  APAI  PIE= 0.109 PYRITE= 0 . 0 0 0  ILWENITE= 0.834 
ORTHOCUSE 0 . 0 0 0  ALBITE. 1 .978 ANORTHITE 6.887 ORTHOCUSE 29 .721  ALBITE= 2 2 . 4 5 2  ANORTHITE 5.017 
BII)TfTE= 13 .736  MUSCOVITE= 6 . 6 6 2  BIOTITE. 4 .361  MUSCOVITE= 0.000 

EN= 0.000 F S i  0 .000 ENS 0 . 0 0 0  
F S ;  1 . 8 9 8  

OIOPSIOE= 0.000 iS= 0.000 HYPERSTHENE 0.000 DIOPSIOE= 0 .000  F S i  0 . 0 0 0  HIPERSTHEHE 2 . 2 9 2  
M 0 .000  EN= 0.000 Vn= 0 . 0 0 0  

EN= 0.394 

FOF 0.000 Fn= 0 .000  
OLIVINE= 0 . 0 0 0  OLIVINE= 0 .000  

FA= O.WO FA= 0 . 0 0 0  

LEUCITES 0 . 0 0 0  NLPIIELINE 0 .000  ANMITE= 0.000 LEUCITE= 0 .000  NEPHELINE 0.000 AKMITEI 0 .000 
CORUNO. 8 . 0 0 2  OR SICLIUAMI7E= 12.002 CORUNO. 0 .000  OR SILLI I IANITE'  0 .000 

CHROHITE= 0.000 M G N E T l T E s  0.127 HEMATITE= 0.000 CHROWlTE= 0 .000  M&GNETIrE= 0.338 HEMATITE' 0 . 0 0 0  
RUTILE. 0.000 TITANITE= 0.000 RUTILE. 0 . 0 0 0  T l T I N l T E i  0 .000 

SOOlUH WEIASILICATE = 0.000 W L l O P H l L l T E i  0 . 0 0 0  SOOlUW HCIASIL ICATE i 0 .000  K A L l O P l l l L I T E i  0 . 0 0 0  
h V U S l O N l T E =  0.000 YIILASTONITL= 0 . 0 0 0  

QUARTZ l l f  CORUNDUM I S  USEO )= 60.570 
OU&RTZ(IF S lLL l l lP iN lTE  I S  USED 1= 56 .569  
OIFF. 5102. 0 .000 T O 7 A L ~ 1 0 0 . 0 0 0  

I I N  I N  PLIGIOCUSE=77.7 
FELDSPAR RATIO :%OR= 0.0 %A& 22.3 %AN' 77.7 
RESIOUA:OR= 0.0 AB= 3.4 W= 96 .6  
MUSCOVITE FACT. 7.9 

OE U ROCHE-VALUES : R1= 4158.5 R2= 446 .0  

Q U A R T I ( I F  CORUNDUM I S  USEO I=  34 .855  
PUARTZI IF SILL1MLNITE I S  USED 1' 14.855 
DOFF. SIOZ= 0.000 TOTAL -100.000 

W N  I N  P L I G I O C U S E I l 8 . 3  
FELOSPAR R A T I O  :%OR= 52.0 %AS= 19.2 %ANi 8 .8 
RESIDU*:OR= 14 .2  A% 25 .8  P I =  40.1 
MUSCOVITE FACT. 0 .0 

DE U ROCME-VALUES : R1= 2730.2 R2= 166.2 

S U P L E  NUMBER: AEZ6/14 SAMPLE NUMBER: AE26/15 

I . W S S  PERCEWTAOES OF OXIDES 1.MASS PERCENTAGES O r  OXIDES 
S t 0 2  7 1 0 2  AL203 CRZO3 FEZ03 FEO MNO W O  S l 0 2  T l D 2  1 L 2 0 3  CR203 FEZ01 FEO MNO MGO 

CAO NA20 2 P205 CO2 HZ0 HZ0 S CAO N U 0  KZO V205 COZ HZ0 1120 S 
7 2 . 1 0 0  0.490 i 2 . 3 0 0  0.000 0.380 3.150 0 . 0 9 0  0.200 7 4 . 1 0 0  0 .490  11.700 0.000 0.850 2 .700  0 . 0 5 0  0.700 

1.320 2 . 0 W  5.760 0.070 0.000 0.900 0.200 0 . 0 1 0  1.240 2;200 5 . 2 9 0  0 . 0 1 0  0.000 0.700 0 . 1 9 0  0.000 

3.CATION PERCEnTAOES 3.CATION PERCZNTAOES 
69.852 0.402 l b . 0 4 2  0.000 0.277 2 .711  0 . 0 7 4  0 .289  7 1 . 2 9 5  0 .199  11.265 0.000 0.615 2.172 0 . 0 4 1  0.287 

1.370 3.754 7.116 0.057 0 .000  0.000 1.218 4.101 6 . 4 9 1  0 . 0 5 7  0.000 0.000 
TOTAL = 100.WO TOTAL = 100.000 

4.NIGGLI-NORM 4.NICGLI-NORM 
PHDS. NOT I\LLOChTtD TO C l O i  0 .000 PHOS. NOT ALLOCITFO 7 0  CAO' 0 . 0 0 0  
CO2 NOT ALLOC. TO C110 = 0.000 CO2 NOT ALLOC. TO CA0 i 0.000 
CALCITE= 0.000 APATITE= 0.153 PYRITE= 0.082 ILMENITEF 0 . 8 0 4  CALCITE= 0.000 A P l T l l C =  O. I5Z PYRITL= O.OUO ILWENITE; 0 . 7 9 9  
ORTHOCLASE 32 .468  ALBITE= 1 8 . 7 1 2  MORTHITE  6 . 3 7 0  ORTHOCUSE 30.919 ALBITE= 20 .507  ANORTHITE 5.914 
B IOT ITE=  4.983 MUSCOVITE- 0.000 BIOTITE- 2.457 MUSCOVITE= 0.000 

EN= 0.000 FS= 1 .683  EN= 0 . 0 0 0  FS= 1 . 7 2 1  
DIOPSIOE= 0.000 FS- 0 .000 HVPERSTHENE 1.901 DlOPSlOE= 0.000 FS= 0 .000  HYPERSTHENE 2 . 0 4 9  

M 0.000 E N  0.219 M =  0.000 EN= 0 .328  

T O i  0.WO TO= 0 . 0 0 0  
OLIVINE= 0.000 OLIVINE= 0 .000  

FA- O.OW FA= 0.000 

LEUCITE- 0 . 0 0 0  NEPHELINE 0 .000  AKUlTE- 0.000 LEUCITE= 0 .000  NEPHELINE 0.000 AKMlTE= 0 . 0 0 0  
WRUNO. 0.000 OR SILLl l lP iNlTE= 0 . 0 0 0  CORUND. 0.000 OR S ILL I I IAN I IE '  0 . 0 0 0  

CHRMIlTE= 0 . 0 0 0  M n G H E T l l E i  0 .415 HEMATITE= 0 . 0 0 0  CIIROMITEs 0 . 0 0 0  HbGNETITEi  0 .921  IIEMATITE= 0 . 0 0 0  
RUTILEI 0 .000 T ITANITE=  0 .000  R U T l L E i  0 . 0 0 0  TITANITE= 0 . 0 0 0  

SODIUM METASIL#CATE = O.OW U L l O P H l L l T E =  0 . 0 0 0  S001UM M E T A S I L I C A l t  = 0 .000  KAL lOP l l l L ITE=  0.000 
hVUSTONITE=  0.000 ~ U S T O N I T E =  0.000 

QUARTZ1 I F  CORUNOUW I S  USED I =  34.052 QULRTZI I F  CORUWDUH 19  USED 1' 36 .282  
PVARTZI IF  S I L L I U N I T E  I S  USED I' 34 .052  QUARTZ( l i  S I L L I H A N I I E  I S  USE0 1' 36.282 
OIFF.  5102- 0.000 TOTAL =100.000 O l r F .  S 1 0 2 i  0 . 0 0 0  TOTAL = I W . O W  

---------- ---------- 
I I N  I N  PLAGIOCUSE=25.3 
FELOSPAR RATIO :%OR= 56.4 %A& 32.6 %AN= 11.1 
RESIOUA:OR= 38.1 AB .  22 .0  QZ= 39.9 
IIUSCOVITE FACT. 0.0 

DE U ROCHE-VALUES : R1= 2 6 8 1 . 4  R2= U W . l  

%AN i N  PLAGIOCLASEi22.4 
FcLossAn  nr r lo  :%On= 53 .9  %An= 15.8 W N =  10.1 
RESIDUA:OR= 3 5 . 3  ABi 23.4 Wi 41 .4  
MUSCOVITE FACT. 0 .0 

OE u ROWE-VALUES : R1- 2840.0 R2- 376.3 



APPENDIX V I  

Pearce diagrams 

LEGEND 

---- . . Lower TBQ / granite gneiss contact 

@ : Hornblende - bearing granite gneiss 

x : Biotite - bearing granite gneiss 

: Transition zone and granite gneiss lenses 

: TBQ 
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