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Abstract 

The Western  A  Lode  (WAL),  an  extension  of  the  zinc  -  rich  A  lode  at  Broken 

Hill,  NSW, shows  a  gradation  between  mnganese  silicate  -  rich  sulphide  ores  and 

the  pelitic  inetasedinients  of  the  wallrocks.  This  sequence  can  be  subdivided 

petrographically  into  four  broad  zones,  approximately  syinrrBtric  about  the  centre 

of  the  lode.  Passing  from  the  pelitic  wallrocks  these  zones  are:  a  sillimanite 

gneiss,  a  gahnite  -  rich  zone,  a  garnet  quartzite  and  an  amphibole  -  pyroxenoid 

zone.  This  latter  zone  may  be  further  subdivided  into  amphibole  and  pyroxenoid 

subzones. 

Sulphides  occur  throughout  the  WAL sequence,  and  commonly  are  concentrated 

in  the  gahnite  -  rich  zone  and  in  the  lower  garnet  quartzite,  stratigraphically 

immediately  below  the  lower  amphibole  subzone,  but  the  principal  concentration  is 

in  the  pyroxenoid  subzone.  Distinct  geochemical  trends  parallel  the  mineralogical 

variations:  approaching  the  centre  of  the  WAL from  the  wallrocks  there  is  a  distinct 

increase  in  Ca,  Mn,  P,  S  and  base  metals,  and  a  corresponding  decrease  in  Al,  Ti, 

K and  Mg/^^  +  Fe.  Scjne  minerals  reflect  these  trends  in  their  composition: 

biotite  shows  a  decrease  in  Al,  and  garnet  a  decrease  in  Mg  and  an  increase  in 

Ca and  Mn  towards  the  lode  centre. 

The sillimanite  gneiss  is  considered  to  have  been  deposited  as  an 

argillaceous  sediment  in  an  anoxic  basin.  The  other  WAL rocktypes  are 

consistent  with  having  originally  contained  accessory  to  dominant  Mn/Fe/Ca 

carbonate,  silica  and  sulphides,  chemically  precipitated  from  exhaled 

hydrothermal  solutions.  These  chemical  sediments  gradually  overwhelmed  the 

detrital  input,  but  became  overwhelmed  again  by  detrital  sediments  as 

the  exhalation  waned. 

]ytetamorphism  of  the  lode  to  lower  granulite  facies  resulted  in  almost 

complete  decarbonation  and  dehydration,  and  partial  de  sulphur  i  sat  ion,  and  was 

followed  by  extensive  but  variable  retrogression.  The  prograde  and  retrograde 

metamorphic  events  have  both  contributed  to  a  complex  range  of  mineral 

assemblages,  compositions  and  textures  with  minor  sulphide  remobilization. 

They  have  also  instigated  sulphide  -  silicate  reactions,  especially 

between  gahnite,  sphalerite,  staurolite  and  phyllosilicates. 



C h a p t e r  1 .  I n t r o d u c t i o n  a n d  P r e v i o u s  W o r k . 

1.1 The  Nature  of  this  Investigation. 

The  Broken  Hill  silver-lead-zinc  deposit  occurs  in  high  grade 

metamorphic  rocks  of  the  Lower  Proterozoic  Willyama  Complex,  in  the 

Barrier  Ranges  of  far  western  New South  Wales  (Fig's  1.1,  1.2,  anrl 

1.3).  The  deposit  comprises  a number  of  distinct  ore-bearing  lenses, 

of  which  the  A-lode  is  economically  one  of  the  most  important  (Fig. 

1.4).  The  western  A-lode  (WAU (Figs.  1.4  and  1.5),  has,  so  far,  been 

left  largely  untouched  in  mining  operations.  It  occurs  mainly  in  the 

New Broken  Hill  Consolidated  (NBHC)  and  Zinc  Corporation  (ZC)  mines. 

The  main  components  of  the  lode  are  quartz,  garnet,  sphalerite  and 

pyrrhotite,  with  galena,  pyroxmangite,  biotite,  feldspar,  gahnite  and 

amphiboles  locally  abundant,  but  general ly  the  distribution  of 

minerals  in  the  lode  is  extremely  heterogenous  particularly  for  the 

sulphides.  The  structure  is  very  complex  and  highly  deformed,  but 

mesoscopic  layering  is  sometimes  present. 

The  origin  of  the  Broken  HilL  ore  deposit  has  been  the  sublet  of 

controversy  for  some  time  but  it  is  now  generally  agreed  to  have  been 

deposi ted  as  a  chemical  sediment  and  subsequently  isochemically 

metamorphosed  (Johnson  & KUnger,  1975;  Stanton,  1976a,  b,  c,  d; 

P l i m e r ,  1 9 7 9 )  The  or ig ina l  nature  of  some  rock-types,  e .g . 

quartz-gahnite  rocks,  pegmatoids,  and  garnet-r ich  rocks,  is  still 

poorly  understood,  despite  intensive  study  by  many  workers  (e.g. 

Stanton,  1976a,  b,  c,  d;  Spry,  1978;  Billington,  1979;  and  Plimer, 

1979).  A number  of  peculiarities  about  the  ore  bodies  have  not  been 

satisfactorily  explained,  such  as  the  complete  lack  of  pyrite,  the 
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Drill  Sections 

A LODE Fig.  1.5  Longitudinal  Projection  of  A  lode  and  Western  A  lode  onto  a  plane  100  ia 
west  of  Drill  Section  Reference  Line  (see  Fig.  1.6). 



rx,ure  1.6:  Z.C.  and  N.B.H.,.  nl-.o.ing  drill  sections 
used. 



TABLE 1,1  A  comparison  of  mineral  assemblages  used  to  define 

metamorphic  zones  in  the  Broken  Hill  Block  (from  Elliott,  1979). 

Binns  (1964) Phillips  et  al.  (1976) 

ZaSTE MAFIC 
BOCKS 

PELITIC 
RXKS 

zom MAFIC  PELITIC 
POCKS PDCKS 

A Amphibolite 

with  green 

or  blue-green 

hornblende 

Sillimanite-

muscovite 

1 Hornblende-  Andalusite-

Plagioclase  inuscovite 

B Amphibolite 

with  brown 

or  brown-green 

hornblende 

Sillimanite-

orthoclase 

As above Sillimanite-

muscovite  + 

garnet 

Hornblende-

or  thopyroxene-

clinopyroxene 

granulite 

As above Hornblende-

Plagioclase 

Sillimanite-

rauscovite 

+orthopyroxene  (+  garnet, 

cordierite) 

Orthopyroxene-

clinopyroxene-

(+  hornblene, 

garnet) 



high  zinc  content  of  many  non-sulphide  phases  (gahnite,  staurolite, 

i lmeni te,  biot i te,  e tc . ) ,  and  the  unusual  composit ions  of  some 

rock-types. 

This  study  endeavours  principally  to  elucidate  the  mineralogical 

variation  in  tlie  Western  A-lode. 

An at tempt  is  made  to  determine  from  the  lode's  mineralogy: 

i)  w h e t h e r  the  variability  is  principally  sedimentological  or 

deform  a tional  in  character; 

i i )  t h e  e f f e c t  o f  r e t r o g r e s s i o n  o n  t h e  l o d e ; 

iii)  c o n s t r a i n t s  on  the  g e n e s i s  of  the  ores  and  wallrocks. 

Th is  i n v e s t i g a t i o n  will  assist  the  min ing  companies  by: 

i)  defining  mineralogical  criteria  which  may  be  useful  in  helping 

outline  the  WAL. 

ii)  p r o v i d e  information  regarding  the  distribution  of  various 

sulphides  within  the  WAL. 

1.2 General  Geology 

The  metamorphosed  stratabound  Broken  Hill  ore  deposit  occurs  in  the 

Broken  Hill  Group  of  the  Lower  Proterozoic  Wil lyama  Sup-^rgroup 

(formerly  Willyama  Complex;  Willis  et  al.  1983).  Ihe  suites  defined  in 

the  Willyama  Supergroup  by  WHlis,  1983,  from  earliest  to  latest,  are: 

i)  Clevedalfi  Migmatites. 

il)  Thorndale  Composite  Gneiss, 

iii)  Thackaringa  Group:  quartz  of  eldspathic  gneisses  and  quartz-albite 

rocks. 

iv)  Broken  Hill  Group:  pelitic  metasedira  ents,  basic  gneisses, 

garnet i ferous  quar tzo fe ldspath ic  r o c k s  and  l ode  r o c k s , 

v)  S u n d o w n  G r o u p :  pe l i t i c  to  p s a m m i t i c  m e t a s e d i m e n t s . 



vi)  Paragon Group:  graphi t ic  metasediments  and quar tz i tes . 

Stevens et aL (1980) suggested that  this  stratigraphic  sequence, 

lacking  obvious unconformities,  represents  a variation  from  immature 

sandy sediments  (suites  1-3) to more shaley sediments  (suite  4), 

shaley and mature  sandy sediments  (suite  5), and shallow  water  siLty 

to clayey sediments  (suites  6 - 7 ) . Volcanism  reached a maximum 

intensity  in  suites  3-4 and then  virtually  ceased with  deposition  of 

the principal  stratiform  ore-bearing  rocks. Stevens e t al.  (1980) 

postulated  that  the sequence represents  deposition  with  decreasing 

d e p t h  and i n c r e a s i n g  m a t u r i t y  in  a s h e l f  e n v i r o n m e n t . 

This  complex of highly  deformed metasediments  and metavolcanics  has 

been subjected to varying  grades of metamorphism  ,the peak of which 

has been dated at  about  1700 Ma (Pigeon, 1967; Shaw, 1968; Reynolds, 

1971) with  deposition  of the original  rocks postulated  at  1800 Ma ago 

(Shaw, 196 8). A more recent  com pari  tive  study  of various  isotopic 

dating  methods by Gulson (1983) dated the two metamorphic  peaks at 

1580 and 1660 Ma. 

The metamorphic  history  is complex and Binns  (1962, 1964) defined 

four  major  deformations.  The structural  analysis  of Laing  e t al. 

(197 8), however, seems more generally  accepted at  present,  and they 

recognised Ml  and M2 as two prograde  deformations  of similar  grade, 

and M3 as a retrograde  deformation.  They suggested that  these may be 

all  part  of the one orogeny, the "Olarian  Orogeny",  witli  M3 probably 

commencing soon after  M2,  and continuing  until  about  the emplacement 

of the Mundi  Mundi  granite  at  about  1500 Ma (Pigeon, 1967). The range 

in  metamorphic  conditions,  according to phiuips  (1980) is from  500'' , 

3kbar,  %20 = 1, to 800^  , 6kbar  and ^H20  = 0.5 +_0.2. (Table 1.2). 

Part ial  melting  is of ten well  developed, with  migmatites  being 



Table  1.2  Siunraary  of  esfimated  metamorphic  conditions  at  Broken  Hill  (adapted  from 
Elliott,  1979) 

HIGH GRADE METAMORPHISM 

Re fe  rence Me tamorphism 
event  after 
Laing  1977 

T°C 

Binns,  1964 

Chenhall,  19  7  3 

Hewins,  1975 

S.  Lee 
(pers.  comm., 

1976) 

Scott  ^t  £l. 
19 7  7 

Laing,  1977 

Laing,  1977 

Phillips, 
1978,  1980 

Elliott,  1979 

1 - 2 

1 - 2 

1 - 2 

' 1 - 2 

1 - 2 

1-2 

5-10 

3-5 

7.8  a\ 
max. 

750-800 

680-800 

780-843 

700-800 

650-800 

5.2  -  6.9  650-750 

5.5  -  7.0  600-750 

A.9  -  5.5  710-770 

5.5  -  7.0  650-800 

»2° 
Method  of  Calculation 

'  H,9 

iloO 

HoO 

HnO 

HnO 

HoO= 

Reaction  curves 

Reaction  curves 

Mg-Fe partitioning  between 
orthopyroxene  and 
clinopyroxene 

Mg-Fe partitioning  between 
cordierite  and  garnet. 

Partitioning  of  FeS, 
between  sphalerite  and 
hexagonal  pyrrhotite 

Reaction  curves 

Reaction  curves 

Reaction  curves,  Opx-
garnet,  &  cordierite-
g a m e t  partitioning, 
melting  &  dehydration 
reactions. 

Reaction  curves,  geobaro-
metry  &  geothermometry 
studies  listed  above. 

0.25  +  0.1 

H-,0 

REGIONAL RETROGRADE METAMORPHISM 

Chenhall,  19  7  3 

Laing,  1977 

Elliott.  19  79 

6.0  -  4.5  600-480 

6.0  -  3.0  750-450 

5.5  -  3.0  650-450 

1'  =  P 
H^O T 

variable 
but  hi^h 

Reaction  curves 

Reaction  curves 

Reaction  curves. 



common in  the higher-grade  metamorphic  facies (Corbett  and PhiUips 

(1981)). Phillips  and Wall  (1981) found  evidence that  C02-induced 

crustal  dehydration  preceded the formation  of the granuUte  facies 

terrain,  and like  Stevens et al.  (1980) thought  the high  thermal 

gradient  to result  from  upweULng  of basic magma or mantle  material. 

There is a general  trend  of increasing  metamorphic  grade from 

northwest  to southeast,  first  described by Binns  (1962, 1964), and 

more accurately  defined  by Phillips  (1978 &  1980) (Fig.  1.1 and Table 

1.1). The latter  author  mapped four  metamorphic  zones, showing  that 

the isograds were both fo lded and faul ted  by la ter  re t rograde 

deformational  events, and considered that  the Broken  Hill  ore bodies 

had been subjected to metamorphism  of the two - pyroxene zone of the 

granuHte  facies. 

The Complex is transected  by numerous  M3 retrograde  shear zones 

(RSZ) as described by Vernon  and Ransom (1971), Corbett  and Phillips 

(1981) and Etheridge  and Cooper (1981). These also increase in 

metamorphic  grade to the southeast  and, as noted by Chenhall  (1^73), 

and Corbet t  and Phillips  (1981), the presence of kyanite  and 

stauroHte  in  some RSZ is indicative  of comparatively  high  pressure. 

Kyanite  is unknown  in  the WiUyama  Complex outside  of the two-pyroxene 

zone (Corbett  and Phillips,  1981). Fine-grained  muscovite,  b i o t i t e , 

garnet  and sillimanite  are typical  minerals  of the RSZ. Widespread 

incipient  migmatization  was t±iought  by Corbett  and Phillips  to be 

accompanied by incipient  retrogression  in  surrounding  rocks, but  the 

RSZ seem unrelated  to migmatites  (Etheridge  and Cooper, 1981). The 

l a t t e r  workers  explain  the retrogression  in  RSZ as being due to 

meteoric  fluids  penetrating  down to about  10 km  !, and exceptionally 

large  amounts  of fluid  (1,000-10,000 x rock volume)  were postulated  to 



account  for  the  large  amount  of  muscovite/sericite,  and  loss  of 

silica.  Isotopic  evidence  shows  that  the  RSZ probably  represent  a  long 

series  of  deformational  events  during  and  following  M3,  from  about 

1 4 9 0 to  a b o u t  4 60 Ma ( E t h e r i d g e  and  C o o p e r ,  1 9 8 1 ) . 

Stevens  et  al.  (1980)  postulated  a rift-environment  origin  for  the 

ore  deposit,  associated  with  hotspots  and,  although  neither  modern 

continental  or  island  arc  settings  are  strictly  compatible,  favoured  a 

frontal  -  arc  basin  setting  similar  to  the  Green  Tuff  region  of  Japan. 

Willis  et  al.  (1983)  similarly  inferred  a setting  within  an  active 

rift  zone  in  a  subsiding  extensional  shelf-like  environment,  but  noted 

the  lack  of  evidence  for  pre-existing  continental  crust  to  the  east, 

and  the  absence  of  coarse  pyroclastics  and  conglomerates  in  the 

sequence.  They  suggest  that  the  Broken  HiU  Block  lay  towards  the 

continental  margin,  and  postulate  a  broad,  marine,  ensialic  back-arc 

basin  beh ind  a cont inenta l  margin  as  a  possible  sett ing. 

1.3 Geology  of  the  Mines  Area 

1.3.1  Litholpgy 

Carruthers  and  Pratten  (1961),  recognized  a sequence  of  rocks  in 

these  Broken  Hill  Mines  area  which  they  termed  the  "Mine  Sequence" 

(Fig.  1.3).  This  has  been  discussed  in  detail  by  Johnson  and  KUngner, 

(1975),  Laing  et  al.  (1978)  and  Laing,  (1980).  In  their  recent 

subdivision  of  the  Willy  am  a Supergroup,  Willis  et  al.  (1983)  placed 

most  of  the  Mine  Sequence  within  the  Broken  Hill  Group,  and  the  major 

mineralisation  within  the  Hores  Gneiss,  Pumamoota  Sub-group.  Johnson 

and  Gow (1975)  have  shown  that  most  other  major  Broken  Hill-type 

mineralization  in  the  Willyama  Complex  is  associated  with  this 



sequence.  It  should  be  noted  however,  that  the  Pinnacles  Mine  (the 

second  largest  deposit  within  the  Willyama  Complex  c.f.  Turner,  1927) 

and  numerous  small  stratiform  deposits,  occur  within  the  Thackaringa 

Group,  slightly  older  than  the  Broken  Hill  Group,  and  are  of  Broken 

H i l l - t y p e  ( B a r n e s ,  1 9 8 0  ;  L e y h  & L a r s e n ,  1 9 8 3 ) . 

The  Mine  Sequence  consists  principally  of  a  range  of  pelitic  to 

psammitic  and  feldspathic  gneisses,  commonly  migmatized.  Concordant 

iron-rich  amphibolite  horizons  are  common,  but  minor,  units.  An 

essentially  massive,  coarse-grained,  leucocratic,  quartz  o-feldspathic 

gneiss  has  been  termed  the  "Granite  Gneiss"  (Carruthers  and  Pratten, 

1961),  "Felsic  Gneiss"  (PUmer,  1979)  and  Rasp  Ridge  Gneiss  (Willis  et 

al.  1 9 8 3 ) .  Several  units  of  a  distinctive  ga rne t -p lag ioc lase -

orthoclase-bioti te  gneiss,  within  the  Hores  Gneiss  (Willis  et  al. 

1983)  are  termed  the  "Potosi  Gneiss"  (Carruthers  & Pratten,  1961)  and 

h a v e  a c l o s e  r e l a t i o n s h i p  t o  t h e  o r e b o d i e s . 

T h e  M i n e  S e q u e n c e  p r o b a b l y  o r i g i n a t e d  a s  a m i x e d 

volcano-sedimentary  succession  (Johnson  and  Klingner,  1975).  Plimer 

(1979),  using  field  relationships,  relict  textures  and  structures,  and 

geochemical  data,  showed  that  the  felsic  gneiss,  Potosi  Gneiss  and 

amphibolites  are  probably  of  igneous  origin.  The  progenitors  were 

suggested  to  be  an  altered  acid  pyroclastics,  a  rhyodacitic  tuff,  and 

a basaltic  tuff,  respectively.  Willis  et  al.  (1983),  suggested  that 

the  associated  metasediments  were  derived  by  subaerial  weathering, 

e r o s i o n  a n d  r e d e p o s i t i o n  of  t h i s  v o l c a n i c  m a t e r i a l . 

The  orebodies  consist  of  a  series  of  lenses,  conformable  with  the 

general  stratigraphy,  known  as  the  "lode  horizon"  (Carruthers  and 

Pratten,  1961)  (  Figures  1.3  and  1.4).  These  lodes  have  a complex  and 

variable  composition  (Tables  1.3  and  1.4),  and  are  separated  by  a 



TABLE 1.3 PRINCIPAL  ORE LENSES AT ZC/NBHC MINES 

Lead 

Lcxies 

3 lens 

2 lens 

(stratigraphic  top/structural  base) 

1 lens  upper 

Zinc  1 lens  lower 

Lcx3es  A lode 

B lode (stratigraphic  base/structural  top) 



TABLE 1.4  PRINCIPAL  GANGUE MIMERALOGY AND TYPICAL  MINING  GRADES OF 

THE BROKEN HILL  OREBODIES (adapted  from  Johnson  and 

Klingner,  1976;  PlLmer,  1979). 

Orebody Gangue Typical  mining  grade 

Pb g/t  Ag  %Zn 

3 lens  rhodonite,  fluorite,  quartz, 

(NE end)  garnet,  gahnite,  apatite 

pyroxmangite,  amphiboles. 

15 300 13 

3 lens  quartz,  fluorite,  rhodonite, 

(SW end)  garnet. 

11 200 15 

2 lens  calcite,  rhodonite,  bustamite, 

manganoan  hedenbergite,  tephroite, 

quartz,  garnet,  orthoclase,  micas. 

14 100 11 

1 lens  quartz,  calcite,  bustamite. 

orthoclase,  apatite,  gahnite. 

50 20 

A lode  rhodonite,  pyroxmangite,  quartz, 

manganoan  hedenbergite,  garnet, 

gahnite,  calcite,  apatite, 

orthoclase. 

40 10 

B lode  quartz,  orthoclase,  garnet,  apatite.  5 40 17 



sii iceous sillimanite  gneiss which  commonly  shows some interlayering 

and gradation  with  lode rocks, and may contain  layers  rich  in  quartz, 

garnet,  sulphides  and/or  other  lode-indicative  minerals.  Feldspathic 

and/or  migmatitic  layers  are common. 

Quartz,  sulphides,  garnet,  gahnite,  calc i te,  f luorite,  pyroxenoids, 

pyroxenes, orthoclase,  plagioclase, f luorapatite,  amphiboles  and micas 

are all  locally  abundant,  and most are widely  distributed  throughout 

the lodes. Most  of these can be major  phases, sometimes loca l l y 

forming  almost  monominerallic  rocks. Many  different  loc^e rock types 

were described and classified  by Spry  (1973) and Billington  (1979), 

the most persistent  being "quartz-gahnite",  which  occurs along about 

300 km  st r ike- length  (Plimer  (1979) and Fig  1.2), but  "garnet 

quartzite"  is also common. These rocktypes  were thought  by Spry  (1978) 

to have formed  from  zinc and manganese ox ide r ich  sediments 

respect ively.  The lode horizon  has great  lateral  continuity  despite 

the discontinuous  nature  of component rock bodies, and occurs in 

n e a r l y  a l l  pa r t s  o f the Wil lyama  Complex (Stevens, 1980). 

"Banded Iron  Formation"  (BIF)  is a term  given by Carruthers  and 

Pratten  (1961) to we l l - layered  horizons  consisting  principally  of 

garnet,  quartz,  magnetite  and apatite  with  sulphides  and gahnite  as 

common accesso r i es . Eight  such hor izons  have been recognized. 

1.3.2 Stratigraphy  and Environment  of Deposition  of the Orebodies 

There are six principal  lodes at  Broken  HiU  (Tables 1.3 and 1.4) 

and also some weak stringer  mineralization  stratigraphically  below the 

B lode at  ZC, which  has been referred  to as "C lode" (Spry,  1978). 

Typical  cross-sections of the lodes in  the ZC-NBHC  area are shown in 

Figures  1.3 and 1.4. 



The  reference  lines  and  coordinates  used  in  these  sections  are  an 

arbitary  but  well  established  system  unique  to  Broken  Hill  and 

developed  by  the  Broken  Hill  mining  companies.  The  base  line  is 

defined  as  0 = 10,000  metres  below  sea  level,  and  ground  level  at 

Broken  HiU  is  thus  at  about  10,280  metres  on  these  coordinates.  The 

mine  levels  are  about  50 metres  apart. 

The  felsic  gneiss  lies  stratigraphicalLy  above  the  orebodies,  while 

units  of  Potosi  Gneiss  may  lie  above,  below  and  stratigraphically 

equivalent  to  the  ore  lenses  in  the  east  (Hawkins,  1968a;  Plimer, 

1979).  The  Birs  lie  above  or  in  stratigraphically  equivalent  horizons 

on  opposite  sides  of  Potosi  Gneiss  bodies  to  the  sulphides  lenses 

(Plimer,  1979).  In  general,  thinning  of  Potosi  Gneiss  bodies  is 

related  to  the  deposition  of  the  major  sulphide  bodies  (MacKenzie  and 

Gow, 1970).  The  latter  authors  suggested  that  ridges  of  Potosi  Gneiss 

separated  the  reducing  environment  of  sulphide  deposition  from  the 

oxidizing  environment  of  BIF  deposition.  Eight  principal  BIF's  (1-3 

metres  thick)  are  present  in  the  mine  area,  but  only  four  show 

significant  continuity,  with  the  principal  horizon  extending  for  15 

km. 

Facies  variations  in  the  Willyama  Complex  are  very  common  (Thomas, 

1960),  and  especially  so  within  the  mines  sequence  (Hawkins,  1968; 

Plimer,  197  9).  The  ore  lenses  occur  within  relatively  homogenous 

sillimanite  gneiss,  but  influxes  of  chemical  sediments  (now  largely 

represented  by  quartz,  garnet  and  sulphide-rich  rocks)  produced 

extremely  rapid  facies  variations.  Billington  (1979)  suggested  that 

changes  from  oxide  to  silicate  to  sulphide  facies  occurred  during 

deposition. 

Penecontemporaneous  faulting  probably  occurred  during  deposition  of 



the  Broken  Hill  Group  sediments  and  Leyh  (1982)  indicated  that 

retrograde  shear  zones  may  have  been  active  during  sedimentation  in  an 

area  18 km  NE of  Broken  HilL  Evidence  of  the  latter  also  exists  near 

the  main  NBHC shaft  and  in  the  southern  extensions  of  the  orebody 

(Johnson  and  Klingner,  1975),  and  may  result  in  a  dramatic  cut-off  in 

sulphide  thickness  (T.  Jackson,  pers.  comm.).  The  orebody  lies  near 

the  intersection  of  two  major  Hneaments,  and  lies  parallel  to  the 

Darling  Lineament  (O'DriscoU,  1968,  1983). 

D e s p i t e  some  structural  a t tenuat ion,  the  orebodies  have  a 

length/breadth  ratio  of  about  8:1.  MacKenzie  (1968)  and  Johnson  and 

Klingner  (1975)  postulated  a long,  narrow,  fault-bounded  sea-floor 

depression  and  Plimer  (1979)  additionally  envisaged  distal  volcanic 

centres. 

Stevens  et  al.  (1980)  thought  the  mine  sequence  to  have  been 

deposited  following  a period  of  rifting-induced  volcanism  in  a  deep, 

b u t  s h a l l o w i n g ,  b a s i n  w i t h  l o w  d e t r i t a l  i n f l u x . 

1 . 3 . 3  S t r u c t u r e  in  t h e  r e g i o n  o f  t h e  O r e b o d i e s 

The  structure  of  the  mines  area  is  very  complex  and  is  stilL  in 

some  dispute  witti  different  structural  models  having  been  proposed  by 

Hobbs  (1966),  Johnson  and  Klingner  (1975),  Hodgson  (1975a)  and  Laing 

et  aL  (1978).  The  model  of  Laing  et  al.  is  perhaps  the  one  most 

generally  favoured,  and  these  workers  were  the  fiist  to  prove  that  the 

orebodies  have  been  overturned  and  recognized  an  earlier  deformation 

event  to  that  which  produced  the  prominent  structures  of  the  Broken 

Hill  a rea .  Aspects  of  this  model  a re  s h o w n  in  F i g u r e  1 . 7 . 

The  first  generation  of  folding  is  represented  by  very  large  scale, 

commonly  recumbent,  folds  throughout  the  area,  and  the  orebodies  occur 
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on the overturned  limb  of one of these. This  folding  (Fl)  was 

synchronous  with  the first  high-grade  metamorphism  (Ml);  the second 

high  grade metamorphism  (M2)  was associated with  large  scale tight  F2 

folding.  The third  major  deformation  (F3), responsible  for  small  scale 

folds and crenulations  in  the orebody, was synchronous  with  retrograde 

metamorphism  {M3).  F2 and F3 folds are frequently  coaxial  (Johnson and 

KHngner,  1975). 

Shearing  is common in  the area, and the principal  retrograde  shear 

zones are shown in  Figures  1.3 and 1.7. These commonly  are oriented 

NNE,  o f t en paral le l  to S3. Incipient  retrogression  outside  these 

zones is very  common, and frequently  seems related  spatially,  and 

perhaps also gene t i ca l l y ,  to migmatization  (Corbett  and Phillips, 

1981). 

The orebodies are apparently  thickened  in  F3 fo]d hinges in  the 

NBHC  and ZC mines,  and Laing  et al.  (1978) suggested that  some 

movement  of sulphides  into  F2 and F3 fold  hinges may have occurred. 

Hopwood (1978) showed tliat  intrafolial  folds were common in  orebodies, 

and are perhaps due to syntectonic  hydrotiiermal  activity,  related  to 

metamorphism  or mineralization.  Vokes (1968, 1971) described how 

sulphides  can be mobilized  to a few metres  under  high  grade regional 

metamorphism,  and such mobilization  at  Broken  Hill  was described by 

Maiden  (1975). The consistency of stratigraphic  relations  was used by 

Matthias  (1973), Stanton  (1976) and pUmer  (1979) as evidence for  the 

overall  insignificance  of such movement  or transposition.  The orebody 

t h e r e f o r e  s e e m s to have had an o r i g i n a l  l i n e a r  s h a p e . 

1.3.4 Wallrock  Alteration 

Wallrock  alteration  at  Broken  Hill  is generally  assumed to be minor 



and  insignificant  (Johnson  and  Klingner,  1975)  and  PHmer  (1975  and 

1979),  Stanton  (1976d)  and  Elliott  (1979)  descr ibe  geochemical 

variations  that  indicate  that  premetamorphic  hydrothermal  alteration 

probably  did  occur  on  a small  scale,  PlLmer  (1979)  suggested  that  the 

g e o c h e m i c a l  va r i a t i ons  pr inc ipa l ly  represent  premetamorphic 

seric i t izat ion  shown  mainly  by  areas  of  high  K,  Si  and  Rb . 

Sericite-schist  zones  bordering  sulphides  were  suspected  of  being  an 

alteration  feature,  but  probably  just  indicate  differential  movement 

of  sulphide  ore  with  respect  to  the  surrounding  rocks  (PlLmer,  1979). 

1.3.5  Metamorphism  and  synmetamorphic  metasomatism  in  the  lodes 

The  orebodies  have  been  metamorphosed  to  the  2-pyroxene  zone  of 

lower  granuUte  facies  (Phillips,  1980)  during  Ml  and  M2,  along  with 

the  enclosing  rocks  (Maiden,  1975).  Partial  melting  of  silicates  and 

sulphides  was  probably  contemporaneous  (Plimer,  1976a  and  Lawrence, 

1967). 

Mos t  g e o l o g i s t s  have  assumed  that  essentially  isochemical 

metamorphism  occurred  in  these  rocks,  as  sedimentary  structures  and 

chemica l  strat igraphy  have  been  preserved  -  locally  at  least 

(Matthias,  1974,  Glen  and  Laing,  1975,  Stanton  and  Williams,  1978  and 

Plimer,  1977  and  1979).  There  is,  however,  considerable  evidence  for 

aUochemical  reactions  in  many  rocktypes.  Garnet  and/or  biotite-rich 

rims  on  amphibolite  dykes  (Stillwell  and  Edwards,  1956;  Segnit,  1961; 

Plimer,  1979),  and  garnet-rich  alteration  rims  to  orebodies  (Jones, 

1 9 6 8 ;  Ma iden ,  1972 ;  Spry,  1 9 7 8 ;  Bil l ington,  1979)  are  common, 

indicating  significant  element  mobility.  The  abundance  of  anhydrous 

sil icates,  including  garnets,  pyroxenes,  pyroxenoids  and  siHLmanite, 

indicate  the  loss  of  volatiles,  principally  H2 0 and  C 0 2 (Plimer, 



1979).  Ahmad  and  Wilson  (1982)  proposed  hydrogen  metasomatism  to 

explain  fibroHte  formation  and  movement  of  U and  B in  sillimanite 

gneisses  at  Broken  Hill.  Quartz-rich  veins  have  also  been  interpreted 

to  be  indicative  of  metasomatism  (Dewar,  1968;  Phillips,  1980). 

Desulphurization  has  been  proposed  by  Wall  et  aL  (1976)  and  PUmer 

(1977a)  to  account  for  the  lack  of  pyrite  and  abundance  of  gahnite  in 

these  lodes,  but  Spry  (1978)  and  Plimer  (1977b)  found  no  evidence  for 

sulphur  loss,  and  suggested  that  the  lodes  were  originally 

sulphur-poor.  Wall  and  England  (1979)  showed  that  sphalerite  should 

re-equilibrate  at  high  temperature  and  pressure  with  Fe-Mg-Al 

silicates,  producing  gahnite  in  equilibrium  with  H2S-rich  fluid. 

Saxby  (1981)  thought  that  the  rarity  of  graphite  at  Broken  Hill 

(Ramdohr,  1950)  resulted  from  synmetamorphic  oxidation  by  H20 or 

Fe203.  Synmetamorphic  oxidation  and  reduction  seems,  however,  poorly 

understood  at  present  (Mueller,  1967,  Klein,  1973,  Speer,  1981  and 

Haase,  1982).  Methane  leaks  out  of  the  Broken  Hill  ore  (  I.  Plimer, 

pers.  comm.)  and  thus  may  be  an  important  component  of  intergranular 

fluids  and  may  have  been  derived  from  original  graphite  (Saxby,  1981). 

The  low  permeability  of  various  rocktypes  may  preclude  metamorphic 

equilibration  (Rumble  et  al.  1982),  and  may  explain  the  lack  of 

e l e m e n t  mob i l i t y  in  BIF's  (Stanton  and  Wi l l iams,  1 9 7 8 ) . 

1.3.6  Retrogression  of  the  Orebodies 

Despite  the  early  recognition  of  the  presence  and  significance  of 

the  RSZ (The  Geological  Suboommitee  of  the  late  Scientific  Society  of 

Broken  Hill,  1910;  Andrews,  1922)  little  detailed  study  of  the  effects 

of  retrogression  on  the  lodes  has  been  undertaken.  Scott  et  al.  (1977) 

suggested  that  the  sulphides  had  undergone  post-metamorphic  or 



retrograde  re-equilibration.  This  is  most  important  for  pyrrhotite, 

which  exhibits  several  breakdown  reactions  from  the  original  hexagonal 

py r rho t i t e ,  including  exsolution  of  troilite,  and  formation  of 

monoclinic  pyrrhotite,  pyrite  and  marcasite.  Spry  (1978)  noted  some 

retrograde  zoning  in  garnet,  gahnite  and  loellLngite,  and  breakdown  of 

loeUingite  to  arsenopyrite. 

The  retrogression  appears  to  have  significantly  mobilized  a number 

of  elements,  some  on  quite  a  large  scale.  Silver,  lead,  copper,  iron, 

manganese,  mercury,  arsenic  and  antimony  are  among  the  most  important 

of  these  and  their  mobilization  into  RSZ apparently  resulted  from  an 

influx  of  aqueous  fluid  (Ryall,  1979a;  Plimer,  1980c).  Jones  (1968), 

thought  that  tiie  garnet  sandstones  resulted  from  large  scale  manganese 

metasomatism  related  to  the  RSZ. 

1 . 3 . 7  Z o n i n g  a n d  V a r i a b i l i t y  i n  t h e  O r e b o d i e s 

The  lode  horizon  appears  to  be  quite  continuous  throughout  the 

Willyama  Complex  (Johnson  and  Klingner,  1975)  but,  as  described  above, 

can  have  a very  variable  lithology.  A number  of  attempts  have  been 

made  to  study  the  variation  within  this  formation,  and  especially 

within  the  sulphide-rich  rocks,  mostly  involved  relating  any  apparent 

zoning  to  various  origins. 

Burrell  (1943),  Garretty  (1943),  Gustafson  et  al.  (1950),  Hawkins 

(1968a)  and  Stanton  and  Richards  (1961)  described  the  variations  in 

base  metal  ratios  in  the  lodes.  Each  lode  has  comparatively  constant 

and  characteristic  ratios,  enabling  distinction  of  lodes  even  in  close 

contact.  King  and  O'DriscoU  (1953),  King  and  Thompson  (1953)  and 

Carruthers  (1965)  cited  these  ratios  in  support  of  a  syngenetic 

origin,  but  they  could  not  provide  a satisfactory  explanation  for 



t±ieir  variation. 

Plimer  (1968)  studied  the  variability  of  the  lodes,  and  concluded 

that  the  complexity  was  due  to  both  original  depositional  variability, 

and  s e v e r a l  t y p e s  of  t e c t o n i c  m i n e r a l  r e d i s t r i b u t i o n . 

Burford  (1972)  studied  the  B lode,  and  found  evidence  for  a  weakly 

defined  lateral  zoning,  as  indicated  by  variations  in  Cu,  Pb,  Zn,  Ag 

and  Bi,  all  opposite  in  trend  to  other  volcanogenic  deposits,  and 

which  he  thought  to  indicate  overturning  of  this  orebody.  The 

copper-rich  zone  on  the  hanging  wall  was  also  noted  by  Hawkins  (1968). 

Mackenzie  (1968)  noted  that  a  pyrrhotite-rich  zone  envelops  the 

l e a d  l o d e s  b u t  c o u l d  f i n d  no  e x p l a n a t i o n  f o r  i t . 

Stanton  (1976a,  b,  c,  d)  and  Stanton  et  al.  (1978)  discussed  the 

geochemical  variation  within  the  lodes  and  the  BIF's  and  the 

interrelations  of  various  components.  A general  zonation  was  not  found 

in  the  sulphide  lodes  but  the  BIF's  show  consistent  zoning  down  to 

fine  bands.  This  latter  fact  was  used  as  evidence  for  isochemical 

metamorphism  and  for  lack  of  any  mobilization  in  the  area,  although 

Rutland  et  al.  (1979)  thought  this  conclusion  very  debatable,  the  BIF 

being  an  unusual  lithology.  Stanton  (1976a,b,c,d)  thought  of  the  BIF 

as  an  oxide  facies  variant  of  the  sulphide  lodes,  deposited  in  the 

closing  stages  of  ore  deposition. 

Plimer  (1975)  detected  a minor  alteration  zone,  potassium-rich  and 

sericitized,  about  the  ore  deposit,  and  he  ascribed  this  to  retrograde 

alteration.  Fluid  ascent  along  sulphide-silicate  boundaries  was 

thought  to  be  re^onsihle. 

Stanton  (1976c)  compared  the  vertical  distribution  of  the  major 

metal  in  these  lodes  with  other  stratiform  sulphide  orebodies,  where 

Cu-Zn-Pb-Ag  is  the  usual  order  of  deposition.  The  opposite  trend 



appears  in  the  Broken  Hill  orebodies,  both  within  each  lode  and  over 

the  whole  lode  sequence,  and  this  he  interpreted  as  indicating 

inversion  of  the  lodes,  a  hypothesis  supported  by  the  structural  work 

of  L a i n g  e t  a l .  ( 1 9 7 8 )  a n d  n o w  g e n e r a l l y  a c c e p t e d . 

pHmer  (1977  and  1979)  reconsidered  the  alteration  zone  and  showed 

that  most  aspects  of  it  could  have  been  due  to  pre-metamorphic 

hydrothermal  alteration.  Similarities  were  shown  be tween  this 

alteration  zone  and  those  near  known  submar ine  exhalat ive  ore 

deposits.  In  the  latter  paper  PlLmer  proposed  that  elemental  zoning 

(Fig.  1.8)  witliin  and  between  the  lodes  is  related  to  this  alteration. 

Elliott  (197  9)  discussed  these  geochemical  haloes  in  greater  detail 

and  found  them  to  be  stratigraphically  controlled  originating  .  from 

primary  chemical  precipitation  as  well  as  hydrothermal  alteration. 

Billington  (1979)  discussed  variations  within  the  orebodies  and 

associated  quartz i tes,  which  suggested  variation  from  oxide  to 

silicate  to  sulphide  facies. 

Ryall  (1979a)  noted  a general  increase  in  mercury  towards  the 

stratLgraphic  tops  of  most  lodes,  but  no  relation  between  lodes.  This 

vert ical  variation  is  consistent  with  other  stratiform  ore  deposits 

(Ryall,  1979b),  but  is  complicated  by  mobilization  due  to  partial 

melting,  plastic  flow  and  retrograde  shear  zones.  It  was  shown  that  a 

much  greater  number  of  samples  would  be  required  for  adequate 

determinat ion  of  distribution  of  any  components.  Most  studies  of 

geological  and  geochemical  variability  at  Broken  Hill  have  similarly 

b e e n  o n  a b r o a d  s c a l e ,  w i t h  i n d e f i n i t e  r e s u l t s . 

1 . 4  M e t h o d s  o f  I n v e s t i g a t i o n  u s e d  i n  t h i s  s t u d y . 

The  Western  A lode  is  not  exposed  on  the  surface  and  at  present  has 
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Fig.  1.8  Schematic  unfolded  longitudinal  sectioTi  of  Broken  Hill 
orebodies  from  northern  to  southern  (ZC  and  NBHC mines) 
part  of  field  showing  elemental  zonation  observed  along 
and  across  strike  (from  Plimer,  1979). 



only  minor  exposures  in  underground  workings.  There  has,  however,  been 

extensive  diamond  drilling  of  the  lode,  as  23mm  diameter  core.  Most 

sampling  was  thus  done  on  this  core,  aided  by  several  trips 

underground. 

Significant  sections  of  selected  drill  holes  were  logged,  and  the 

resulting  cross-sections  are  described  in  Chapter  2.  The  results  are 

generally  similar  to  the  NBHC core  logs,  despite  some  incompatibility 

ill  style  due  mainly  to  more  detailed  logging  with  somewhat  different 

aims. 

Samples  have  been  taken  at  various  intervals,  depending  on 

lithology  and  mineralogy,  in  order  to  obtain  representative  samples  of 

major  units  or  rocktypes,  as  well  as  of  many  anomalous  units  and 

unusual  assemblages.  Sampling  sometimes  was  needed  at  10 cm  intervals 

or  less  due  to  the  extremely  patchy  nature  of  much  of  the  lode. 

Logging  l ikewise  was  initially  at tempted  at  1 m intervals, 

determining  average  mineralogical  compositions,  but  has  reverted  to 

logging  of  rocktypes,  from  10 cm  thickness  upwards.  This  fine-scale 

logging  has  still  not  produced  a well  defined  correlation  between 

holes,  although  some  trends  are  obvious.  Several  hundred  samples  have 

thus  been  gathered,  and  polished  thin  sections  were  made  of  most,  for 

the  study  of  sulphides  and  oxides  as  well  as  si l icates,  and  for 

microprobe  analysis. 

Mineral  phases  were  analysed  by  X-ray  Diffractometry  to  positively 

confirm  their  identity.  This  proved  to  be  a necessity  for  many  of  the 

pyroxenoids. 

About  500  Electron  Microprobe  analyses  were  conducted  on  most 

important  silicate  and  oxide  phases. 

NBHC has  provided  access  to  their  analytical  data,  which  usually 



com  prised  Pb,  Zn,  Ag  and  Cu with  occasional  Fe,  As  and  Bi  analyses. 

Whole-rock  and  some  trace  element  analyses  were  also  provided  by  NBHC 

for  selected  sections  of  one  drillhole.  A large  number  of  whole-rock 

analyses  of  most  common  units  around  the  lodes  are  available  from 

other  sources,  so  this  aspect  was  not  stressed  in  this  thesis; 

particular  aspects  of  whole  rock  chemical  variation  have  been 

described  in  great  detail  by  Stanton  (1972),  PHmer  (1979)  and  Elliott 

(1979). 



C h a p t e r  2 .  S t r a t i g r a p h y  & S t r u c t u r e 

2.1 Introduction 

The  WAL is  a  western  extension  of  the  A lode  (Tables  1.3,  1.4;  Fig 

1.4 ),  being  overturned  and  dipping  steeply  to  the  Northwest.  The  A 

lode  proper  is  similar  in  nature  and  complexity  to  the  WAL but,  due  to 

sulphide  concentration  in  an  F2  fold  hinge,  has  a higher  economic 

grade.  Examples  of  the  mineral  distributions  on  which  the  lode  is 

s u b d i v i d e d  f o r  t h i s  s t u d y  a r e  s h o w n  on  F i g .  2 . 1 0 . 

Relogging  of  WAL drillcore  has  produced  good  evidence  for  broad 

zoning  into  several  distinct  horizons  (Fig.  2.1  -  2.6).  The  boundaries 

between  the  various  zones  are  often  difficult  to  define  however,  due 

to  frequent  intercalation,  intergradation  and  shearing.  Microscopic 

investigation  was  necessary  to  define  most  bour̂ daries,  although  the 

major  parts  of  most  zones  are  easily  identified  mesoscopically.  The 

various  zones  are  discussed  below. 

2.2 Sillimanite  Gneiss 

The  lode  is  enclosed  within  a  pelitic  gneiss,  locally  termed  the 

sill imanite  g n e i s s .  This  is  p r i nc ipa l l y  a  s i l i ceous  b iot i te-

sillimanite  gneiss,  but  may  include  minor  lenses  of  garnet,  quartz, 

biotite  and  feldspar-rich  gneisses  and  quartzites,  rarely  more  than  a 

few  metres  thick.  Minor  patches  of  lode  rocks,  e.g.  garnet  quartzite 

or  g a h n i t e - r i c h  r o c k ,  o f t en  s u l p h i d e - b e a r i n g ,  may  o c c u r . 

Quartzo-feldspathic  zones  are  probably  principally  anatectic,  and  are 

described  in  section  3.4.4. 

The  gneiss  is  commonly  retrogressed,  resulting  in  a  sericite  gneiss 

or  s e r i c i t e  sch is t  w h e r e  th is  h a s  b e e n  m o s t  e x t e n s i v e . 
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2.3  Gahnite-rich  Zone 

This  subd iv is ion  is  normal ly  the  uppermost  zone  in  the  VN'AL 

stratigraphy.  Gahnite  is  not  uncommon  in  the  garnet  quartzi tes  or 

s i l l i m a n i t e  gneisses,  but  is  volume  trie  al ly  insignif icant  there.  This 

zone  is  definec3  to  average  more  than  5  vol.%  of  gahnite,  which  is  not 

a lways  visible  in  hand  specimen.  This  zone  has  a high  variabil i ty, 

comprising  l i thologies  varying  from  gneisses  to  g a r n e t  q u a r t z i t e s , 

wi th  abundan t ,  but  errat ical ly  distr ibuted,  sulphides  and  gahnite. 

Quartzo-feldspatliic  rocks  may  occur,  but  are  minor.  Spinels  (gahnite 

and  hercyni te),  biot i te,  garnet  (almandine),  quartz,  pyrrhotite,  and 

galena  are  the  most  common  phases. 

Coarse-grained  blue  quartz  gahnite  veins  are  common  in  this  zone, 

and  these  may  a lso  conta in  b i o t i t e  or  g a r n e t  (seldom  b o t h ) . 

This  zone  has  a var iable  size  and  gahnite  content,  apparently 

related  to  the  sulphide  content  and  as it  is  insignif icant  in  some 

sulphide-poor  areas  it  has  not  been  shown  on  all  sections.  It  normally 

separates  the  gneiss  from  the  garnet  quartz i tes  but  may  occasionally 

l i e  wi th in  e i t he r  l i t h o l o g y .  Bane r j ee  (1974)  described  a similar 

gahn i te - r ich  selvage  (also  containing  quar tz -gahni te  veins)  between 

z i n c - r i c h  sulphide  ore  and  aluminous  wal lrocks  in  the  Geco  Mine, 

Canada,  as being  of  metamorphic  origin. 

2.4  Upper  Garnet  Quartzite 

Strat igraphical ly  below  the  major  gahnite-rich  zone  are  quartzites 

of  w i d e l y  v a r i a b l e  composi t ion  ( the  ' q u a r t z i t e  e n v e l o p e '  o f 

Bil l ington,  1979).  In  the  WAL  they  are  principally  garnet  quartzites 

w i t h  v a r i a b l e  s u l p h i d e  and  b i o t i t e  c o n t e n t s ,  b u t  m i n o r 

gahn i te -bear ing ,  and  staurolite-bearing  horizons  may  occur.  A zone  of 



quartzofe ldspath ic  rocks  + sillimanite  gneiss  j-  quartz  -  gahnite 

rocks,  all  commonly  extensively  sericitized,  is  widespread  but  cross 

cutting  in  this  zone  (Figure  2.4),  and  is  related  to  shearing  and 

pegmatite  intrusion.  Blue  and  white  quartz  veins,  breccias  (garnet 

quartzite  in  quartz  veins)  and  coarse-grained  garnet  -  sulphide  -

quartz  patches  are  probably  related  to  the  "re  mobilized  garnet 

quar tz i tes"  of  Spry  (1978)  and  occur  throughout  the  garnet-rich 

litliologies.  Quartz  and  sulphides  tend  to  show  a general  antipathetic 

relation  to  garnet  and  biotite,  giving  rise  to  the  "biotite  -  garnet 

quartzites"  and  "sulphide  quartzites"  of  Billington  (1979),  the  latter 

lithology  teing  most  common  near  the  base,  and  the  former  near  the  top 

of  this  zone  (Fig.  2.7). 

2.5 E>yroxenoid-Amphibole  Zone 

This  zone  lies  approximately  in  the  central,  most  sulphide-rich, 

part  of  the  lode  and  is  defined  to  include  all  pyroxenoid  and  most 

of  the  significant  amphibole  occurrences  (>5  vol.%)  of  the  -̂-JAL.  The 

major  minerals  include  pyroxmangite,  rhodonite,  spessartine,  quartz, 

amphiboles,  sphalerite,  pyrrhotite  and  galena.  Bustamite,  frequently 

ment ioned  in  N . B . H . C .  mine  l o g s ,  is  a  m isid  e n t i f  ic  ot ion  of 

cummingtonite  -  group  amphiboles  or  other  pyroxenoids.  CUnopyroxenes 

(principally  m a n g a n o a n  h e d e  nber  g i te)  a r e  l o c a l l y  a b u n d a n t . 

The  p y r o x m a n g i t e  usual ly  o c c u r s  in  irregularly  -  shaped 

coarse-grained,  almost  mono  miner  allic  pods  several  metres  across, 

(similar  structures  in  the  Broken  Hill  lodes  were  described  by  Maiden 

(1975)  as  boudins).  Amphibole  -  rich  garnet  quar tz i tes  tend  to 

envelope  these  pyroxenoid  -  rich  rocks  with  little  overlap,  and  thus 

a m p h i b o l e  and  p y r o x e n o i d  s u b z o n e s  m a y  b e  r e c o g n i s e d . 



Sulphide-rich quartzi tes are common in this zone, and grade into 

pyroxmangite and/or g<3rnet-rich rocks. 

"Garnet Sandstone" (a local term for a fine - grained spessartine -

rich rock, c.f. Andrews,1922), is present in small patches throughout, 

but ra re l y ou ts ide , th is zone. Jones (1968) and Hodgson (1975c) 

considered these rocktypes to be metasomatic in origin, however the 

genesis is unclear. 

Garne t qua r t z i t es , amphibole - garnet quartz i tes and, rarely, 

b iot i te - garnet quartz i tes occur towards the outer parts of this 

zone. F luo rapa t i te - r ich qua r t z i t es are minor but intr iguing 

l i thologies of ten present in th is zone. These l i tho l ig ies can be 

e i t h e r m a s s i v e or l aye red , and presumably ind ica te or ig inal 

sedimentary phosphate accumulations. 

2.6 Lower Garnet Quartzite 

Strat igraphical ly this is the lowermost, and most westerly, zone of 

the WAL. It closely resembles the upper garnet quar tz i te , but is 

usual ly cons iderab ly th icker , with b io t i te perhaps less common. 

Gahnite may be locally abundant near the strat igraphic base, but the 

gahnite - rich zone is discontinuous. 

A f rac tu re zone, up to 5m thick may occur here,and grades from vughs 

filled with unconsolidated sandy and clayey material, through chlorite 

+ c a l c i t e v e i n s t o c h l o r i t i z e d g a r n e t q u a r t z i t e s . 

2.7 Sillimanite Gneiss 

This gne iss , s t ra t i g raph ica l l y under ly ing the lodes, appears 

similar to the overlying gneiss, but l i t t le data is available on i t 

due to insufficient drillhole intersections. 



Chapter  3.  Petrography 

3.1 Intrcxiuc±iQn 

The  WAL has  undergone  a complex  metamorphic  history,  as  described 

for  the  general  area  in  Chapter  1.  The  present  textures  are  usually  at 

least  partly  retrograde  in  nature  but  there  seems  evidence  for  greater 

retrogression  in  gahnite-bearing  and  amphibole-bearing  rocks  than  in 

other  rocktypes.  The  major  mineralogical  constituents  and  grainsizes 

are  shown  in  Tables  3.1  and  3.2.  The  rocktypes  described  below  are 

related  to,  but  not  necessarily  equivalent  to,  the  zones  described  in 

Chapter  2 ,  which  usually  comprise  many  d i f fe ren t  l i thologies. 

3.2 Textures 

Throughout  most  of  the  lode  rocks  there  is  a  tendency  towards  a 

granoblastic  texture  due  to  contemporaneous  recrystal l izat ion  of 

silicates,  sulphides  and  oxides  at  high  metamorphic  grade  (Lawrence, 

1973).  Lawrence  (1973)  showed  that  polygonization  in  sulphides  may 

also  occur  during  recrystallisation  following  retrograde  metamorphism 

and  shearing  and  is  particularly  evident  at  Broken  Hill.  This  tendency 

towards  polygonization,  dependent  on  relative  surface  energies  (Spry, 

1969)  has  also  been  described  in  these  rocks  by  Stanton  (19  6 4) . 

A linear  fabric  may  be  present,  due  to  alignment  of  prismatic 

minerals  such  as  sillimanite  and  amphibole  with  fold  axes  or  shear 

directions.  Pyroxmangite  may  also  rarely  show  a weak  alignment  in 

r e c r y s t a l l i s e d  f r a c t u r e s  i n  p y r o x e n o i d  b o d i e s . 

A strong  planar  fabric  is  occasionally  present  within  schistose 

biotite  or  muscovite-rich  horizons  and  is  common  in  RSZ, due  to 

ser ic i t i za t ion .  Gneissic  biotite  and/or  sillimanite-rich  layers  are 



Table  3.1:  Approximate  Grainsize  Ranges  (mm) 

Mineral 

Quartz 

Garnet 

Biotite 

Sillimanite 

Staurolite 

Gahnite 

Muscovite 

Orthoclase 

Plagioclase 

Chlorite 

Gumming ton  ite 
series 

Actinolite 

Rhodonite/ 
Pyroxmangite 

Manganoan 
Hedenbergite 

Fluorapatite 

Ilmenite 

Sphalerite 

Galena 

Pyrrhotite 

Ghalcopyrite 
Arsenopyrite/ 

Loellingite 

Prograde 

O.S -  2 

0.1  -  1 

0.1  -  5 

0.2  -  2 

0.1  -  2.5 

0.5  -  10 

0.1  -  1 

1 - 1 5 

1 - 1 0 

0.1  -  0.5 

0.01  -  0.2 

0.1  -  10 

0.1  -  10 

0.1  -  10 

0.1  -  2 

0.2  -  5 

Remobilized/Pegmatitic 

0.5  -  20 

0.5  -  20 

0.5  -  15 

0.1  -  1 

10 -  100 

0.1  -  0.5 

5 - 5 0 

0.2 
0.2 
0.2 
0.2 

50 

50 

50 

5 

Retrograde 

0.1  -  0.5 

0.1  -  0.5 

0.1  -  1 

0.02  -  0.4 

0.1  -  4 

0.01  -  1.5 

0.01  -  1.5 

0.1  -  10 

0.1  -  2 

<0.02 

<0.1 
<0.2 

0 .2 - 2 



Table  3.2:  AVERAGE MJDMJ COMPOSITIONS OF IMPORTANT ROCK TYPES 

(Visual  estimates  from  polished  thin  sections) 

Rock  type 

No.  of  thin  sections  used 

Sillimanite 
Gneiss 

Gahnite-rich 
rocks 

27 

Garnet  Amphibole-Garnet 
Quartzite  Quartzite 

31 20 

Pyroxenoid 
-rich  rocks 

23 

Sulphide 
Quartzite 

13 

Quartz 

Garnet 

Biotite 

Sillimanite 

Staurolite 

Gahnite 

Muscovite 

Orthoclase 

Cummingtonite  series 

Pyroxenoids 

Mn-Hedenbergite 

Sphalerite 

Galena 

Pyrrhotite 

48 (21*) 

20 (10) 

14 (6) 

3 (5) 

3 (4) 

tr 

12 (2) 

tr 

36 (27) 

9 (10) 

11 (16) 

1 

4 (10) 

22 (20) 

4 (11) 

3 (9) 

tr 

Arsenopyrite/Loellingite 

1 

2 (3) 

7 (8) 

2 (4) 

65 (23) 

26 (16) 

5 (6) 

tr 

tr 

tr 

1 

tr 

tr 

1 

tr 

1 

tr 

48 (31) 

30 (25) 

tr 

13 (11) 

5 (8) 

tr 

4 (8) 

tr 

23 (22) 

13 (14) 

tr 

5 (10) 

45 (30) 

6 (15) 

3 (5) 

1 

3 (6) 

tr 

59 (17) 

9 (9) 

4 (6) 

tr 

1 

3 (5) 

tr 

tr 

12 (10) 

1 

11 (13) 

1 

to cr\ a> 

*  Standard  Deviation 



often  present  in  the  sillimanite  gneiss,  gahnite-rich  zone,  drt-fi  garnet 

quartzites. 

Local  remobil izat ion  is  indicated  by  quartz  -  rich  veins  and 

pegmatite  veins  (which  can  be  either  quartzofeldspathic  or  sulphide 

rich).  Late  stage  shearing  is  indicated  by  microfaulting  in  garnet  and 

gahnite  (Fig.  3.1),  as  well  as  by  amphibole-rich  and  sericite-rich 

veins. 

3.3 Petrography  of  Principal  Rock  types. 

3.3.1  PeHtes  (Sillimanite  Gneiss). 

The  principal  prograde  assemblage  in  this  lithology  is  quartz-

sillimanite-  biotite  -  garnet  -  orthoclase.  Orthoclase,  and  rarely 

minor  plagioclase,  occur  in  quartzo-feldspathic  segregations  which 

grade  into  pegmat i tes.  Orthoclase  is  also  commonly  present  as 

poikiloblastic  porphyro  blasts  or  'augen',  especially  stratigraphically 

immediately  belov;  the  WAL. Sillimanite,  garnet,  biotite,  and  quartz  -

rich  layers  are  all  locally  abundant. 

Chloritic  alteration  of  biotite  is  common,  but  such  replacement 

rarely  goes  to  completion.  Sericitisation  along  grain  boundaries  and 

c leavages  is  common  in  sillimanite  and  feldspars,  and  rare  about 

garnet  and  biotite. 

3.3.2  Gahnite-rich  rocks. 

This  zone  is  complex  and  var iable,  but  the  stable  prograde 

assemblage  is  usually  quartz  -  gahni te  -  biotite  +_ garnet  +_ 

sil l imanite  ^  galena  + pyrrhotite.  Similar  rock  types  have  been 

described  from  Broken  Hill  by  Segnit  (1961).  Sillimanite  segregations 



27a. 

Fig.  3.1  Microfaulted  gamet  in  quartz  (4502/62.8). 
PPL. 

0.5  mm 

0.5  mm 

Fig.  3.2  Exsolution  of  ilmenite  and  rutile  in 
and  about  biotite  (4502/36.4) 
Q =  quartz,  B  =  biotite,  G  =  gamet, 
I  =  ilmenite.  PPL. 
Rutile  closely  reseinbles  iliiienite  in 
this  photograph. 



and  garnet  layers  occur  and,  with  biotite,  define  a weak  foliation. 

Quartzo-feldspathic  segregations  are  locally  present,  but  commonly 

t ransect  this  foliation.  Gahnite-quartz  veins,  similar  to  those 

d e s c r i b e d  by  B a n e r j e e  (  19 7 4 ) ,  a r e  l o c a l l y  a b u n d a n t . 

Biotite  is  commonly  present  as  a  selvage  about  gahnite,  although 

not  normally  appearing  to  replace  it,  and  they  may  be  genetically 

re la ted.  Where  intergrown  with  fine  staurolite  about  gahnite  (c.f. 

Sections  4.7  and  4.10),  it  may  however  be  a reaction  product.  Most 

biotite  is  partly  chloritized,  and  may  show  exsolution  lamellae  or 

coronas  of  rutile  and  ilmenite  (Figure  3.2).  This  corona  may  be 

partly  incorporated  within  the  biotite  grain,  indicating  retrograde 

recrystal  1 ization.  It  resembles  the  coronas  produced  by  partial  fusion 

of  biotite,  but  lacks  the  glass,  magnetite,  and  anhydrous  silicates 

usually  formed  from  such  breakdown  (Le  Maitre,  1973;  Busch  et  al., 

1974;  Brown,  1979). 

Staurolite  commonly  replaces  gahnite,  as  described  in  sections  4.7 

and  4.10,  but  is  usually  in  textural  equilibrium  with  muscovite, 

garne t ,  biotite  and  sil l imanite,  indicating  complete  retrograde 

recrystallisation  of  these  rocks. 

3.3.3  Garnet  Quartzite 

The  general  prograde  assemblage  of  this  rocktype  is  quartz  -  garnet 

-  biotite  +_sphalerite  + galena  +_pyrrhotite  + sillimanite  + gahnite  +_ 

amphibole  but  is  commonly  almost  pure  quartz  and  garnet.  Where  biotite 

and/or  gahnite  are  abundant,  these  rock  types  may  grade  into  the 

gneissic  or  gahnite-rich  units,  or  with  incresing  sulphides  into 

sulphide  quartzites.  Amphiboles  (mainly  of  the  cummingtonite  group, 

but  also  actinolites)  are  rare,  and  are  usually  restricted  to  near  the 



amphibole  subzones.  They  do  not  coexist  v;ith  siUimanite  or  gahnite 

but  rarely  coexist  with  biotite.  Small  anhedral  grains  of  monazite, 

rut i le  and  allanite  are  local  accessories  and  euhedral  ilmenite  is 

frec^uently  abundant.  Minor  scheelitG  has  be-en  recently  noted  in  garnet 

quartzites  from  the  A-lode  (D.  Milton,  pers.  comm.)  but  was  not  found 

in  this  study. 

Macro  and  meso-bands,  down  to  about  2mm  thick,  are  defined  mainly 

by  variations  in  con ten ts  of  q u a r t z ,  g a r n e t ,  b iot i te  and  / o r 

sulphides,  and  are  not  uncommon. 

Retrogression  has  not  greatly  affected  this  rocktype,  except  for 

par t ia l  ch lo r i t i za  tion  of  b io t i te ,  local ly  a b u n d a n t  s t a u r o l i t e 

(sometimes  as  fine  cross-cutting  veinlets)  in  the  outer  parts  of  this 

zone  (Figure  3.3),  and  minor  amphiboles  present  in  the  inner  parts  of 

this  zone. 

3.3.4  Pyroxenoid-rich  rocks 

The  common  prograde  assemblage  is  quartz  -  garnet  -  pyroxmangite  -

rhodonite  -  sphaler i te  -  pyr rhot i te  -  g a l e n a  +_ cha lcopy r i t e  +_ 

m a n g a n o a n  hedenberg i te  + flaorapatite  ^  loellingite  + biotite.  By 

definition  the  pyroxenoids  are  restricted  to,  and  biotite  practically 

absent  f rom,  the  pyroxenoid  subzone  which  may,  in  places,  be  almost 

m ono  m iner  allic. 

The  pyroxenoids  in  the  WAL are  pyroxmangite  and  rhodonite,  both 

(Mn,  Fe ,  Ca )S i03 ,  which  are  present  in  a p p r o x i m a t e l y  equ iva len t 

amounts  (see  Appendix  for  analyses).  Any  pyroxmangite  discussed  below 

may,  in  part,  be  rhodonite,  as  they  are  very  difficult  to  distinguish 

(see  S e c t i o n  4.9) .  Manganoan  cl inopyroxenes,  near  hedenbergite  in 

c o m p o s i t i o n ,  bu t  with  s i g n i f i c a n t  b u t  v a r i a b l e  j o h a n n s e n i t e 



29a. 

Fig.  3.3  Staurolite  (St)  vein  in  quartzite 
with  garnet  (G).  (4918/85.3).  PPL. 

0.5 
mm 

Fig.  3.4  Intergrowth  of  rhodonite  (R)  and 
pyroxmangite  (P).  (2/9A).  XPL. 

0.5 
mm 



(CaMnSi2  0g), diopside and kanoite  (MnMgSi2  0g) components, are locally 

common and, being closely associated with  the pyroxenoids  are, for 

s i m p l i c i t y ,  c o m m o n l y  i n c l u d e d  as s u c h in  t h i s  t h e s i s . 

The pyroxenoids  commonly  occur in  massive granoblastic  aggregates, 

somet imes quite  pure  but  usually  with  some interstitial  sulphides, 

garnet  and quartz.  Intergrowths  of rhodon i te ,  pyroxmangi te  and 

hedenberg i te  are quite  common (Figures  3.4 &  3.5). Occasional 

subplanar  zones of finer  pyroxmangite  seem to represent  healed 

fractures  in  massive pyroxenoids. 

Fine  to coarse-grained amphiboles*  (cummingtonite  and actinoUte 

groups) are common as a direct  replacement  of pyroxmangite  (Figures 

3.6 &  3.7), preferentially  along grain  boundaries  and cleavages, but 

are not  always  directly  associated. 

Pyrosmal i te  and manganpyrosmalite  are less common retrograde 

alteration  products  of pyroxmangite,  usually  closely associated with 

very  f ine  to coarse, apparently  remobilised,  galena (Figures  3.8 & 

3.9). 'sturt i te' ,  a poorly  de f ined ,  non -c rys ta l l i ne ,  n e o t o c i t e - l i k e 

phase (Hodge-Smith,  1930; Portnov  et aL 1978; Clark  et aL 1978), is 

a much l a t e r  s t a g e a l t e r a t i o n  p r o d u c t  o f p y r o x m a n g i t e . 

Manganoan  stilpnomelane  is another  uncommon retrograde  phase found 

intergrown  with  sulphides  within  massive pyroxenoids  (Figure  3.10). 

Allanite,  sphene and biotite  are other  rare  accessories in  this  zone. 

3.3.5 Amphibole-ricb  units 

The amphiboles  are uncommon within  garnet  quartzites  and pyroxenoid 

- rich  rocks, but  are most abundant  in  the se lvage (amphibole 

sub zones) between these two lithologies.  The amphibole  frequently 

occurs as patches, veins and small  aggregates in  garnet  quartzites. 

*  Dannemorite  (Mn2Fe5Si802  2 (OH) 2) is usually  the dominant  end-member 
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Fig.  3.5  Intergrowth  of  rhodonite  (R)  and 
hedenbergite  (H)  (4478/68.1)  XPL. 
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Fig.  3.6  Dannemorite  (D)  replacing  pyroxenoid  (P) 
along  grain  boundaries,  fractures  and 
cleavages,  with  quartz  (Q),  garnet  (G) 
and  sulphides  (S).  (4634/73.0).  XPL. 
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Fig,  3.7  Dannemorite  (D)  replacing  pyroxenoid 
(P)  along  fractures  and  cleavages,  with 
coarse  dannemorite  and  garnet  (G).  (2/lB) 
XPL. 
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mm 

Fig.  3.8  Ragged  pyrosmalite  (Ps)  crystal 
replacing  pyroxenoid  (P)  with  garnet 
(G)  and  sulphides  (S).  (2/9B).  XPL. 
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Fig.  3.9  Alteration  of  pyroxenoid  (P)  to 
pyrosmalite  (Ps)  with  a  fine-graded 
selvage  of  manganpyrosmalite  (M)  and 
galena  (Gn).  (2/9BA).  XPL. 

0.5 
mm 

Fig.  3.10  Manganoan  stilpnomelane  (S)  in 
pyrrhotite  (Po)  with  rhodonite  (R) 
(4483/116.1).  PPL. 

0.2 
mm 



Garnet,  biotite  and  rarely  chlorite  occur  locally  in  equilibrium  with 

the  amphiboles  but  pyroxenoids  are  rare,  and  are  usually  highly 

a l tered,  within  this  rock  type.  Amphiboles  may  occur  in  'tension 

gashes'  as  fibrous  aggregates  with  sulphides,  which  probably  indicate 

late  stage  metasomatic  activity  related  to  shearing  and  fracturing 

(Figure  3.11).  These  a^ociated  sulphides  are  predominately  sphalerite 

and  pyrrhot i te,  but  include  minor  galena  and  chalcopyrite.  Small 

amphibole  selvages  separating  garnet  -  rich  and  quar tz  -  rich 

lithologies  could  also  represent  zones  of  shearing.  Some  irregularly 

shaped  amphibole-sulphide  (mainly  spha ler i te  and  py r rho t i t e ) 

a g g r e g a t e s  in  q u a r t z  are  poss ib le  rep lacements  of  original 

pyroxmangite  grains  (Fig.3.13).  Some  amphiboles  appear  to  have  also 

replaced  sulphides  (predominantly  sphalerite  and  pyrrhotite)  (Figures 

3.14  & 3.15).  Some  exhibit  several  generations  of  formation  (Figures 

3 .16  -  3 .18) ,  as  is  shown  by  a variation  in  colour,  grainsize  or 

number  of  inclusions. 

3.3.6  Sulphide  Quartzite 

These  lithologies  comprise  the  major  sulphide  bearing  rocks  of  the 

A lodes  and  are  most  common  in,  or  near,  the  amphibole  -  pyroxenoid 

zone.  The  most  economically  viable  sections  of  the  lode  are  thus 

dependant  on  the  abundance  of  these  sulphide  quartzites.  The  major 

assemblage  is  quartz  -  sphalerite  -  galena  -  pyrrhotite  + garnet  + 

arsenopyrite  /  loellingite.  They  show  signs  of  re  mobilisation  into 

coarse  grained  veins  and  "pegmatites",  as  described  by  Lawrence  (1967) 

and  Maiden  (1975),and  are  extremely  inhomogenous.  They  grade  into 

garnet  quartzites,  amphibole  -  rich  or  pyroxenoid  -  rich  units,  with 

increasing  garnet,  amphibole  and  pyroxenoid  contents  respectively. 
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Cpy 

Cpy &  Po 

1 cm, 

Fig.  3.1L  Vein  of  cummingtonite/dannemorite  (K),  with  chalcopyrite  (Cpy) 

and  pyrrhotite  (Po),  in  coarse  grained,  remobilised  garnet  (G)  and 

quartz  (Q). 

1 cm, 

Fig.  3.12.  Quartz  vein  (Q)  with  remobilised  sulphides  (S)  and  coarse  grained 

garnet-rich  selvages,  in  garnet  quartzite  (GQ)  ,  with  sulphide— 

garnet  quartzite  (SGQ). 
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Fig.  3.13  Aggregate  of  dannemorite  in  quartz, 
(2/4A).  XPL. 
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Fig.  3.14  Dannemorite  (D)  replacing  sphalerite  (S) 
with  garnet  (G).  (2/3A).  PPL. 
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Fig.  3.15  Sphalerite  (S)  intergrown  with 
dannemorite  (D).  {2/3k), PPL. 
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Fig.  3.16  2  generations  of  dannemorite  (D1  and  D2) 
with  garnet  (G)  and  quartz  (Q).  (4502/65.lA) 
XPL. 
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Fig.  3.17  2  generations  of  dannemorite  (Dl  and  D2) 
with  quartz  (Q)  and  sphalerite  (S). 
(4502/65.IB).  XPL. 
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Fig.  3.18  2  generations  of  actinolite  (A1  and  A2) 
with  sulphide  inclusions  and  a  pleochroic 
halo  about  allanite  (top  centre).  (4478/85.8) 
PPL. 



These  rock types  shov;  good  polygonal  tex tu res ,  indicative  of 

annealing  after  high-grade  metamorphism.  Stanton  (1964)  and  Lawrence 

(197  3)  h a v e  discussed  the  tex tu res  of  the  Broken  Hill  sulphide 

minera ls ,  of  which  these  are  qui te  typ ica l ,  in  s o m e  d e t a i l . 

3.4 Petrography  of  Minor  Rocktypes 

3.4.1  Introduction 

Al though  few  geologists  still  favour  an  epigenetic,  hydrothermal 

origin  for  the  orebodies  (Johnson  and  Klingner,  1975)  a  limited  amount 

of  metasomatism  is  known  to  have  occurred  in  close  spatial  association 

with  them  (Segnit,  1968;  Hodgson,  1975;  Phillips,  1978;  Plimer,  1979). 

Many  of  the  following  minor  rock  types  may  result  from  such  local 

metasomatism. 

Pegmatoid  rocktyp^  are  a  common,  but  minor,  phase  in  these  rocks. 

They  appea r  to  be  principally  ana tec t i c  in  or igin,  b u t  s o m e 

metasomatism  was  probably  involved  in  their  formation  (PHmer,  1976a). 

Retrogressive  lithologies,  probably  also  partly  metasomat ic ,  are 

also  discussed  here. 

3.4.2  Quartz-rich  veins 

Small  veins  rich  in  quartz  (generally  bluish,  but  sometimes  white) 

are  common  throughout  the  lodes.  They  are  mentioned  by  Dewar  (1968), 

who  found  them  to  grade  into  the  pegmatites  and  described  them  as 

metasomatic.  These  veins  may  be  pure  quartz,  but  commonly  contain 

coarse  sulphides  + gahnite  + garnet.  Quartz-gahnite  veins  (PhiUips, 

1980)  and  "remobilised  garnet  quartzites"  (Spry,  1978)  are  varieties. 

Blue  and  white  quartz  veins  cutting  garnet  quartzites  may  result  in 



coarse garnet  at  the vein  edges (Figure  3.12) (a phenomenon discussed 

by Walther  and Orville,  1982) but  these veins do not  appear to have 

remobilised  material  to any great  extent.  Blue  quartz  is common in 

most lode rocks at  Broken  Hill,  and was thought  by some geologists to 

rep resen t  or ig inal  chert  ( D. Milton,  pers. comm.). Dewar  (1968) 

however, shov;ed blue quartz  veins to be remobilised  some distance  from 

lode rocks, and found  them  to transect  the stratigraphy.  The blue and 

w h i t e  f o r m s  o f q u a r t z  a r e d i s c u s s e d in  s e c t i o n 4 . 2 . 

3.4.3 Garnet  Sandstone 

'Garnet  Sandstone' (see also section 2.5) consists of between 50 

-95 vol.% garnet,  with  quartz,  sulphides  and amphiboles,  and grades 

into  garnet  quartzite.  This  rocktype  is not  nearly  as well  developed 

in  they  WAL  as in  the lead lodes, where its  abundance is related  to 

the higher  Ca and Mn  there,  and where it  is correspondingly  richer  in 

Ca and Mn  (Spry,  1978). ScheeUte was not  noted in  garnet  sandstones 

from  the WAL,  despite its  abundance in  garnet  sandstones of the lead 

lodes and minor  presence in  the A lode garnet  quartzites  ( D. Milton, 

pers. comm.). 

Banding  is usually  absent, but  quartz  veins may be present.  The 

rock is frequently  quite  friable.  The lithology  is restricted  within, 

or c lose to , the sulphide  - pyroxenoid  - araphibole  zone and varies 

from  5 cm to 1 m thick. 

3.4.4 Quartzo-feldspathic  rocks 

This  rock type,  also termed  lode pegmatite  by mine  geologists, 

migmatite  or pegmatoid  rock, is present  in  most drillholes  in  this 

lode. It  most frequently  occurs in  the sillimanite  gneiss and gahnite 



rich  rocks,  but  may  occur  in  the  garnet  quartzites.  Plimer  (1976a) 

described  similar  lithologies,  including  veins,  lenses,  concordant  and 

irregular  masses,  as  being  anatectic  in  origin,  although  BiUington 

(1979)  considered  that  they  derived,  in  part,  from  acid  pyroclastics.  Phill ips 

(1978)  considered  that  this  anatectic  fluid  resulted  from  biotite 

breakdown,  perhaps  instigated  by  an  influx  of  CO 2 -  rich  fluid 

(Phillips  and  Wal l ,1982)  and  Plimer  (1976a)  suggested  that  the 

sulphides  may  form  an  impermeable  barrier  to  these  pegmatite  fluids, 

localizing  the  pegmatite  into  "stratigraphic"  horizons.  Dewar  (1968) 

and  Hodgson  (1975b)  found  that  some  of  the  pegmatites  graded  into 

quar tz  veins,  but  there  is  no  ev idence  for  this  in  the  WAL. 

The  pegmatites  found  in  this  study  show  cross-cutting  relationships 

to  the  WAL and  thus  it  is  postulated  that  the  pegmatites  derive  from 

anatexis  in  the  garnet  -  quartz i te  and  sillimanite  gneiss,  the 

anatectic  fluid  being  somewhat  localized  by  the  relatively  impermeable 

sulphide-rich  rocks. 

3.4.5  Apatite  -  rich  Rocks. 

These  unusual  rock  types  are  occasionally  found  as  small  bodies 

within  the  pyroxenoid-amphibole  zone.  They  are  quite  variable  in 

composition  but  a  common  assemblage  is  quartz  -  garnet  -  fLuorapatite 

+ pyroxenoids  + biotite  + galena,  and  they  closely  resemble  garnet 

quartzites. 

Their  genesis  is  uncertain,  but  Stanton  (1976e)  found  a strong 

correlation  between  P and  S in  the  Broken  Hill  lodes.  Fluorapatite  is 

quite  common  throughout  the  WAL (Birch  et  al.  1983),  and  is  considered 

to  represent  sedimentary  apatite  accumulat ions  d e r i v e d  from 

phosphate-rich  ore  -  bearing  fluids. 



3.4.6 Remobilised  Sulphides 

This  is a minor,  but  important  and widespread,  rock type throughout 

the WAL.  It  is usually  coarse grained,  and has galena - sphalerite  -

pyrrhotite  - quartz  + garnet  jf  pyroxraangite  + chalcopyrite  as a common 

assemblage. 

Macroscopic structures  and textures  indicate  that  this  rocktype 

derived  from  metamorphic  re mobilization  (principally  mechanical  but 

aided by f luid  activity)  of disseminated  sulphides  similar  to the 

process described by Rui  and Bakke  (1973). 

3.5 Petrography  of Retrograde  Lithologies 

The e f fec t of retrogression  is highly  dependent  on the nature  and 

composition  of the various  rock types. Small  shear zones may be 

present  throughout  the lode, but  seldom completely  obliterate  the 

original  mineral  assemblage or texture-  They grade from  chlorite 

ca lc i te  4; pyirite  in  joints,  to highly  sericitized  or amphibolitized 

zones up to 3 m thick  (section 3.3.5). Attempts  by mine  geologists and 

the author  to define the limits  of a RSZ in  the western  part  of the 

WAL,  and relate  it  to the mineralogical  zones defined  here, proved 

inconclus ive.  Retrogression  is quite  pervasive  through  the WAL, 

however, and can be identified  in  practically  all  major  rocktypes,  as 

described above. 

The pegmatites  are extensively  sheared and sericitized,  and are 

commonly  c losely related  to shear zones. Partial  melts  could 

conceivably exploit  such intermittently  active  zones of weakness, or 

alternatively,  shearing  could be promoted  by the locally  high  fH20 

(Griggs,  1967) present  during  cooling and crystallization  of the 



p e g m a t i t e s .  Va r i ous  b r e c c i a s ,  o f t en  a s s o c i a t e d  with  these 

quartzo-feldspathic  rocktypes,  were  thought  by  Billington  (1979)  to 

have  a sedimentary  or  pyroclastic  origin  but  no  evidence  was  found  in 

this  study  for  such  an  origin,  and  they  seem  more  likely  to  be 

syn-deformational,  formed  by  brittle  deformation  and  metasomatism 

during  shearing. 

Gahnite  rich  rocks  may  be  almost  completely  retrogressed  to  quartz 

-  sericite  -  chlorite  over  a  few  metres.  Large  thicknesses  of 

a mph ibo le - r i ch  rock  appear  to  o r i g i n a t e  from  retrogressed 

pyroxmangite,  and  some  gradations  can  be  seen  on  a macroscopic  scale. 

The  patchy  retrogression  with  partial  replacement  of  prograde 

minerals  is  typical  of  retrograde  metamorphism  (Yardley,  1981a)  and  is 

due  to  widely  variable  fH20. 



Chapter 4. Mineralogy. 

4.1 Introduc±ion. 

The mineralogy  of the majDr gangue minerals in the WAL  was studied 

by t ransmi t ted  and r e f l e c t e d l i gh t  microscopy, e lec t ron microprobe 

a n a l y s i s , and x - r a y d i f f r ac t i on .  Methods of chemica l analys is a re 

descr ibed in Appendix  I , t he m i c r o p r o b e a n a l y s e s a r e l i s t e d in 

A p p e n d i x  I I , and a v e r a g e a n a l y s e s a r e l i s t e d in T a b l e 4 . 1 . 

2+ 
All  Fe determined in the microprobe analyses was calculated as Fe . , 

3+ 2+ 3+ 
as Fe was assumed to be negligible. Fe /Fe  varies from about 20 

to 60 in WAL  garnets, if  the assumptions described in Section 4.3 are 

2+ 3+ 

considered t o be val id.  Fe /Fe  was shown by Plimer (1977b) to 

average 19 in metasediments between the Broken Hill  lodes, 12.9 in 

wal l rock  metasediments, 8.7 in wall  rock biot i tes and 11.5 in wall  rock 

garnets. 

A l l  p e r c e n t a g e s a r e quoted as weight  pe rcen t unless otherwise 

stated. 

4.2 Quartz. 

Q u a r t z  i s t h e most abundan t mineral  p resent in the WAL  and 

surrounding  rock types . I t can be subdivided  i n t o b l ue and w h i t e 

variet ies by appearance in hand specimen. 

Most of the coarser, prograde quartz tends toward  an opalescent blue 

co lour , with  a waxy or greasy l us t re . The blue colour can only  be 

observed in ref lected l igh t  but , in thin  sec t i on , undulose ex t inc t ion 

and mic ro f rac tu r ing  a re seen t o be very abundant . A f i ne , diffuse 

cross - hatching is commonly  seen, indicating  a mosaic structure to be 

p resen t , with  domains of about 10 to 50 microns (Figure 4.1). Ttiis 



Table 4 .1 Average analyses of various  mineral  phases in  the WAL 

Mineral 

No. analyses 

Ilmenite  Chlorite  *Green Muscovi te/  Paragonite Pyrosmalite Manganpyrosmalite Greenalite  ?Berthierine Sturtite/ 
Biotite  Phengite Hisingerite 

4 

Stilpnomelane 

2 

SiOz .01 23.38 33.24 47.64 45.88 34.34 32.05 29.35 28.09 40.34 45.68 

TiOz 51.95 .03 .09 .17 .01 .00 .00 .00 .00 .01 .03 

AI2O3 .00 22.11 18.26 32.81 36.67 .02 .03 8.91 16.13 .10 4.66 

FeO 44.55 32.95 26.15 2.88 2.42 28.24 22.64 35.90 33.44 22.40 30.73 

MnO 2.70 .34 .25 .09 .18 23.27 26.88 .90 .74 18.89 9.88 

MgO 0.41 7.80 5.62 .77 .17 .46 .25 3.97 6.84 .31 1.12 

CaO .00 .01 .00 .01 .18 .08 .14 .53 .16 0.43 .00 

NaaO .00 .01 .10 .12 6.51 .04 .00 .02 .03 4.62 .04 

K2O .00 .01 8.80 10.53 1.39 .01 .00 .10 .07 .12 4.15 

ZnO .12 .24 .00 .16 .10 .01 .01 .05 .13 .03 .04 

Total 99.74 86.89 93.83 95.17 93.52 86.47 82.01 79.73 *85.63 87.24 96.33 

Si .003 5.208 5.367 6.387 6.058 6.083 6.026 1.837 1.588 .969 11.908 

Ti .991 .004 .011 .018 .001 .000 .000 .000 .000 .000 .007 

A1 .000 5.818 3.476 5.169 5.709 .003 .007 .657 1.075 .003 1.431 

Fe .945 6.180 3.532 .333 .265 4.185 3.545 1.879 1.581 .458 6.699 

Mn .058 .068 .035 .010 .020 3.494 4.290 .048 .035 .379 2.182 

Mg .016 2.551 1.353 .154 .034 .122 .071 .370 .576 .013 .434 

Ca .000 .003 .001 .002 .026 .016 .029 .035 .010 .011 .000 

Na .000 .002 .032 .032 1.692 .006 .001 .003 .003 .096 .021 

K .000 .002 1.813 1.816 .236 .001 .000 .008 .005 .002 1.381 

Zn .001 .039 .000 .016 .010 .001 .002 .002 .005 .001 .008 

0 3 28 22 22 22 20 20 7 7 3 36 

No. atcnis 5.014 47.875 37.992 35.935 36.051 33.908 33.970 11.840 11.879 4.932 60.071 

* Includes  0.74% Cl̂ O, , 0.58% F2O, 0.166 atoms CI, 0.208 atOBS F 

u» 
DJ 



Table 4 . 1 (Cont.) 

Mineral *Fluorapatite Sphene Calcite Almandine Spessartine Biotite Sillimanlte Orthoclase Anorthlte Gahnite 

No. analyses 2 5 2 14 14 14 5 5 5 26 

SiOz .74 30.82 .04 36.81 37.02 37.35 37.33 63.57 43.44 .02 

Ti02 .00 33.92 .00 .01 .04 1.42 .12 .00 .03 .04 

Al jOj .00 2.45 .01 20.34 20.37 14.43 61.83 19.57 35.39 56.55 

FeO .00 2.24 1.28 33.65 12.73 18.71 .37 .02 .02 12.12 

MnO .56 .74 6.22 4.99 24.16 .82 .01 .00 .06 .18 

.32 .27 .11 2.65 .38 11.83 .00 .00 .08 1.30 

CaO 52.03 27.61 47.65 .75 5.04 .01 .01 .04 19.96 .00 

NazO .20 .10 .01 .01 .05 .12 .01 0.45 .38 .39 

K2O .00 .01 .00 .00 .01 9.30 .00 15.59 .05 .00 

ZnO .00 .01 .01 .05 .03 .12 .02 , .00 
>p 

.00 28.82 

Tota l 92.98 98.17 55.33 98.66 99.82 94.11 99.70 100.99 99.41 99.41 

S i .062 1.028 .001 3.017 3.016 5.765 1.012 2.946 2.028 .001 

Ti .000 .848 .000 .001 .003 .165 .001 .000 .001 .001 

A1 .000 .096 .000 1.962 1.957 2.629 1.974 1.069 1.946 1.985 

Pe .000 .044 .019 2.286 .868 2.417 .008 .000 .001 .302 

Mn .042 .020 .091 .343 1.669 .107 .000 .000 .003 .005 

Mg .042 .013 .003 .324 .046 2.722 .000 .000 .006 .058 

Ca 4.744 .983 .886 .063 .439 .001 .000 .002 .978 .000 

Na .051 .008 .000 .002 .007 .036 .000 .041 .035 .011 

K .000 .000 .000 .000 .001 1.833 .000 .922 .003 .000 

Zn .000 .000 .000 .003 .002 .014 .000 .000 .000 .634 

0 12 5 1 12 12 22 5 8 8 4 

No, atans 19.773 8.040 1.999 20.002 20.007 37.689 7.995 12.980 13.001 6.995 

u> 

cr 

*  ( includes  38.97% PjOj ,  0.06% CI ,  2.809 atxms  P, 0.010 atoms CI) 

**-  ( includes  1.75% PbO) 



Table 4 .1 (Cent.) 

Mineral *Hercynite Cummingtonite 
&  Dannemorite 

Actinolite Tirodite Low - Mg 
Pyroxmangite 

Magnesian 
Pyroxmangite 

Rhodonite Hedenbergite Kanoite Staiirolite 

No. analyses 5 12 7 5 6 5 10 11 6 8 

SiOz .03 48.33 50.44 52.48 47.48 49.05 46.54 49.54 49.60 27.90 

TiOz .00 .02 .09 .01 .01 .01 .01 .01 .01 .31 

AI2O3 57.45 .10 1.22 .20 .01 .01 .01 .11 .09 51.84 

FeO 22.19 29.46 21.65 17.41 21.14 17.81 16.94 17.70 17.79 11.29 

MnO .14 9.31 2.60 10.39 26.13 27.16 27.80 8.22 19.62 .13 

1.44 6.07 8.92 12.93 1.44 2.88 .65 4.88 10.00 1.38 

CaO .00 1.37 10.66 3.30 3.78 4 .31 6.82 18.19 2.61 .00 

NazO .00 .03 .06 .07 .02 .01 .01 .04 .04 .10 

KjO .01 .01 .12 .02 .00 .00 .01 .01 .01 .00 

ZnO 18.02 .14 .23 .21 .20 .22 .20 
> 

.11 .27 3.54 

Tota l 99.40 94.86 95.98 97.03 100.21 101.45 99.00 98.79 100.03 96.49 

Si .001 7.915 7.808 7.949 1.009 1.014 1.002 2.008 1.999 7.909 

Ti .000 .002 .010 .001 .000 .000 .000 .000 .000 0.067 

A1 1.985 .020 .216 .037 .000 .000 .000 .005 .005 17.326 

Fe .546 4.094 2.824 2.205 .376 .308 .305 .604 .600 2.676 

Mn .004 1.291 .347 1.335 .471 .476 .507 .283 .670 .032 

Mg .063 1.457 2.034 2.919 .046 .089 .021 .290 .601 .583 

Ca .000 .239 1.767 .537 .086 .095 .158 .793 .113 .000 

Na .000 .006 .009 .010 .000 .000 .000 .001 .001 .055 

K .000 .001 .012 .002 .000 .000 .000 .000 .000 .000 

Zn .390 .028 .026 .023 .003 .003 .003 .003 .008 .745 

0 4 23 23 23 3 3 3 6 6 46 

No. atoms 6.989 38.053 38.053 38.019 4.991 4.986 4.997 4.988 9.997 75.393 

*  inc lu3es  0.12% CrzOj  (0.003 atoms Cr) 

(jj cf 
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Fig.  4.1  Blue  quartz,  showing  a  fine  cross-
hatching,  and  some  recrystallisation 
(top  right).  XPL. 

0 .2 
Iran 

0.5 
mm 

Fig.  4.2  Blue  quartz  (with  inclusions) 
recrystallised  along  grain  boundaries 
(4502/20.4). 



could  be  related  to  fine  twinning  resulting  from  inversion  of  a  to  3 

quartz  during  cooling  (similar  textures  were  observed  by  the  author  in 

some  volcanic  quartz).  Various  inclusions  are  commonly  abundant  but 

are  usually  difficult  to  identify  due  to  their  size  -  usually  less 

than  5 microns  and  often  less  than  1 micron,  but  also  up  to  250 

microns.  These  appear  to  include  rutile,  sulphides  (principally 

pyrrhotite  and  sphalerite),  biotite,  amphiboles,  gahnite,  garnet, 

sericite  and,  most  abundantly,  fluid  inclusions.  Stringers  or  planar 

zones  of  inclusions,  often  sulphides,  probably  represent  Boehm 

lameUae  (Dietrich,  1971),  and  are  locally  common.  These  lamellae  are 

due  to  movement  of  material  into  small  .  fractures  or  cleavages  in 

quartz,  followed  by  the  healing  of  these  structures.  The  blue  quartz 

commonly  shows  signs  of  retrograde  recrystallization  along  fractures 

and  g r a i n  b o u n d a r i e s  to  w h i t e  q u a r t z  ( F i g u r e  4 . 2 ) . 

White  quartz  is  finer  grained  (Table  3.1),  less  strained,  and  has 

fewer  inclusions.  It  varies  from  milky  to  clear,  depending  upon  the 

abundance  of  fluid  incusions. 

Wise  (1981)  attributed  the  colour  of  blue  quartz  to  three  principal 

causes  : 

I .  Scattering  of  light  by  closely  spaced  microfractures. 

II.  Scat ter ing  or  part ial  re f lec t ion  from  inc lus ions , 

m .  ColDuratLon  by  titanium. 

i)  Jayaraman  (1939)  showed  that  the  size  of  the  domains  produced  by 

microfracturing  must  be  of  similar  orders  of  magnitude  to  the 

wavelength  of  Ught  (ie.  0.2  to  0.5  microns)  in  order  to  produce 

scattering  or  partial  reflection  of  light  (the  Tyndall  effect). 

ii)  Colloidal  sized  inclusions  of  rutile,  tourmaline,  ilmenite, 

magnetite,  zoisite,  apatite  and  bubbles  have  all  been  cited  as 



possible  causes  of  colouration  by  scattering  or  partial  reflection  of 

light  (Dietrich,  1971).  Rutile  is  usually  one  of  the  most  abundant 

inclusions,  and  has  been  noted  in  much  blue  quartz  from  Broken  Hill  by 

Ramdohr  (1950),  Stillwell  ( 1957 ) ,  Segni t  (1961)  and  Spry  (1978) 

although  little  blue  quartz  studied  by  the  author  contained  rutile. 

Some white  quartz  wcis  also  found  to  contain  fine  rutile  and  other 

s i m i l a r  i n c l u s i o n s  to  t h o s e  f o u n d  in  b l u e  q u a r t z . 

iii)  At  high  temperatures  quartz  may  contain  considerable  titanium 

in  solid  solution  (Ramdohr,  1950) ,  and  this  is  largely  exsolved  on 

cooling,  often  as  reticulated  needles  of  rutile  (Wise,  1981).  Plimer 

(pers.  comm.  to  Billington  (1979))  and  the  author  failed  to  detect  Ti 

in  quartz  by  electron  microprobe  analysis.  Fe ,  in  contrast ,  is 

variable  but  can  be  up  to  0.1% FeO in  blue  quartz,  suggesting  the 

possibility  of  blue  colouration  by  Fe2+  -  Fe3+  charge  transfer,  as  in 

blue  kyanite  (Faye  & Nickel,  1969),  and  blue  siLlimanite  (Rossman  et 

aL 1982). 

As no  evidence  exists  for  Ti  in  the  lat t ice,  and  inclusions  are  not 

ubiquitous,  an  origin  either  frem  scattering  of  l ight  by 

microfractures,  or  from  an  Pe-doped  colour  centre,  is  feasible. 

4.3 Garnet 

The  garnets  in  and  around  tlie  WAL are  basically  soUd  solutions  of 

almandine  and  spessartine,  with  relatively  small  grossular  and  pyrope 

contents  (Figs.  4.3  & 4.4  & Table  4.1).  Average  analyses  indicate  a 

small  A1 deficiency  and,  assuming  :  i)  that  this  is  not  a systematic 

error  in  calculation,  ii)  that  stoichiometry  should  be  perfect,  iii) 

that  this  deficiency  is  all  due  to  Fe3+  substitution  for  Al,  then 
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Fig.  4.3  Composition  of  Garnets.  Triangles  represent  samples 
from  the  pyroxenoid  subzone,  asterisks  the  amphibole 
subzone,  circles  the  garnet  quartzite,  squares  the 
gahnite  zone  and  crosses  the  sillimanite  gneiss. 
Molecular  %. 

GARNETS 
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Fig.  4.4  Composition  of  Garnets.  Triangles  represent  samples 
from  the  pyroxenoid  subzone,  asterisks  the  amphibole 
subzone,  circles  the  garnet  quartzite,  squares  the 
gahnite  zone  and  crosses  the  sillimanite  gneiss. 
Molecular  %. 

GRRNETS 



2 + 3 -f 

Fe /Fe could be calculated  as c.60 in  almandine  and 20 in 

spessartine,  Mn̂ "*"  was assumed to be negligible,  as Mn  has a lower 

oxidation  potential  than  Fe, and thus  the calderite  (Mn3Fe2(SiO^)3) 

component was ignored.  Using  the method  of Rickwood (1968), almandine 

was found  to be the marpr  component of most WAL  garnets,  comprising  up 

to 90 mQl%, but  spessartine  can be up to 68 mol%, grossular  up to 23 

mol% and pyrope up to 18 mol%. Figures  4.3 and 4.4 indicate  almost 

constant  ratios  of Mn/Ca  and Mg/Fe. A small  schorlomite  component, 

indicated  by a minor  Ti  content,  is locally  present,  but  Cr  and the 

uvarovite  component was not  detected in  the few samples tested. A 

small  amount  of Zn, up to .14 wgt% ZnO is present  in  some garnets. 

Zoning  is a common feature  of these garnets  and an example of the 

chemical  variation  is shown in  Fig.  4.5. Mn  is nearly  always  enriched 

in  the garnet  rims,  while  Mg shows a corresponding  depletion.  Mg-rich 

rims  were found  only  once. Ca and Fe are more variable,  but  most 

commonly  show depletion  in  garnet  rims.  This  zoning,  with  high  Mn 

rims,  is typical  of that  termed  reverse, retrograde  growth,  or 

diffusion  zoning,  and is commonly  found  in  garnets  of high  metamorphic 

grades (Bethune  et al.  1975 ; Tracy,  1982). It  usually  indicates 

homogenization  of original  garnet  growth  zoning (normal  zoning, 

(Hollister,  1966)), followed  by later  diffusion  of components between 

the garnet  rim  and ac^cent  minerals  (Grant  &  Wieblen,  1971; Tracy, 

1982). In  the WAL  this  reverse zoning appears to be better  developed 

in  amphibole  - bearing  rocks, and was probably  formed  by Mn  -

metasomatism  and/or  partial  retrograde  re-equilibration  of garnets 

with  amphiboles. 

The garnets  vary  from  pinkish  orange to purplish  pink  in  hand 

specimen and pale pink  to colourless in  thin  section. Some garnets 
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Fig.  4.5  Composition  zoning  in  a  garnet  from  the  amphibole 
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exhibit  colour  zoning,  but  microprobe  analysis  failed  to  indicate 

consistent  chemical  correlation  with  this  and  so  variations  in 

oxidation  states  or  trace  elements  may  be  involved. 

The  cores  of  medium  to  large  garnets  are  commonly  highly 

poikiloblastic,  with  a  less  poikiloblastic  overgrowth  formed  more 

slowly  than  the  cores  (Spry,  1969).  These  garnets  usually  show  sHght 

reverse  zoning,  and  this  may  indicate  either:  i)  the  overgrowth  formed 

during  retrogression  or  ii)  the  overgrowth  formed  during  the  second 

of  the  two  high  grade  metamorphic  events,  with  homogenization  and 

la ter  overpr int ing  of  r eve rse  z o n i n g  d u r i n g  r e t r o g r a d e 

r  e-eq  uiUbra  tlon. 

The  presence  of  fine  ilmenite  inclusions  within  some  garnet  is 

indicative  of  replacement  of  Ti-rich  biot i te  (Figure  4 . 3 2 ) . 

The  garnets  are  usually  euhedral  to  subhedral,  but  may  be  quite 

amoeboid  in  texture  when  highly  poikiloblastic,  and  fracturing  and 

micro  faulting,  due  to  retrograde  shearing,  is  common  (Figure  3.1). 

m contrast  to  most  other  ferromagnesian  phases  of  the  lode,  garnet 

very  rarely  shows  any  alteration,  but  instances  of  breakdown  to 

chlorite  and  minor  replacement  by  amphiboles  and  sericite  were  noted. 

4.4 Biotites 

Plots  of  trioctahedral  micas  indicate  that  they  nearly  all  fall 

within  the  field  of  biotite,  as  defined  in  Deer  et  al  (1966),  although 

some  are  phlogopite  (Figure  4.6).  Some,  including  the  phlogopites, 

fall  slightly  outside  the  normal  range,  showing  less  than  2 Al  / 

formula  unit  (22  oxygens),  but  most  have  a high  siderophyllite 

(K2Fe«+Al6Siit02c  (OH) I,)  content.  An  average  biotite  analysis  is  shown 

in  Table  4 .1 .  The  manganese  and  zinc  contents  (indicative  of  a 



Pig.  4.6  The  relation  between  Fe/Fe  +  Mg  and  A1  Catoms/22  oxygeri)  in  biotites,  showing 
the  biotite  field  as  defined  by  Deer  et  al.  C1966).  Crosses  represent  biotites 
from  the  sillimanite  gneiss,  squares  are  from  the  gahnite  zone,  circles  the  garnet 
quartzite,  asterisks  the  amphibole  subzone,  triangles  the  pyroxenoid  subzone  and 
the  five-pointed  stars  are  green  biotite. 
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hendricksite  (K2  (Zn,Mn)  6Al2Si«,02o  (CH)  ODirponent  (Frondel  &  Ito,  1966)) 

are  usually  very  low  (up  to  2.4%  MnO and  0.33%  ZnO).  The  Fe  and  A1 

contents  show  a  positive  cx>rrelation  (Figs.  4.6  and  4.7),  in  cx)ntrast  to 

whole-rock  trends  (Section  5.2.1).  This  could  be  due,  in  part,  to 

instability  of  the  annite  conpDnent  (Wones  et  al.  1977),  but 

sulphurization  of  biotite,  discussed  further  in  Section  5.3.2,  appears 

more  inportant.  Most  biotite  with  Al  <2.5  is  Mg-rich  and  coexists  with 

anphiboles,  into  which  Fe  may  be  preferentially  partitioned. 

Ti02  is  variable,  ranging  from  0  to  3.2%  Ti02,  and  this  is  reflected 

strongly  in  the  colour  and  pleochroism.  Ti-rich  biotites  are  deep 

red-brown  and  strongly  pleochroic,  while  Ti-poor  biotites  are  pale 

yellow-brown,  or  rarely  green,  with  slight  pleochroism  (green  biotite  is 

distinguished  from  chlorite  by  its  higher  birefringence).  The  Ti  content 

is  closely  related  to  Fe / ^  +  Fe  (Figure  4.8),  in  contrast  to  the  whole-

rock  trends  (Section  5.2.1),  and  is  discussed  further  in  Section  5.3.2. 

Halogens  were  not  routinely  determined  by  the  microprobe  analysis 

programme  used  but  the  result  of  a  few  selected  separate  analyses  are 

shown in  Table  4.2.  Fluorine  is  usually  quite  high,  up  to  3.0%  F,  while 

CI  is  usually  much  lower,  but  the  rare  green  biotites  contain  up  to 

0.8% CI. 

The low  alkali  contents  of  most  of  these  biotites  may  be  due  to  either 

volatilization  under  the  electron  beam,  or  perhaps  sone  mixed  layering  of 

chlorite  in  biotite  (Mohr  &  Newton,  1983).  One  such  low  alkali  biotite 

contains  1.4  atoms  of  K  per  22  oxygen  and  1.3  wgt.%  ZnO  and  still  appears 

homogenous.  Bachinski  &  Simpson  (1984)  found  that  this  is  not  uncommon 

in  even  quite  pure  and  homogenous  Si-deficient  biotite,  due  to 

substitution  of  divalent  cations  for  K. 

Ilmenite  and  rutile  are  very  common as  exsolution  products  in,  and  as 

coronas  about,  biotite  grains  (Figure  3.2)  and  they  result  from 
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Fig.  4.7  Relation  between  Mg,  (Fe  &  Mn)  and  A1  in  trioctahedral 
micas,  showing  the  compositional  limits  from  Foster 
(1960),  Biotites  from  the  sillimanite  gneiss  are  represented 
as  crosses,  from  the  gahnite-rich  zone  as  squares,  the 
garnet  quartzite  as  circles,  the  amphibole  subzone  as 
asterisks  and  the  pyroxenoid  subzone  as  triangles. 
Green  (retrograde)  biotites  are  represented  by  diamonds. 
Molecular  %. 

BIOTITES 



Fig.  4.8  The  relation  between  Fe/Fe  +  Mg  and  Ti02  in  biotites.  Biotite  from  sillimani^e  gneiss  is  indicated 
by  crosses,  from  the  gahnite  zone  by  squares,  from  the  garnet  quartzites  by  circles,  from  the 
amphibole  subzone  by  asterisks,  and  from  the  pyroxenoid  zone  by  triangles. 
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Table  4,2  :  Fluorine  and  chlorine  in  various  phases 

SAMPLE MINERAL % F % CI 

4502  /  52.9 

4502  /  47.1 

4502  /  65.1A 

4545  /  42.8 

2 /  9BA 

4502  /  65.1A 

4502  /  47.IC 

Biotite  1 

2 

3 

4 

5 

6 

Biotite  1 

(green)  2 

Biotite  1 

2 

Biotite  1 

2 

Actinolite  1 

2 

Actinolite  1 

2 

Dannemorite  1 

2 

Dannenorite  1 

(cx5arse)  2 

(fine)  1 

2 

Muscovite  1 

2 

0.790 

0.697 

0.833 

0.812 

1.469 

1.446 

0.233 

0.216 

0 * 

0.045 

2.951 

2.951 

0.638 

0.846 

0.122 

0 

0 

0.031 

0 

0 

0 

0 

0 

1.63 

0.182 

0.215 

0.168 

0.187 

0.626 

0.617 

0.764 

0.769 

0.068 

0.077 

0.354 

0.354 

0 

0.111 

0.063 

0.033 

0.059 

0.038 

0 

0.072 

0 

0.076 

0 

0 

*  0  =  below  limits  of  detection 



r e t r o g r a d e r e c r y s t a l l i z a t i o n of b i o t i t e ( the b i o t i t e l a t t i ce can 

accomodate more H at higher tempera tu re : Serdyuchenko, 1948). The 

corona is commonly incorporated within the new biotite grain (Figure 

3.2) or, not uncommonly, is some distance (<0.1mm.) from the present 

b io t i te g ra in . The coronas are not considered to represent prograde 

breakdown, which probably did occur to some extent (Phillips, 1980) as 

the o ther l ikely breakdown phases: magnet i te , amphiboles, pyroxenes 

and olivines (Le Maitre, 1979; Busch e t a l . , 1974; Brown, 1979) were 

not observed in the associat ion. This f ine i lmenite may however be 

incorporated into g a r n e t , indicating some prograde b io t i t e breakdown 

i.e. gametLzatLon of biotite (Figure 4.32). 

Retrograde chlorite commonly in te r leaves with, or par t ly envelops, 

many b io t i t es and the enveloping ch lor i te may conta in f ine galena 

inclusions (F igure 4 .9) , i nd i ca t i ng some su lph ide r e m o b i l i z a t i o n 

during retrogression. 

4.5 SUlimanite 

An a n a l y s i s of s i l l iman i t e (Table 4.1) , i n d i c a t e s a small but 

s ign i f i can t Fe con ten t (0.18% FeO). This could be present as Fe3+ 

s u b s t i t u t i n g f o r Al (Pl imer, 1977a) . Si l l imanite f requent ly shows 

partial replacement by senci te. As well as coarse prisms, some minor 

f i b r o l i t i c  s i l l iman i te is also p resen t , ind icat ive of Al mobility in 

late stage fluids (Ahmad & WLlson,1981). 

4.6 Feldspars. 

Five fe ldspars from the WAL were analysed by electron microprobe 

(Table 4.1), and three were found to be o r t h o c l a s e (OrgsAbv to 

C)r97Ab2Ani ) w h i l e t w o w e r e a n o r t h i t e ( An97Aba ) • 
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Fig.  4.9  Chlorite  (C)  and  galena  (Gn)  replacing 
biotite  (B).  (4502/25.4).  PPL. 

Fig.  4.10  Fine  galena  (Gn)  inclusions  in 
orthoclase,  with  a  core  of  coarser 
galena  about  garnet  (G)  and 
clinozoisite  (Cz).  (4502/46.7B). 
PPL. 

0.5 
mm 



The  structural  states  of  five  alkali  feldspars  were  determined  by 

the  high  resolution  X-ray  diffraction  method  of  Wright  (1968),  to 

range  between  orthoclase  and  intermediate  microcline  (Figure  4.11). 

The  values  of  20,  and  thus  the  position  of  feldspars  on  this  diagram, 

are  probably  affected  by  substitution  of  Pb  for  K in  the  feldspar 

lattice.  Optical  examination  revealed  no  evidence  for  the  presence 

of  the  ' tartan  twinning'  characteristic  of  microclines  and  it  is 

considered  that  most  alkaH  feldspar  from  Broken  Hill  should  be  called 

orthoclase. 

Plimer  (1976a)  found  the  green  alkali  feldspar  from  Broken  Hill  to 

be  intermediate  microcline,  in  contrast  to  (!̂ ech  et  al.  (1971)  who 

identified  only  orthoclase,  Phillips  (1978,  1980),  who  showed  that  the 

Broken  HiH  area  was  above  the  orthoclase  isograd,  and  Fitzgerald  and 

McLaren  (1982)  who,  using  transmission  electron  microscopy,  found 

Broken  Hill  orthoclase  to  have  only  minor  microcline  inversion 

lamellae.  Binns  (1964),  however,  noted  the  occurrence  of  microcline  in 

r e t r o g r e s s e d  r o c k s  a b o v e  t h e  o r t h o c l a s e  i s o g r a d . 

The  feldspars  range  in  colour  firom  white  to  green  to  dark  grey,  or 

rarely  pinkish.  Lead  is  usually  present,  up  to  1.2  % PbO ((^ech  et  al. 

1971;  Plimer,  1976a),  and  was  thought  by  6ech  et  aL  (1971)  to  cause 

the  green  amazonite  -  like  colouration  common  in  hand  specimens  of 

Broken  Hill  alkali  feldspar.  Partial  sulphurization  of  the  lead  during 

crystallization  from  anatectic  melts  is  thought  by  G . Moh  (pers. 

comm.)  to  cause  a common  fine  graphic  intergrowth  of  galena  in 

orthoclase  (Plate  4.10),  giving  the  orthoclase  a grey  colour.  Myriads 

of  minute  galena  inclusions  are  centred  about  coarse  galena 

pyrrhotite  +_ sphalerite  +_epidote  /  clinozoisite  +_ gahnite  +_ sericite, 

indicating  either  complex  sulphide  -  silicate  reactions  during  late  -
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Fig.  4.11  Plot  of  structural  states  of  WAL potash  feldspars  (circles),  showing some 
near-end members feldspars  from  Wright  (1968)  (crosses)  for  compar ison.  The 
arrows indicate  solid  solut ion  towards  a lb i te . 



stage crystall ization,  or perhaps simply  a nucleation  effec±. Graphic 

intergrowths  of orthoclase with  quartz  are also common, and gahnite, 

g a r n e t and b i o t i t e  a r e l o c a l l y  abundan t  as i n c l u s i o n s . 

Replacement of orthoclase by ser ic i te along grain  boundaries  and 

cleavage planes is very common, but  replacement by myrmekite,  noted 

with  other. Broken  Hill  orthoclases (Phillips  e t al. 1972), was not 

found  in  the WAL.  Coarse muscovite  - quartz  - galena jh  sphalerite 

aggregates locally  replace orthoclase. 

The anorthite  is colourless to white  and is commonly  seridtized.  It 

is unusually  Ca-rich, and may have originated  from  breakdown  of calcite 

in  c l a y , or perhaps from  an or ig ina l  c a l c i c zeo l i te  such as 

laumontLte  (see Section 6 . 2 . 2 ) . 

4.7 Spinels. 

The spinel  is a green to greenish-black  colour  in  hand specimen and 

a light  to medium  green colour  in  thin  sec t i on . It  is usually 

poikiloblastic,  and is sometimes amoeboid  in  texture but  may also be 

euhedral,  especially  when  fine  grained.  It  may contain  inclusions  of 

quartz,  biot i te,  sulphides  or rare ly  si l lmanite  and may have a biotite 

rim  in  apparent equilibrium. 

Most  analyses of the spinels  from  the WAL  plot  well  within  the 

gahnite  field  (Zn>Fe), but  some are zincian  hercynite  (Fig. 4.12 and 
0 

Table 4.1). The zincian  hercynite  has a cel l dimension  of 8.119 A 

(refined  from  XRD powder  data). The magnetite,  galaxite (MnAlz  Oit)  and 

spinel  (MgAl20^)  components are low.  Magnetite  and jacobsite have been 

noted from  Broken  Hill  by Segnit (1977) and Bottri l l  (pers. comm. 

(1981) in  Birch  et aL 1982), but  have not been identified  in  the WAL. 

Microprobe  analysis indicates  that chemical zoning  is common in 
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Fig.  4.12  The  Composition  of  Zincian  Spinels  (Gahnites  and  Hercynite) 
Molecular  %. 

Fo  0 

Zn  0 Mg 0 



these  spinels  and,  as  with  garnet,  may  have  normal  and  reverse  trends, 

the  normal  zoning  indicated  by  zinc-poor  rims  and  reverse  zoning  by 

zinc-rich  rims  (Spry,  1978)•  Reverse  zoning  is  more  prominent  where 

the  spinel  has  been  partly  replaced  by  retrograde  phases  (e.g. 

staurolite),  as  zinc  is  preferentially  retained  in  gahnite  during 

retrogressive  breakdown  (Bottrill,  1983a).  A  similar  process  occurs 

in  other  regions  during  the  breakdown  of  zincian  staurolite,  as  few 

other  cQramon  rock-forming  minerals  can  normally  accomodate  significant 

zinc  (Kwak,  1974),  so  Mg  and  Pe  are  preferentially  partitioned  into 

other  phases  while  Zn  accumulates  in  staurolite.  Some of  the  Fe  in 

the  gahnite  rims  has  been  sulphurized,  perhaps  also  during  retrograde 

re-equilibration,  causing  an  outer  zone  rich  in  fine  pyrrhotite 

(Figure  4.18).  Similar  partial  sulphurization  during  retrogression 

affects  leollingite  (Section  4.12). 

The gahnite  shows  almost  ubiquitous,  but  highly  variable, 

alteration  to  muscovite,  chlorite,  staurolite,  paragonite,  biotite  or 

berthierine  ((Fe,Mg)  2-3  (Si,Al)  2O5  (CH)  ̂ ).  (Figures  4.13  -  4.17). 

Some of  the  most  likely  reactions  are: 

+ + 

3ZnAl20^  +  6Si02  +  2K  +  4H  =  2KAl3Si30i  0  (Oi)  2 +  3Zn  (4.1) 

gahnite  quartz  muscovite 

SB̂ AlzOtt  +  6Si02  +  2k''"  +  4h'̂  =  2KAl3Si30i  0  (OH)  2  +  (4.1a) 

hercynite  quartz  muscovite 

3ZnAl20^  +  6Si02  +  2Na''"  +  4H"̂  =  2NaAl3Si30j  ̂  (OH)  2  +  BZn̂"*"  (4.1b) 

gahnite  quartz  paragonite 
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Fig.  4.13  Alteration  of  gahnite  (J)  to  sericite 
(Se)  with  a  sphalerite  (SI)  rim. 
(4502/91.6).  PPL. 

C B  J  SC 

Fig.  4.14  Alteration  of  biotite  (B)  and 
gahnite  (J)  to  chlorite  (C),  with 
sphalerite  (SI)  and  garnet  (G). 
(2/13C).  PPL. 
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Fig.  4.15 Staurol i te  (St) a l terat ion  rim  about 
gahnite  ( J ) , with  garnet  (G), b i o t i t e 
(B) and quartz  (Q). (4500/2502). PXPL. 
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mm 

Fig.  4.16 Oriented 
replacement  of gahnite  (J) by 
s tauro l i te  (S t ) . (4500/2502). PXPL. 
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Fig.  4.17  Gahnite  (J)  partly  replaced  by  a 
single  crystal  of  staurolite  (St). 
(4500/28.0).  XPL. 
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Fig.  4.18  Fine  pyrrhotite  (Po)  inclusions  in 
gahnite  (J)  adjacent  to  coarse 
pyrrhotite,  with  ilmenite  (I)  and 
chalcopyrite  (Cp).  (1/3).  Reflected 
light,  XPL. 



+ +  2  , 
3ZnAl20^  +  6Si02  +  2K  +  4H  +  3FeS  =  2KAl3Si30i  o  (OH)  2  +  3ZnS  +  3Fe 

gahnite  quartz  pyrrhotite  muscovite  sphalerite 

(4.1c) 

3FeAl20^  +  5.5Si02  +  I3H2O  -f  SFê "̂  =  FesAlgSis.5O20  (OH)  1  e  +  IOH"̂  (4.2) 

hercynite  quartz  chamosite/berthierine 

2FeAl20«,  +  K2Fe6Al2Si6O2  0(OH)  +  7H2O =  Fe8Al6Si5.502o  (OH)  16  + 

hercynite  annite  chamosite/berthierine 

.5Si02  +  2K''"  +  20H" 

quartz  (4.2a) 

8.7(Fe,Zn)Al20£,  +  H2O =  (fte,Zn)  ̂ Ali7^aSigO^g  (OH)  2  +  4.7FeO  (4.3) 

hercynite  staurolite 

8.7FeAl20z,  +  3.2KFe2Al3Si20i  0  (OH)  2  +  14.1Si02  +  I.4H2O  = 

hercynite  siderophyllite  quartz 

1.4Fe^All7.3Si80^6(0H)2  +  3.2KFe3AlSi30i  0  (OH)  2  (4.3a) 

staurolite  annite 

4FeAl204  +  4.7Al2Si05  +  H2O +  3.4Si02  =  Fe.,Ali7  ̂gSiaO^s  (C3i)  2  (4.3b) 

hercynite  sillimanite  quartz  staurolite 

3FeAl20^  +  4Si02  +  Fê "̂  +  2K'̂  +  40H"  =  2KFe2Al3Si20i  0  (OH)  2  (4.4) 

hercynite  quartz  siderophyllite 

These  reactions  are  seldom  simple,  as  they  represent  only  a  part  of 

the  retrograde  re-equilibration  of  the  mineral  assemblages,  which 



have riot  always  behaved as closed systems. The compositions  shown in 

reactions  4.1 - 4.4 generally  represent  end-member  components, but  the 

Al/Si/0  ratios  approximate  the compositions  found  in  the WAL.  The 

spinel  is represented  by hercynite  in  most of these reactions  as that 

component was less stable  than  the gahnite  component during  the 

retrogression  as described above. 

Gahn i te  a p p e a r s p a r t i c u l a r l y  unstab le  in  assoc ia t ion with 

pyrrhotite,  which  is partly  replaced by sphalerite.  Complete breakdown 

of gahnite  has occurred in  some areas, resulting  in  rounded  aggregates 

of se r i c i t e  and ch lor i te  (Figure  4 .19) , although  small  gahnite 

inclusions  in  unfractured  crystals  of nearby  garnet  or quartz  may 

remain  unaltered.  Fine  sphalerite  is common in  the fine  sericite  -

chlor i te  alteration  rim  around  gahnite,  especially  when in  contact 

with,  or close to, pyrrhotite  grains.  Some staurolite  replaces the 

gahnite  topotactically  (Figure  4.16). 

Sundblad  (198 2) suggested that  the breakdown  of iron  s i l i ca tes 

rather  than  sphalerite  produces most iron  - rich  gahnite,  and as the 

WAL  gahnite  is very  iron  - rich,  grading  to hercynite,  this  was a 

major  factor  in  its  formation.  The wide Zn / Fe range suggests that 

reaction  of sphalerite  with  aluminosilicates  was an additional  factor 

(Wall  &  England,  1979). 

4.8 Amphiboles. 

Quite  a wide variety  of amphibole  compositions  occur within  the WAL 

- most witliin  the cummingtonite  series and some within  the actinolite 

s e r i e s ( F i g s . 4 . 2 1 , 4 . 2 2 a n d 4 . 2 2 a ; T a b l e 4 . 1 ) . 

The cummingtonite  series amphiboles  are pale pinkish-brown  in  hand 

specimen, resembling  bustamite  and often described by mine  geologists 
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Fig.  4.19  Aggregates  of  sericite  (Se)  biotite 
(B)  and  sphalerite  (SI),  pseudomorphous 
after  gahnite.  (4502/47.0).  PPL. 
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Fig.  4.20  Fine  exsolution  of  kanoite  (Kn)  in 
tirodite  (T),  with  Mn-biotite  (B) 
and  pyroxmangite  (P).  (4526/90.6). 
XPL. 
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Fig.  4 .21  Composition  of  Amphiboles,  showing  the  compositional 
f ie lds  for  cummingtonite  group  as  defined  by  Leake 
C1978).  Stars  represent  cummingtonite  group  minerals, 
and  triangles  act inol i te  group  minerals.  Molecular  %. 
Dotted  l ines  join  coexisting  phases. 

AMPHIBOLES 
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Fig.  4.22  Compositions  of  Araphiboles,  showing  the  compositional 
fields  for  the  actinolite  group  as  defined  by  Leake 
(1978).  Triangles  represent  actinolite  group  minerals, 
stars  represent  cummingtonite  group  minerals  Cthose  in 
the  actinolite  field  are  tirodites),  and  circled  stars 
are  fine  aggregates,  perhaps  mixtures.  Dotted  lines 
join  coexisting  phases.  Molecular  %. 

BMPHIBOLES 
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Fig.  4.22a.  Composition  of  Amptiiboles  Cshowing  theoretical 
maximum limit  o^  CCa +  Mn)  CRobirison  et  al.,  1982) 
Triangles  represent  actinolite  group  minerals  and 
stars  represent  cummingtonite  group  minerals. 
Molecular  %. 

P IMPHIBOLES 

C a +  M n 



as  such,  and  they  are  colourless  in  thin  section.  Actinolite  group 

minerals  are  pale  green  to  greenish-black  in  hand  specimen,  and  are 

colourless  to  deep  green  in  thin  section.  Multiple  twinning  is  almost 

ubiquitous  in  cummingtonite  series  minerals,  but  is  uncommon  in 

act inol i tes.  Tirodite  is  pale  olive  green  in  handspecimen  and  is 

almost  colourless  in  thin  section.  It  somet imes  shows  a bluish 

'schillerization',  due  to  diffraction  of  light  by  very  fine  exsolution 

lamellae. 

The  a c t i n o l i t e  ser ies  amphiboles  range  from  actinolite  to 

ferroactinoHte  (Fe/(Fe  + Mg)  = 0.35  to  0.75)  and  are  usually  Mn -  rich 

(up  to  6.4  % MnO) and  contain  up  to  3.3% AI2O3.  Some  analyses  approach 

the  actinolitic  hornblende  composit ional  field  of  Leake  (1978) . 

Robinson  et  al.  (198  2)  indicate  that  in  amphiboles,  using  their 

crystallographic  notation,  the  site  preferences  for  Ca are  M4>  Ml-2-3> 

A , for  Mn are  M4>Ml-2-3  and  for  Fe  and  Mg are  Ml-2-3  >  M4,  and  Ca is 

preferred  to  Mn in  M4 sites.  Thus  Mn in  WAL amphiboles  must  be  partly 

distributed  through  Ml-2-3  as  well  as  M4 sites,  as  (Ca  + Mn)/(Ca 

+ Mn + Fe  + Mg)  may  be  >  ^ 7  while  Ca/(Ca  + Mn + Fe  + Mg)  may  be  <  2/1 

(the  theoret ica l  maximum  for  Ca + Mn in  amphiboles)  (Figures 

4.21-4.23).  These  amphiboles  may  have  some  lattice  distortion  from 

a c c o m o d a t i n g  t h e s e  l a r g e  i o n s  in  t h e  s m a l l  s i t e s . 

The  cummingtonite  series  minerals  are  usually  Mn-rich  and  fall 

p r i n c i p a l l y  within  the  dannemor i te  (Mn2Fes  SisO22  (0H)2)  and 

c u m m i n g t o n i t e  ((M  g  ,Fe)7.  Sie  O22 (0  H)2)  f i e l d s ,  wh i l e  t i r od i t e 

(Mn2  Mg5Sia022  (0H)2)  was  a dominant  component  of  amphiboles  in  one 

specimen  only.  Many  members  of  this  series  were  found  to  be  slightly 

calc ic  (Fig  4.2  2)  and  this  is  possibly  due  to  intergrowth  with 

actinolite  in  some  fine  aggregates,  but  up  to  2.5% CaO is  present  in 



coarse  grained,  homogenous  dannemorite.  Small  amounts  of  Ca are 

typical  of  cummingtonite  group  minerals,  and  may  be  necessary  for 

nucleation  (Layton  & Phillips,  1960;  Cameron,  1975),  but  a  maximum  of 

only  2.2  % CaO has  been  previously  recorded  in  cum  mingtonite  series 

minerals  (Vernon,  1962;  Robinson  et  al.  1982),  making  this  above 

mentioned  specimen  the  most  calcic  cummingtonite  group  described.  As 

in  actinoHtes  Ca + Mn/(Ca  + Mn + Fe  + Mg)may  be  >  2/1,  indicating  the 

presence  of  minor  Mn in  Ml-2-3  sites.  The  tirodite  contains  fine 

exsolution  lamellae  of  pyroxenoids  and  pyroxenes  (Figure  4.20)  which 

c o n t r i b u t e  to  t h e  s p r e a d  in  t i r o d i t e  a n a l y s e s . 

Some  amphiboles  were  analysed  for  halogens  (Table  4.2),  and  the 

cummingtonites  are  quite  halogen  poor  (<.03  % F,  <.08  %, CI  )  while 

the  actinoHtes  have  up  to  .85  % F and  .06  % CL.  High  halogen  contents 

are  typical  of  high  grade  amphiboles  (Petersen  et  al.  198  2). 

Zn is  only  minor,  (up  to  0.27  and  0.65  % ZnO in  cummingtonites  and 

actinoHtes  respectively)  in  contrast  to  the  manganoan  amphiboles  of 

'Franklin,  New Jersey  (Klein  & Ito,  1968),  containing  up  to  10.8  % ZnO. 

This  is  due  to  the  much  higher  sulphide  content  of  the  Broken  Hill 

lodes  compared  with  the  FrankHn  Pb-Zn  deposits  (SquiUer  and  Sdar, 

1980),  causing  most  Zn  in  Broken  Hill  to  be  present  as  sphalerite 

(sulphides  are  almost  ubiquitous  in  amphibole  rich  areas  of  the  WAL). 

Na, Ti  and  Al  are  usually  very  low,  although  some  coarse  actinolite 

has  up  to  3.3  % AI2O3. 

Overgrowths  of  amphiboles  were  noted  in  a  number  of  cases  (Figures 

3.16  -  3.18)  although  consistent  chemical  differences  could  not  be 

detected.  Some  coarse  grained  actinolite  is  overgrown  by  actinolite 

richer  in  fine  sulphide  blebs  (Figure  3.18).  This  could  be  due  to 

either: 



I.  Increased  growth  rate. 

I I .  S u 1 p h u r i z a t i o n  o f  p r e - e x i s t i n g  g r a i n s . 

III.  Sulphur  influx  into  the  fluid  phase  during  retrograde 

growth. 

The  lack  of  distinct  chemical  difference  between  the  core  and  rims 

supports  tl̂ ie  first  hypothesis,  but  it  is  also  quite  possible  that  the 

amphibole  grains  re-equilibrated  during  retrogade  metamorphism,  and 

zoning  was  not  preserved.  Two  distinct  generations  of  cummingtonite 

series  amphiboles  may  be  present  -  the  second  generation  commonly 

being  very  fine  grained.  As  for  the  actinolites,  no  consistent 

chemical  variation  was  detected. 

Co-existing  actinolite  series  and  cummingtonite  series  minerals  are 

rare,  but  one  pair  is  plotted  in  Figure  4.22.  The  actinolite  has  a 

slightly  greater  Mg/Mg  + Fe  than  the  dannemorite,  as  Immega  and  Klein 

(1976)  found  to  be  gene ra l  for  most  s imi lar  a s s e m b l a g e s . 

The  amphiboles  frequently  occur  as  replacements  of  the  pyroxenoids, 

principally  along  cleavage  planes  and  grain  boundaries  (Figures 

3.6-3.7)  and  some  aggregates  in  quartz  may  represent  completely 

replaced  pyroxenoids  (Figure  3.13).  Some  amphibcQ.es,  however  are  found 

in  shear  zones  (Figure  3.11)  and  other  areas  with  no  direct 

relationship  to  pyroxenoids.  Some  occurrences  within  pyrosmalite 

appear  to  have  nucleated  about  sphene. 

Pleochroic  haloes  were  found  about  allanite  inclusions  in  some 

actinolites  (Figure  3.18). 

4.9 Pyroxenes  & Pyroxenoids. 

The  principal  pyroxenoids  present  in  the  WAL are  rhodonite  and 

pyroxmangite  both  (Mn,Ca,Fe)Si03,  (Figures  4.24  -  4.27;  Table  4.1). 
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Fig.  4.23  Pressure-temperature  curve  for  the  rhodonite/ 

pyroxmangite  transformation,  for  pure  MnSiO^,  adapted 

from  Maresch  &  Mottana  (1976). 
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Fig.  4.24  Composition  of  Pyroxenoids  and  Pyroxenes  in  Mg-poor 
samples,  with  approximate  moderate  to  high  temperature 
compositional  fields  adapted  from  Hodgson  C1975) 
Peacor  C1978),  Brown  et  al.  C1980)  and  Winter  et  al.  C1981) 
Rhodonites  are  shown  by  A  ,  pyroxmangites  by  X,  and 
hedenbergites  by  q  .  Molecular  %. 
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Fig.  4.25  Composition  of  pyroxenoids,  pyroxenes  and  amphiboles 
in  Mg-rich  samples,  with  approximate  compositional 
fields  are  adapted  from  Brown  et  al.  (1980)  and  Leake 
(1978).  Amphiboles  are  shown  by  asterisks,  hedenbergite 
by  squares,  kanoites  by  triangles  and  pyroxmangites  by 
crosses.  Molecular  %. 
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Fig.  4.26  Compositions  of  pyroxenoids,  pyroxenes  and  amphiboles 
in  Mg-rich  samples,  showing  compositional  fields 
adapted  from  Brown  et  al.  (1980).  Hedenbergites 

are  shown  as  squares,  tirodites  as  asterisks,  kanoites 
as  triangles  and  pyroxmangite  as  crosses.  Molecular  %. 
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Fig.  4.27  Compositions  of  Pyroxenes  and  Pyroxenoids.  Rhodonites 
are  represented  by  A  ,  pyroxmangite  by  X.and  kanoite  by  V 
Compositional  fields  adapted  from  Petersen  et  al.  (1984) 
Molecular 
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TABLE  4,3; COyiPARISQN  OF RHOXjNITE  AND  PYRQXMANGITE 

(Data  from  Roberts e t a l .  1974) 

PYROXMANGITE RHODONITE 

Caiposition 

Crystal  system 

Space group 

Z 

3 Strongest 

Diffraction 

Lines  (5̂ ) 

Optical  consts, 

a 

3 

Y 

2V 

ODlour 

Hardness 

Specific 

Gravity 

Cleavage 

Twinning 

(Mn,Fe,Mg,Ca)Si03 

Triclinic 

PI 

14 

2.95(100) 

2.18(70) 

3.12(60) 

1.726 - 1.748 

1.728 - 1.750 

1.744 - 1.764 

35 - 46° (+) 

Pale pink  to dk.  brown 

5.5 - 6 

3.6 - 3.8 (msas.) 

3.91 (calc.) 

{ 110 } Perfect 

{ 110 } Perfect 

{ 010 } Good 

{ 001 } Good 

rare;  lamellar  &  simple 

(Mn,Ca,Fe,Mg)Si03 

Tricl inic 

PI 

10 

2.772(100) 

2.980(65) 

2.924(65) 

1.711 - 1.738 

1.716 - 1.741 

1.724 - 1.751 

6 3 - 7 6 ° (+) 

Pale pink  to brown 

5.5 - 6.5 

3.6 - 3.8 (meas.) 

3.73 (calc.) 

{ 110 } Perfect 

{ 110 } Eferfect 

{ 001 } Good 

not  noted 

- red 



X- ray  D i f f rac t ion  analyses indicate  that  pyroxmangite  may be 

slightly  more abundant  than  rhodonite  in  the WAL  (Appendix  5), 

although  BurreU  (1942) found  pyroxmangite  to be unimportant  in  the A 

lode compared with  rhodonite.  They are very  di f f icul t  to distinguish 

and very  detailed  optical  studies  or X-ray  analyses are necessary to 

confirm  their  identifications  (Table 4.3). Maresch  and Mottana  (1979) 

showed that  pyroxmangite  is the high  pressure equivalent  of, and may 

invert  to, rhodonite  (Figure  4.23), but  this  i s also composition-dependant. 

Coexisting  rhodonite  and pyroxmangite  were found  in  the WAL  as 

relatively  coarse exsolution  intergrowths  ^ ^  are not  uncommon 

(Burrell,  1942; Hodgson, 1975b; Maresch  and Mottana,  1979; Aikawa, 

1979 and Brown  et al.  1980). Their  composit ions  ind icate  s tab le 

coexistence of the two phases in  a divariant  field.  The immiscibility 

gap is very  limited,  but  shifts  with  changing  temperature  and pressure 

(Maresch  and Mottana,  1979), and thus  exsolution  may occur. Plotting 

of analyses of the WAL  pyroxenoids  indicates  clustering  into  two 

principal  groups, (Figs 4.24 - 4.27) and thus  the immiscibility  gap is 

fairly  w ^  defined  over a small  compositional  range in  these samples. 

The rhodonite  - pyroxmangite  immiscibility  gap is poorly  defined  at 

present  (Mason, 1973; Aikawa,  1979; Brown  et al.  1980; Winter  et al. 

1981), and is pressure and temperature  dependent  (Maresch  &  Mottana, 

1979). Zn may be present  up to 0.32 % ZnO in  both pyroxmangite  and 

rhodonite  in  the WAL. 

Manganoan  hedenbergite  (often termed  manganhedenbergite)  is a less 

common f^ase in  the WAL  than  rhodonite  and pyroxmangite  but  is locally 

abundant.  The composition  is quite  variable  (Figure  4.24 - 4.27), but 

the hedenbergite  (CaFeSiaOe) component is always  greater  than  the 

johannsenite  (CaMnSi2  06), kanoite  (MnMgSizOg)  and diopside (CaMgSizOe) 



components.  The  Ca/(FG  + Mg + Mn)  is  quite  variable  aJso,  showing  that 

a large  amount  of  Mn,  Fe  and  perhaps  Mg.  can  substitute  for  Ca,  and  up 

to  0.3  % ZnO has  been  found  in  some  hedenbergite.  The  large  amount  of 

Mn substitution  for  Ca is  not  typical  of  manganoan  hedenberg i te 

(Mason,  1973;  Hodgson,  1975b),  and  indicates  a  kanoite  component 

(MnMgSi  0 ).  The  spread  of  analyses  (Figure  4.25)  is  partly  due  to  the 

fine  nature  of  some  of  the  exsolution  lamellae  of  hedenbergite  in 

t i r o d i t e ,  m a k i n g  a c c u r a t e  a n a l y s i s  d i f f i c u l t . 

The  little  work  that  has  been  done  on  the  pressure  -  temperature 

dependence  of  Mn -  pyroxenes  and  pyroxenoids  indicates  that  with 

cal ibrat ion  they  would  probably  make  good  geobarometers  and/or 

g e o t h e r  m o  m e t e r s  ( B r o w n ,  1 9 8 0 ;  A b r e c h t  & P e t e r s ,  19 8 0 ) . 

A kanoite-like  phase  (MnMgSi  0_ , a  recently  described  clinopyroxene: 
2 6 

Kobayashi,  1977)  weis  found  coexisting  with  tirodite  in  one  sample 

f rom  9 0 . 6  m e t r e s ,  D H 4 5 2 6 .  The  a v e r a g e  f o r m u l a  is  about 

Mn_ ^Mg^,  .  Pe^  .Ca^  f  or  (Mn^  Fe  ,Ca  )  (Mg  Fe  )Si  0 , 
0 .7 ^ 0 . 6  '^^0.6^^0.1  0.7  0 .2  0.1  0 .6  0 .4  2 6 

similar  to  some  of  the  kanoite  described  by  Brown  et  al.(1980)  but 

with  a  much  higher  iron  content.  In  several  kanoite  analyses  Fe>Mg, 

suggesting  the  presence  of  an  as  yet  und  escribed  MnFeSi„0_  end  member, 
c  6 

but  deficienciess  in  Ca and  Mn indicate  that  Fe  substites  for  these 

elements  in  the  large  A site  (due  to  its  smaller  size  Mg is  unlikely 

to  substitute  in  this  site)  and  thus  no  conclusive  evidence  can  be 

presented  here  for  the  existence  of  a  new  mineral.  Kanoite,  occurs  in 

the  WAL as  fine  exsolution  lamellae  (<40  microns  width)  in  tirodite 

(Plate  4 . 2 0 ) .  A similar  habit  is  seen  in  its  other  two  reported 

occurrences:  as  fine  intergrowths  with  manganoan  diopside  (Brov/n  et 

al .  1980)  and  as  fine  intergrowths  with  manganoan  cummingtonite 

(Kobayasni,  1977).  Further  study,  including  x-ray  di f f ract ion  and 



transmission  electron  microscopy,  is  necessary  to  confirm  the  identity 

of  this  and  other  phases  in  this  sample. 

The  pyroxenoids  and  pyroxenes  are  commonly  euhedral  (short  prismatic) 

when  enclosed  in  quartz  or  feldspar,  but  more  commonly  form  massive 

granoblastic  aggregates.  In  handspecimen  hedenbergite  is  dark  green, 

while  rhodonite  and  pyroxmangite  are  deep  red  to  orange  -  brown,  and 

both  are  almost  colourless  in  thin  section.  The  pyroxenoids  commonly 

show  alteration  to  amphiboles  (Figures  3.6-3.7),  or  less  commonly 

pyrosmalite  or  manganpyrosmalite.  The  amphiboles  preferentially 

replace  pyroxenoids  along  cleavages,  fractures  and  grain  boundaries, 

while  pyrosmalite  appears  to  replace  pyroxenoids  more  complet^y,  and 

this  is  probably  related  to  the  difficulty  in  incorporating  large 

amounts  of  manganese  into  the  amphibole  structure  (Robinson  et  aL 

1982). 

4.10  StauroHte. 

Staurolite  occurs  as  euhedral  to  subhedral,  prismatic  crystals,  light 

to  medium  brown  in  colour  and  is  fine  to  medium  grained.  It  may  exist 

in  equilibrium  with  muscovite,  garnet,  biotite  and  sillimanite, 

indicating  complete  retrograde  recrystallization  of  these  rocks,  but 

locally  shows  signs  of  sericitization.  It  is  commonly  poikiloblastic, 

with  inclusions  of  quartz  (commonly  fine  and  vermicular)  and  rarely 

fine  ilmenite,  which  probably  indicates  that  this  staurolite  has 

replaced  biotite.  Much  staurolite  has  replaced  gahnite,  which  occurs 

as  relics  within  some  euhedral  staurolite  crystals  (Figure  4.17)  or 

within  fine  staurolite  aggregates  (Figures  4.15  -  4 .16) .  Some 

stauro l i te  has  replaced  gahnite  topotactically  (Figure  4.16). 

Staurolites  in  the  WAL have  all  been  found  to  be  zincian,  with 



between 2.5 and 4.3%ZnO (Bottrill,  1983a). Up to 1.6% MgO, 0.15% MnO 

and 0.52% TiO  2 may also be present  and the relation  between Fe, Zn and 

Mg is shown in  Figure  4.28. The Fe/Al/Si  ratios  are variable,  and the 

formula  is no t  s imple,  but  can be represented  on average as 

(Fe2.7 Zno.7 Mgo.G)^  AI17.3  Siy .9O t^  (0H)2)  (Table 4.1) , c lose r to 

(Fe^  A I17 .3 (Si,Al)8 048H2 : G r i f f e n ,  1 9 8 1 ) t h a n  t h a t  o f 

{Fe^All  8Si7.50^^  (Om., : Yardley,  1981b). StauroHte  is one of the few 

common rock forming  minerals  to readily  accommodate s ign i f i can t  Zn, as 

the element  prefers  Fe accomodating sites of tetrahedral  coordination, 

as in  spinels,  or sites of octahedral  coord ina t ion  with  hydroxy l 

Hgands  (Wedepohl, 1972). 

The breakdown  reaction  of gahnite  to staurolite  is complex (Reaction 

4.3) with  preferential  retention  of Zn in  gahnite,  and a common 

association of fine  grained  biot i te  with  the staurolite  indicates  that 

this  may be another  product  of the reaction.  Biotite  may, however, 

surround  gahnite  without  staurolite,  and is commonly  in  equilibrium. 

The biotite  may help balance the gahnite-staurolite  reaction  by FeSi = 

A12 equilibria  (Reaction 4.3a). Sillimanite  may also be involved  in 

the r e a c t i o n  as i t  is a not  uncommon associate of gahnite  and 

staurolite  (Reaction 4.3b). 

4.11 nmenite. 

I lmenite  is fine  grained  and usually  opaque, but  where i t  has 

e x s o l v e d f r o m  b i o t i t e  (Figure  3.2) i t  is very  f i ne  gra ined, 

t rans lucen t  and dark  brown  in  transmitted  l ight.  This  very  f ine 

gra ined  i lmen i te  can be incorpora ted  into  garnet  (Figure  4.32), 

indicating  garnetization  of biotite. 

Microprobe  analyses on a number  of the coarser ilmenite  crystals 
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Fig.  4.28  Compositions  of  Staurolltes  (Molecular  %) 

S T R U R O L I T E S 



show  t±iat  they  are  aR manganese  -  bearing,  with  between  0.6  and  4.4% 

MnO (Figure  4.29  and  Table  4.1),  and  small  amounts  of  MgO (<  1.3%) are 

also  present.  ZnO was  <.05% in  all  ilmenites  analysed,  so  no 

significant  solid  solution  towards  the  zinc  analogue  of  ilmenite, 

found  at  Broken  Hill  by  Brown  et  al.  (1970)  was  detected. 

4.12  Sulphides. 

Sphalerite,  galena,  cubanite  (CuFe2S3),  pyrrhotite,  chalcopyrite, 

gudmundite  (FeSbS),  pyrite,  arsenopyrite  and  loellingite  were  are  all 

noted  in  polished  sections  and  confirmed  by  qualitative  electron 

microprobe  analyses.  Many  detailed  studies  have  been  published  on 

Broken  Hill  sulphide  chemistry  and  petrology,  including  those  by 

Ramdohr,  1950  ;  Stillwell,  1953;  Ramdohr,  1972;  Lawrence,  1973;  Both, 

1973;  Scott  et  al.  1977  and  Spry,  1978.  Most  sulphides  of  the  WAL seem 

little  different  to  those  described  in  these  studies,  thus  only  some 

of  t he  mos t  i m p o r t a n t  f a c t o r s  a r e  m e n t i o n e d  h e r e . 

Most  sulphide  minerals  in  the  WAL are  anhedral  (except  arsenopyrite 

and  loellingite),  tending  towards  coarse  -  grained  polygonal 

aggregates  with  balanced  surface  tensions  (Lawrence,  1973),  and  most 

inclusions  have  been  forced  towards  grain  boundaries.  Many  sulphides, 

especially  galena  and  chalcopyrite,  appear  to  have  been  squeezed  into 

fractures  and  small  shear  zones.  Sphalerite  is  rarely  brecciated  and 

cemented  by  chalcopyrite  and  galena.  Most  sulphides  can  be  found  as 

inclusions,  often  very  fine,  in  some  garnet  and  spinel.  Arsenopyrite 

and  loellingite,  being  more  refractory  than  most  sulphides,  usually 

occur  in  well-formed  euhedral  crystals. 

Some  exsolution  textures  are  present,  and  those  noted  in  the  WAL 

include  troilite  in  hexagonal  pyrrhotite  (Figure  4.30),  cubanite  in 
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Fig.  4.29  Composition  of  Ilmenites  (Molecular  %) 

ILMENITES 

10 X  Mn 
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0.1  mm. 

Fig.  4.30  :  Pyrrhotite  (Po>  grain,  enclosed  in  dannemorite,  showing 

typical  flame-like  exsolution  lamellae  of  troilite  (T).  (2/lB) 

0.1  mm. 

.Ilm 

Fig.  A.31;  Late  stage  sulphide  vein  in  garnet  quartzite,  showing  galena 

(Gn)  replacing  pyrrhotite  (Po),  with  sphalerite  (SI)  and 

iimenite  (Ilm). 



pyrrhotite,  chalcopyrite  in  cubanite  and  gudmundite  in  chalcopyrite. 

The  only  definite  evidence  of  alteration  or  replacement  reactions 

observed  were  small  aggregates  of  prismatic  pyrite  on  pyrrhotite,  and 

loell ingite  being  replaced  by  arsenopyrite  (Figure  4 . 3  4 ) .  T h e 

arsenopyrite  has  sUghtly  lower  Co and  Ni  than  the  loellingite,  due  to 

d i l u t i o n  by  i n t r o d u c e d  Fe  ( e . g  f r o m  F e O in  s i l i c a t e s ) : 

FeAs2  + FeO + H2S = 2FeAsS  + H20 (4.5) 

loellingite  ar  senopyr  i  be 

There  is  some  evidence  for  replacement  of  pyrrhotLte  by  galena  in 

some  late-stage  veins  (Figure  4.31). 

Sulphides  participate  in  retrograde  replacement  of  some  non-sulphide 

phases ,  not iceable  in  at  leas t  t h ree  i n t i m a t e  a s s o c i a t i o n s : 

I .  Fine  galena  within  chlorite  replacing  biotite  (Figure  4.9). 

n .  Fine  galena  within  manganpyrosma.lite  replacing  pyroxenoids 

(Figure  3.9). 

I I I .  Fine  sphalerite  with  sericite  and  chlorite  replacing  gahnite 

(Figs.  4.13,  4.14  and  4.19). 

Many  sulphides,  especially  sphalerite  and  pyrrhotite,  are  intimately 

associated  with  the  amphiboles  (Figures  3 . 1 4 - 3 . 1 5 ) ,  and  it  is 

di f f icul t  to  determine  whether  this  is  an  original  association  or 

whether  it  represents  a  later  chemical  replacement  or  mechanical 

e m p l a c e m e n t  of  more  ductile  sulphides  into  brittle  si l icates. 

Stilpnomelane  also  appears  most  abundantly  within  sulphide  aggregates 

( F i g u r e  3 . 1 0 ) ,  a n d  h a s  a s i m i l a r  g e n e t i c  r e l a t i o n s h i p . 

4.13  Retrograde  Phyllosilicates. 

A number  of  retrograde  phyllosilicates  occur  in  the  WAL, including 
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Fig.  4.32  Gametisation  of  biotite  (B)  ,  as 
evidenced  ty  the  presence  of  fine 
ilmenite  (I)  in  both  biotite  and 
gamet  (G)  ,  with  coarse  grained 
pyrrhotite  (Po)  .  (4500/25.2).  PPL. 

0.5 
mm 

0.1 
mm 

Fig.  4.33  Pyrite  (Py)  overgrowth  on  pyrrhotite 
(Po).  (2/5B).  Reflected  light,  PPL. 
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0.1 
mm 

Fig.4.34  Replacement  of  loellingite  (L)  by 
arsenopyrite  (A),  in  pyrrhotite  (Po) 
(2/5A).  Reflected  Light,  XPL. 

0.2 
mm 

Fig.  4.35  Chlorite  (C)  -  Calcite  (Ca)  vein  in 
gamet  quartzite.  White  spots  indicate 
probe  damage.  (4502/48.7).  PPL. 
Pine  berthierine  is  interstitial 

to  chlorite. 



ch lo r i te ,  some  green  biotites,  sericite/muscovite,  paragonite, 

pyrosmalite-group  minerals,  greenalite  (?),  berthierine,  'sturtite', 

and  stilpnomelane.  Average  compositions  are  given  in  Table  4.4. 

Chlorite  is  most  commonly  found  replacing  biotite,  sometimes 

gahnite,  and  rarely  garnet  but  some  chlorite  occurs  in  veinlets  with 

manganoan  calcite  and  berthierine  (Figure  4.35).  The  chlorites  vary 

from  very  fine  to  coarse  grained,  are  green  to  greenish  yeHow  in  thin 

section,  and  commonly  show  the  anomalous  'Berlin  Blue'  interference 

colours,  typical  of  most  Fe-rich  chlorites  and  other  chlorites  where 

2V -  0 ° (Saggerson  and  Turner,  1982). 

The  chlorites  are  widely  variable  in  composition,  even  on  a 

microscopic  scale.  Using  the  nomenclature  of  Bayliss  (197  5)  for 

chlorites,  most  are  chamosite,  and  a few  are  clLnochlore.  Using  the 

nomenclature  of  Hey  (1954)  or  Foster  (1962)  most  are  ripidolite  but 

some  are  daphnite  or  brunsvigite  (Fig.4.36).  Plots  of  coexisting 

chlorite  and  biotite  (Fig.4.37)  show  variable  non-equil ibr ium 

relationships,  unlike  the  assemblages  in  equilibrium  with  iron 

sulphides  described  by  Mohr  & Newton  (1983),  where  they  are  almost 

equal  in  Fe  /Mg+Fe.  The  WAL chlorite  usually  has  a higher  Fe/Fe  + Mg 

than  the  coexisting  biotite,  as  a  result  of  the  release  of  Fe  by 

simultaneous  gahnite  breakdown.  The  pennantite  (Mng  Si^Oi  o  (0H)8) 

component  is  low  (<1.1%  MnO),  and  shows  a slight  negative  correlation 

with  A1 (Figure  4.38),  and  the  Zn  chlorite  component  (Radke  et  aL 

1978)  is  even  smaller  (<0.4%  ZnO). 

The  ser ic i te  is  usually  found  replacing  gahnite,  orthoclase, 

plagioclase  or,  rarely  garnet  and  is  generally  very  fin?  grained  and 

colourless.  Sericite  (fine  -  grained  muscovite)  in  the  WAL has  a small 

but  variable  celadonite  component,  but  some  has  Mg + Fe  ~  1,  and  Si  = 



60a 

F e / F e + M g 

ro 
-T- -T-

cn CD 

H' 
CM 

Pseudothuringite 

\ 

Ripidolite  » \ 

ft 
ft. 

» « 

^^Daphnite  ^̂  

\  \ 

\ « 
\ 

\ 

•  \ 
^ \ 

in 

9 
rt O B 
CO 

N3 
00 

O 
^ 
OQ g 

+ 
PycnochloriCe  Brunsvlglte  \ 

\ \ 

U) 0̂  
0 

1 
o w H-
rt H-O 
o 
o Hi 

O P' H O i-{ H-
rt 
n> 
CO 

CO 

I 
s-
CM 

CD 
O O 
•I o 
CO 
H-
rt 
H-
0 

H-
fD 
M 01 
CO 

O H> 
pc! 
(D ^ 

M •JD Ui 



Fig.  4.37  Relations  between  Coexisting  chlorites  Ctriangles)  and  biotites  Ccrosses) 
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Fig.  4 . 3 3  Relations  between  Mn and  A1 in  chlorites 
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6.6 ( for  22 oxygens) and could be classified  as either  phengite 

(Crowley  &  Roy, 1964), or ferrimuscovite  (if  all  Fe is present  as 

3+ 

Fe ) , The paragonite  component is low, and Ti02  is quite  variable. 

Two paragonites  analysed have variable  but  high  muscovite  contents, 

(about  12%) and moderate  Fe and Mg contents  (about  0.3 and .15 % 

respectively).  The paragonite  was found  with  chlorite  and sphalerite 

in  a replacement  rim  about  gahnite.The  serici te  is commonly  found 

replacing  gahnite,  orthoclase,  plagioclase or, rarely,  garnet,  and is 

usually  very  fine  and colourless. 

Pyrosmalite  was found  in  a few samples as replacements  of rhodonite 

and pyroxmangite.  The Mn  / Mn  + Fe ratio  is about  .45. A fine  grained 

phase, intergrown  with  galena, is commonly  found  as a selvage (Figure 

3.9) separating  pyrosmalite  from  the pyroxeno ids  and Electron 

microprobe  analysis  indicated  a composition  like  manganpyrosmalite, 

with  Mn/Mn  + Fe about  0.69. Friedelite,  and other  members of the 

pyrosmalite  group,  have much higher  Mn/Mn  + Fe ratios  and extra  X-ray 

diffraction  lines  (Donnay  et al.  1980) which  were not  detected in  any 

WAL  samples. 

A comp le te l y  amorphous,  b lack ,  hydrous,  Fe-Mn-sil icate  is not 

uncommon as a lats-stage  alteration  product  of pyroxenoids,  in  joints, 

f ractures  and calci te  veins in  massive, quartz-poor  pyroxenoid-rich 

rocks. Very  similar  material  is widespread  in  other  similar  parts  of 

the Broken  Hill  lodes, and was described by Hodge-Smith  (1930) as 

'sturtLte',  although  this  has Mn>Fe  while  the material  analysed from 

the WAL  has Fe>Mn.  Fleischer  (1980) equated "sturtite'  with  neotocLte 

(MnSiOa.nHzO:  Clark  et al.  1978) although  Portnov  e t al.  (1978) found 

them  to have a d i f f e r e n t  s t ruc tu re .  The mater ia l  is probably 

hisingerite  (FeSiOs.nHz  0: Whelan  and Goldich,  1961; Lindqvist  and 



Jansson, 1962). Hisingerite  and neotoci te were considered by Whelan 

and Goldich (1961) and Brigatti  (1981) to be smect i te group minerals, 

but Lindqvist  and Jansson (1962) thought  that hisingerite  could be a 

trioctahedral  mica, as Portnov e t aL (1978) suggested for 'sturt i te ' . 

The nature of these phases is in need of further  study by Transmission 

E l e c t r o n M i c r o s c o p y , D i f f e r e n t i a l  t h e r m a l  a n a l y s i s and 

Thermogravimetric  analysis. 

Very f ine - grained, brown, iron  silicate phases are locally found 

as al terat ion  products of gahnite or la te -s tage vein- f i l l ings.  Some 

have chlor i te  - l ike compositions, but also coexist with  chlorite,  and 

may thus be the s e p t e c h l o r i t e p o l y m o r p h ,  i . e . b e r t h i e r i n e 

Ochamosite'). Some are low in Al̂  and may be intedayered chlorite  -

greenaUte (Gde, 1980). Some are K-rich,  and may be 'hydrobiotite'  or 

consist of disordered interlayered chlori te  + mica + stilpnomelane + 

greenalite, similar  to some phases found by Gole (1980). One coarse 

grained 'b iot i te '  is very low in K (7.1% K2O) and contains 1.3% ZnO, 

and may be incipiently  chloritized,  although this was not obvious in 

thin  section. 

Manganoan st i lpnomelane is an occasional al terat ion  product of 

pyroxenoids in the WAL (Figure 3.10). It  occurs up to 0.3 mm. in size, 

is usually int imately  associated with  sulphides, and is colourless to 

pa le brown in thin  sec t i on . The pale co lour is a t y p i c a l f o r 
3-1-

sti lpnomelanes and is probably due to the unusually low Fe and/or 

T i , or p e r h a p s l e s s d e f e c t s i n i t s c r y s t a l l a t t i c e . 

4.14 Other minerals. 

Fluor  apat i te is common in the WAL, as in the rest of the Broken 

Hill  lode ( Harada et al. (1974); Lawrence , 1968), and ana lyses 



indicate  up  to  0.14% MnO. Pleochroic  haloes  about  apatites  in  some 

biotites  indicate  local  enrichment  in  U and/or  Th.  Plimer  (1931)  noted 

the  presence  of  U in  apatites  from  BIFs  at  Broken  Hill  and  found  a 

linear  relationship  between  F and  U. 

AUan i t e  is  a  minor  phase  in  many  specimens,  and  qualitative 

microprobe  scans  indicate  high  Ce and  Nd,  with  lesser  Sm, La  and  other 

rare  earth  elements.  It  is  medium  to  dark  brown,  non-metamict  and 

moderately  pleochroic  in  thin  section. 

Cl inozois i te /epidote  type  minerals  were  identified  optically  as 

inclusions  within  orthoclase.  They  are  colourless  to  very  pale  yellow, 

have  anomalous  blue  interference  colours,  and  probably  derive  from 

retrograde  breakdown  of  the  anorthite  component  of  the  feldspar. 

Sphene  was  found  in  only  a  few  thin  sections  of  WAL rocks,  and  is 

rich  in  Al  and  Fe  with  minor  Mn,  Mg and  Zn.  Al  -  enrichment  of  sphenes 

has  been  taken  to  indicate  high  pressure  formation  (Smith,  1980)  but 

Barron  & Barnes  (1981)  have  shown  that  Al  -  rich  sphenes  from  the 

Broken  Hill  area  were  formed  at  only  moderate  pressure,  and  were 

probably  stabilized  by  F.  Controls  for  substitution  are  complex 

(Coombs  et  al.,  1976)  and  the  principal  substitution  is  (Al,Fe)(OH,F) 

= TiO  with  only  minor  substitution  of  Mn,  and  perhaps  Mg,  for  Ca.  The 

average  composition  is  Ca(Ti0.8,Fe0.1,Al0.1)Si(0H,F)5.  Dannemorite  may 

nucleate  about  sphene. 

Rutile  is  a  common,  very  fine  grained  accessory,  mainly  occudng  as 

exsolution  in  and  about  biotite. 

Monazite  and  zircon  are  infrequent,  minor,  fine  grained  accessories. 

Carbonates  are  uncommon  but  two  were  analyzed  -  one  with  chlorite  as 

a vein  filling  (Ca  0.85  Mn 0.13  Fe  0.12C03)  (Figure  4.35),  and  one 

with  hedenbergite,  actinolite  and  dannemorite  as  either  a  primary  or 



e a r l y  r e t r o g r a d e  p h a s e (Cao,8 5r'^^o,i3Feo.t2C03). 

Rhodochrosite  was verified  by X-ray  diffraction  from  a late-stage 

association with  a 'sturt i te'-Like  phase. 



Chapter  5.  Mineral  and  whole  -  rock  chemical  variability. 

5.1 Introduction. 

In  this  chapter  the  major  chemical  trends  (whole-rock  and  mineral 

variation)  across  the  WAL are  discussed.  Detailed  studies  of 

whole-rock  variations  in  and  around  the  Broken  Hill  lodes  have  been 

conducted  by  Walker  (1964),  PHmer  (1975c  & 1979),  Stanton  (1976a)  and 

Elliott  (1979)  and  Plimer  (1977a)  studied  the  mineral  chemistcy  in  the 

wallrocks  within  about  500  metres  of  the  orebodies.  This  study 

attempts  to  combine  both  approaches,  but  differs  in  scale  -  being 

restricted  to  a  detailed  investigation  of  part  of  one  lode  (the  WAL) 

and  the  wallrocks  within  about  30 metres  of  this.  It  was  thought  that 

a more  detailed  study  was  necessary  to  properly  define  the  present  and 

o r i g i n a l  n a t u r e  a n d  v a r i a t i o n  w i t h i n  t h e  l o d e . 

5.2 Whole  -  rock  chemistry. 

Nine  samples  of  split  core  from  NBHC drill  hole  DH4502,  intersecting 

the  WAL, were  selected  as  representatively  as  possible,  and  analysed 

for  the  major  and  some  minor  elements.  Twenty-one  elements  were 

determined:  Si,  Ti,  Al,  Fe,  Mg,  Mn,  Ca,  K,  Na,  Ba,  Pb,  Cu,  Ni,  Zn,  S 

and  P by  XRF,  Rb and  Sr  by  AAS, and  B,  Ga and  Li  by  Emission 

Spectroscopy.  Analytical  techniques  are  described  in  Appendix  1.  In 

accordance  with  the  assumptions  discussed  in  Section  4.1,  all  Fe  is 

assumed  to  be  present  as  FeO. The  results  are  shown  in  Table  5.1,  down 

hole  variations  are  illustrated  in  Appendix  IV,  summarized  in  Figure 

5.1,  and  are  discussed  below. 



NBHC Sample  No. 293055 293056 293060 2293069 293071 293079 293095 293168 

Mineralogical Si  llimanite Gahnite Garnet Pyroxenoid- Pyroxenoid Amphibole Garnet Sill imanite 

zone Gneiss zone Quartzite amph. zone subzone subzone Quartzite Gneiss 

Interval  (m) 21.7-24.7 24.7-27 .1  33.6-36.8 53.6-56.5 58.0-58.8 72.2-73.5 98.1-100.7 124.3-125.6 

Si  % 29.09 25.92 31.14 17,85 19.72 33.28 35.18 35.67 

A1 % 10.05 7.91 5.17 1.043 1.062 2.48 3.08 5.35 

Fe % 6.91 11.87 12.65 8.11 9.99 9.64 10.28 6.92 

Mg % 0.738 0.815 0.998 0.273 0.269 0.653 0.632 0.748 

Ca % 0.129 0.199 0.107 1.098 1.073 0.450 0.140 0.105 

Na % 0.131 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

K % 3.94 1.810 0.258 0.063 0.033 0.018 0.159 0.804 

Ti  % 0.453 0.329 0.220 <0.01 <0.01 0.071 0.136 0.226 

P % <0.01 0.024 <0.01 0.301 0.180 0.019 <0.01 <0.01 

Mn % 0.441 0.646 0.811 3,89 6.43 4.29 0.756 0.498 

S % 0.166 2.85 0.892 13.06 11.42 2.32 2.38 0.138 

Pb % 0.219 3.36 1.884 11.91 7.81 0.667 0.124 0.081 

Zn % 0.299 1.263 0.348 16.71 13.84 1.207 0.934 0.067 

Cu % <0.01 0.101 0.025 0.081 0.073 0.083 0.028 <0.01 

Ba % 0.052 0.031 <0.01 <0.01 <0.01 <0.01 <0.01 0.021 

Rb ppm 300 190 45 130 75 7 16 70 

Sr ppm 22 15 6 12 7 <2 <2 4 

Li  ppm 30 15 20 <1 <1 <1 8 15 

B ppm 3 <3 <3 <3 <3 <3 <3 <3 

Ga ppm 25 30 30 10 7 15 25 25 

Table  5.1:  Whole-rock  analyses  of  drillcore  intervals  through  typical  rocktypes  of  the  WAL, from  drillhole  4496, 
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Fig.  5.1  Whole  rock  geochemical  trends  for  drillhole  4496. 

Legend:CZ  Sillimanite  gneiss.]^ Gahnite-rich  zone.I  I Garnet  quartzite 

Pyroxenoid  subzone lAmphibole  subzone 

The centre  of  the  WAL is  approximately  the  pyroBcenoid  subzone 
on this  and  following  figures. 



5.2.1 Chemical  Variation. 

Considerable  local depletion  towards,  or v;ithin,  the WAL,  is shown 

by Al,  Ti,  Mg and K (Figure  5.1). Al  shows a particularly  weU -

defined  trend,  varying  from  about  10% in  the sUlimanite  gneiss and 

gradually  decreasing to about  1% near  the centre of the WAL  and is 

closely parallelled  by Ti  ( 0.45% to 0.005%). The K concentrations,  in 

contrast,  drop rapidly  from  about  4% in  the sillimanite  gneiss to 

below 0.5% within  the garnet  quartzite  envelope but  intermediate 

values occur in  the gahnite  - bearing  zone. K appears to be lower 

below than  above the centre of the WAL,  which  does not  conform with 

the potassic hydrothermal  foot wall  alteration  hypothesis  of Plimer 

(1979) although  the d i f f e r e n c e  in  scale of these studies  makes 

meaningful  assessment di f f icul t .  The Mg trend  is less well  defined, 

but  has compar i t i ve ly  low values (c.0.3% c f . c.0.8%) within  the 

pyroxenoid  subzone. The Mg/Mg+Fe  trend  is, however, better  defined, 

and is more closely related  to the Al  and Ti  trends.  There is no 

obvious relation  between Mg and Fe (Figure  5.2). The Si content  is 

re la t i ve  low (c.19%) within  the amphibole-pyroxenoid  zone and is 

moderately  constant  elsewhere (c.30%), although  the slight  increase 

from  east to west (hangingwaU  to footwall)  conforms to the footwaU 

s i l ic i f icat ion  hypothesis  o f Plimer  (19 7 9). This  increase has a 

s i g n i f i c a n c e  o f about  90% in  Spearman  and Kendall  correlations 

(Section 5.2.2). Other  elements depleted within  the WAL  include  Ba, Li 

and Ga. 

Many  elements are strongly  enriched  within  the WAL,  including  Ca, 

Mn,  P, S and, of course, the chalcophile  elements,  especially  Pb, Zn 

and Cu. Ca is most abundant  within  the pyroxenoid  subzone and, except 

for  some enrichment  within  the amphibole  subzone, is comparatively  low 
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elsewhere  (c.1% cf.  c.0.1%).  Mn is  also  enriched  within  the  pyroxenoid 

-  amphibde  zone  (c.5% cf.  c.0.6%),  but  exhibits  a  greater  halo.  P and 

S are  enriched  only  in  the  pyroxenoid  subzone  (c.0.2%  and  c.12%),  have 

moderate  values  in  most  otiier  lode  rocks  (c.0.015%  and  c.2%),  and  are 

very  low  in  the  siUimanite  gneiss  (c.0.005%  and  c.0.15%).  The  base 

metal  variations  are  discussed  in  more  detai l  in  section  5 . 2 . 4 . 

Some  elements  show  no  distinct  trends  with  respect  to  the  centre  of 

the  WAL, and  these  include  Fe  (which  is  fairly  constant  -  c.10%, Rb 

and  Sr.  Rb and  Sr  are  both  variable  but  show  an  overall  decrease  from 

east  to  west  across  the  WAL (>95% significance:  see  Section  5.2.2). 

The  Rb/Sr  trend  is  on  too  small  a  scale  (c.lOO  m)  to  exhibit  the  Rb/Sr 

trends  of  ore  deposits  noted  by  Plimer  and  EDiott  (1977),  which  were 

based  on  a scale  of  about  a  kilometre. 

The  siUimanite  gneisses  which  were  analysed  di f fer  slightly  in 

composition,  with  the  lower  gneiss  having  higher  Si  and  lower  K,  A1 

and  base  metaJs  than  the  upper  gneiss.  The  two  garnet  quartzites  are 

fairly  equivalent  in  composition,  although  the  upper  one  is  higher  in 

Pb and  Al,  and  lower  in  S and  Zn,  than  the  lower  garnet  quartzite. 

5.2.2.  Correlation  coefficient  analysis. 

Spearman  and  Kendall  correlation  coefficients  were  calculated  using 

the  SPSS statistical  program  at  the  University  of  NSW, and  the  results 

are  summarised  in  Tables  5.2  and  5.3. 

iyjost  of  the  elements  analysed  fa l l  within  one  of  two  groups.  Group  A 

inc ludes  most  of  the  normal  major  elements  enriched  in  detrital 

sediments,  namely  Ti,  Al,  Mg and  K,  as  weR as  tlie  minor  elements 

Li,  Ba  and  Ga. Group  B elements  are  those  more  closely  associated  with 

the  Broken  Hill  orebodies,  specifically  Ca,  Mn,  P, S, Pb,  Zn,  and  Cu. 
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Table  5 . 2  Spearman  Correlations 

egree  of  90% 95% 99% 
onfidenoe: 

lament 

S i ,  Na ? r ,  Rb 

i-  d  Ca, S , P , Pb,  Rb,  ^ r 

I  Mg,  P Ca, S , "Zn,  Ga K ,  T i ,  Ba,  L i 

i  Na,  B 

I  A l ,  B Ca, T i ,  L i  Ga 

1 Mn,  Pb,  T i ,  Cu,  L i ,  B "si,  A l ,  Mg P, S , Zn 

a d,  K ,  Fe,  Tfa,  Rb,  Sr  Ba,  L i  B 

Na, B,  Ga L i  A l ,  tfa,  Ba 

L Ca, P , Sy  "Zn,  B Mg,  Ba,  Rb,  Ga A l ,  Tfa,  Ba,  L i 

A l ,  T i ,  Mn,  P , Ga s"i,  L i  Ca, S , Pb,  Zn,  Cu 

I  Ca, Na,  P, Zn,  B A l ,  L i  K ,  Ti 

Ti  A l ,  "Si,  Zn,  L i ,  Pb,  Cu Ca, P, Zn 

> Ca i i ,  S P , Zn 

I  "Si,  T i ,  Mn A l ,  S , L i ,  Cu Ca, P , S 

I  Ca S, Zn  P 

L Na,  T i ,  L i ,  Rb,  B A l ,  K ,  Ti 

» Na d,  T i ,  Ba Sr 

• Na d"  Rb 

Ca Mg,  Na,  K ,  P , Un,  ? ,  A l ,  Ti 

Ba,  "Zn,  Ga 

d,  Fe,  Mg,  Ca, K ,  T i ,  .Ba  Na 

m 

K, P A l ,  T i ,  L i  Mg 

= depth  down  dr i l lho le 

irs  above  elements  indicate  negative  correlations 
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Bgree  of 
Dnfidence: 

Lement 

90% 

Table  5.3  Kendall  Correlations 

95% 99% 

Sr 

P,  S" 

Rb 

^a,  S",  Zn 

Ca, Zn,  Ga 

Sr 

P,  Pb 

K,  Ti,  m ,  Li 

K 

K,  Ga 

Ba 

Mg,  ^a,  Rb 

P",  S",  ̂ n 

Al,  Ti,  Mn 

P,  S,  Ga 

Al,  Ti,  Mn 

Cu 

fi 

Pb 

Na,  Sr,  B,  Li 

K 

^i,  Ba 

Ba 

Ba 

Ca,  Mn 

Al,  Ca,  Ti,  Li 

Si,  Ai,  Mg,  Mn,  Cu,  Li 

Ga 

Mg,  ^a,  Ga 

Cu,  Li 

Ca,  Li 

Si,  Pb,  Cu 

Ca,  S 

^i,  Al,  Cu,  Li 

Ca,  P,  S,  Zn 

Rb 

Ba 

Mg,  ^a,  P,  Mn,  Zn,  Ga 

Al,  K,  Ti,  Li 

P,  S,  Zn 

Al,  Ti,  Lfa,  Li 

Al,  K,  Li 

^i,  Ca,  S,  Pb,  Zn 

Al,  K,  Ti 

Ca,  P,  Zn 

^i,  P,  Zn 

Ca,  P,  S,  Pb 

Al,  K,  Ti 

Sr 

d,  Rb 

Al,  K,  Ti 

Mg 

= depth  down  drillhole 

ars  above  elements  indicate  negative  cxjrrelations 



There is a strong  positive  correlation  (usually  >99% significance) 

between elements within  the same group,  and a negative  correlation 

between elements from  different  groups. 

Rb and Sr show a high  correlation  with  each other,  a moderate 

correlation  with  Ba and litt le  correlation  with  any other  elements. 

Fe lacks any significant  positive  or negative  correlation  with  any 

other  e lements ,  but  correlat ions  are negative  for  most group A 

elements and positive  for  most group B e lements .  This  apparent 

independence is due to Fe being an important  component in  both the 

s u l p h i d e s  a n d s i l i c a t e s  o f t h e m e t  a s e d i  m e n t  s . 

Si shows a negative  correlation  with  many  elements,  but  a positive 

correlation  with  none. This  is due to other  elements being swamped by 

the high  abundance of quartz,  and indicates  that  s i l i c a  was a separate 

c o m p o n e n t in  the o r i g i n a l  s e d i m e n t s ,  p r o b a b l y  as c h e r t . 

Rb and Sr show a significant  decrease with  depth  down the hole, and 

Si increases with  depth. 

Hawkins  (1968b) and Stanton  e t al.  (1978), have also noted the 

correlation  of Ca, Mn,  P and base metals  in  the Broken  Hill  lodes. The 

correlation  of Fe with  these, as noted by Hawkins  (1968b), was not 

significant  in  this  study. 

5.2.3. Paleosalinity. 

Degens et al,  (1957a,b), found  that  the relation  between Ga, Rb, and 

B provides  a very  useful  geochemical method  of discrimination  between 

rocks thought  to have been formed  under  conditions  of differing 

salinity.  This  method  has been succesfuUy applied  to rocks of low 

metamorph ic  grade by Reynolds (1965a,b) and Davy  (1980). A 

corresponding  plot  for  WAL  rocks indicates  an extremely  low salinity 



(Figure  5 . 3 ) ,  al though  the  results  could  be  complicated  by 

post-depositional  mobilisation  of  B.  Harder  (1974)  noted  than  boron 

can  be  a very  mobile  element,  although  Reynolds  (1965b)  and  Mehnert 

(1968)  showed  that  while  metamorphism  may  redistribute  the  boron 

somewhat,  it  is  seldom  lost  from  the  rock  (usually  being  removed  from 

micas  and  stabilized  in  tourmaline,  axinite  and  other  borosilicates). 

The  rarity  of  these  borosilicates  in  the  Broken  Hill  lodes  (Birch 

et  aL.  1982;  Bottrill,  1983b),  even  in  pegmatites  and  quartz  veins, 

suggests  that  this  process  has  not  occurred  in  the  Broken  Hill  lodes. 

Tourmaline  -  rich  rocks  found  within  the  Willy  am  a Complex,  and 

recently  in  the  North  Mine  lodes,  are  considered  by  Plimer  (1983)  and 

Slack  et  al.  (in  press)  to  represent  original  primary  tourmaline 

precipitates.  Ahmad  and  Wilson  (1981)  have  inferred  the  presence  of 

B-bearing  retrograde  fluids,  but  Stanton  (1976d)  and  D. Milton  (pers. 

comm.)  argue  against  any  significant  large  scale  element  movement  in 

the  Broken  Hill  lodes. 

A comparison  of  some  average  analyses  of  marine  and  non-marine 

shales  with  siHimanite  gneiss  from  Broken  Hill  is  shown  in  Table  5 A . 

The  high  Ga, low  S and  Sr,  relatively  low  Mn and  very  low  Li  in  the 

sillimanite  gneiss  are  indicative  of  low  paleosalinity,  according  to 

the  postulates  of  Keith  & Degens  (1959),  and  Wedepohl  (1971). 

Plimer  (pers.  comm.)  suggested  that  the  ore-forming  fluids  may  have 

been  essentially  magmatic,  and  underwent  limited  mixing  in  a 

restricted  basin.  These  fluids  would  have  masked  the  paleosalinity 

indicators,  and  the  hydrothermal  wallrock  alteration,  resulting  from 

their  percolation  through  the  sediments,  may  simply  provide  (useful) 

information  regarding  the  composition  of  the  fluids.  In  particular 

these  solutions,  poor  in  Mg,  and  high  in  K and  Si,  resulted  in  the  Mg 
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F ig .  5.3  Re la t ion  between B,  Ga and Rb in  WAL who le - rock  samp les , 

show ing the  pa laeosa l in i t y  f ie lds  of  Degens et  a l .  ( ]957) 

G a X 10 



TABLE 5.4 :  COMPARISON OF 

-70-

AVERAGE SILLIMANITE GNEISS, FRESHWATER 

SHALE & MARINE SHALE ANALYSES 

1 2 3 4 5 

Si02 % 66.60 60.38 54.53 57.29 69.26 

Ti02 0.77 0.96 0.92 0.94 0.57 

AI2O3 16.50 21.75 20.89 21.24 21.41 

F e a O a 0.54 1.22 * * * 

FeO 6.97 7.01 8.58 7.49 8.90 

MnO 0.30 0.26 0.80 0.12 0.61 

^ ^ 1.48 1.83 1.65 1.73 1.23 

CaO 1.14 0.63 0.54 0.31 0.16 

NazO 0.99 0.44 0.22 0.21 0.15 

K2O 3.48 4.45 3.71 3.53 3.34 

P 2 O 5 0.15 0.14 0.23 0.17 n.d 

S n.d n.d 0.92 0.15 0.152 

B ppm II H 115 44 1.5 

Ga II 22 8 17 25 

L i II n.d 159 92 23 

Rb II 172 n.d n.d 185 

F II n.d 817 642 n.d 

Sr II 55 250 205 13 

1:  Sillimanite  gneiss  (94  analyses)  Plimer  (1979).  2:  Sillimanite 

gneiss (63  analyses)  Shaw (1973).  3:  Marine  shale  (15  analyses) 

Keith  & Degens (1959),  4:  Non-marine shale  (15  analyses)  Keith  & 

Degens (1959).  5:  Sillimanite  gneiss  (2  analyses).  This  study. 

*  =  a l l  iron  as  FeO n.d  =  not  detected 



-  depletion,  sericitization  and  silicification,  as  suggested  by  Plimer 

(1979). 

Berner  et  al.  (1979)  noted  that  the  presence  of  iron  monosulphides 

other  than  pyrite  in  sediments  is  indicative  of  low  salinity.  Plimer  (1981) 

noted  the  lack  of  evidence  for  any  original  pyrite  within  the  Broken 

Hill  l o d e ,  and  postu lated  that  an  iron  monosulphide  (pe rhaps 

pyrrhotite),  rather  than  pyrite,  was  the  original  iron  sulphide  in  the 

Broken  Hill  lodes.  This  may  then  be  taken  as  another  indicator  of  low 

pcileosalinity  for  these  rocks,  but  is  discussed  in  greater  detail  in 

section  6.2. 

In  conclusion,  estimation  of  the  paleosaHnity  is  complicated  by  a 

number  of  unknown  factors,  but  there  is  considerable  evidence  to 

i n d i c a t e  t h a t  the  sa l i n i t y  of  the  depos i t iona l  basin  and /o r 

ore-forming  fluids  was  very  low. 

5.2.4.  Base  metal  variations. 

NBHC mine  assay  data  for  base  metals  were  plotted  as  bar  -  graph 

plots  (Appendix  4b),  as  the  wide  variation  in  sample  lengths  made 

compar i sons  of  trends  otherwise  difficult,  and  are  summarised  in 

Figures  5.4  -  5.6. 

The  distribution  of  sulphides  suggests  the  usual  presence  of  three 

principle  zones  of  enrichment: 

I.  A stratigraphically  upper  zone,  within  the  gahnite  -  rich  zone 

and  high  in  the  upper  garnet  quartzite. 

I I .  A cen t ra l  zone ,  centred  a b o u t  the  py roxmang i te  subzone. 
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III.  A small,  stratigraphically  lower  zone,  within  the  lower  garnet 

quartzite. 

Pb is  fairly  well  distributed  throughout  the  WAL, but  has  peaks 

corresponding  to  the  three  sulphide-rich  zones,  and  is  richest  within 

the  central  zone.  The  presence  of  several  small  galena-rich  patches  are 

also  apparent.  Zn  is  less  widely  distributed,  and  is  relatively  minor 

in  the  stratigraphically  upper  sulphide  zone.  Ag  and  Bi  closely  follow 

Pb in  distribution,  but  minor  fluctuations  in  the  ratios  Ag/Pb  and 

Bi/Pb  seem  to  occur  (Figs.  5.5  -  5.6).  High  values  of  these  ratios 

tend  to  be  prevalent  in  low  -  Pb  (and  low  Ag  & Bi)  areas,  and  may 

indicate  either  the  presence  of  Bi  -  bearing  minerals  (other  than 

galena)  or,  perhaps  more  likely,  analytical  errors  as  detection  limits 

are  approached  and  as  such  are  not  significant.  Cu appears  somewhat 

similar  to  Pb in  distribution,  but  seems  more  widely  dispersed.  The 

distribution  of  Fe  appears  to  be  even  more  widespread,  although  sdll 

enriched  in  the  principle  sulphide  zones.  The  generally  high  Fe 

values,  even  when  pyrrhotLte  seems  poor,  suggests  that  part  of  the  Fe 

determined  in  assays  is  derived  from  silicates,  not  just  the  sulphides 

as  assumed  by  mine  geologists  (D.  Milton,  pers.  comm.).  Arsenic  is 

very  patchily  distributed,  usually  being  highest  in  sulphide  zones, 

b u t  c a n  h a v e  h i g h  v a l u e s  e l s e w h e r e  in  t h e  W A L . 

5.3.  Variations  in  Mineral  chemistry. 

Many  of  the  mineral  phases  discussed  in  Chapter  3 show  large 

variations  in  composition  throughout  the  WAL and  its  wallrocks.  This 

is  most  important  for  the  phases  that  are  principally  prograde,  e.g. 

garnet  and  biotite,  but  other  minerals,  including  gahnite,  chlorite, 

amphiboles  and  pyroxenes  also  show  considerable  chemical  variations. 
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The pyroxenoids  appear  to  have  a  relatively  limited  conpositional  range 

in  the  WAL (Figures  4.24  -  4.26),  despite  showing  considerable  chemical 

variation  in  nature  (Brown  et  al.  1980).  The  plots  are  shov/n  in 

^pendix  4c  and  are  sunmarized  in  Figures  5.9  -  5.10. 

5.3.1  Garnets 

As discussed  in  section  4.3,  WAL garnets  vary  from  magnesian  almandine 

to  a  Ca-Fe-rich  spessartine.  There  is  a  general  trend  from  low  to  high 

(Ca  +  Mn)  /Mg  towards  the  centre  of  the  orebody.  The  low  values  around 

65.2  m and  67.3  m in  DH4502  occur  in  N -̂rich,  chlorite  and/or  biotite-

bearing  saiiples;  the  trends  can  otherwise  be  related  to  the  whole-rock 

Ca,  Mn  and  Mg  trends. 

The Mg/(Mg  +  Fe)  ratio  is  erratic  with  no  obvious  relationship  to  the 

whole  rock  trend  (Figure  5.1),  probably  due  to  Fe  contribution  from  the 

Ore-forming  fluids  as  well  as  the  detrital  Fe  influx.  Re-equilibration 

of  Fe-sulphides  and  Fe-silicates  may  have  further  complicated  these 

trends  (Mallio  &  Gheith,  1972).  Some amphibole-rich  samples  have 

particularly  low  Mg/(Mg  +  Fe)  (<0.55),  perhaps  due  to  re-equilibration 

with  amphiboles,  or  to  Mn-netasomatism  accornpanying  anphibole  formation. 

The garnet  at  26.9  m in  DH4502  is  associated  with  staurolite,  and 

perhaps  re-equilibrated  with  it,  during  retrograde  metamorphism.  The 

variation  between  other  sanples  is  usually  smaller  than  their 

intergranular  or  intragranular  variation. 

5.3.2  Biotite 

The biotites  range  in  conposition  from  near  the  phlogopite  end-

member to  near  the  siderophyllite  end-member  (Figure  4.6  -  4.7).  This 

Al  variation  in  biotite  is  closely  related  to  the  whole  rock  Al 



7 3a 

20 . 

11 

0 

0.5 

0.4 

0.32 

\ / 

\  ' 
\  I 

X 

/  »  C 
/  I 

/  I 

/ 

20 

10 

0.1 

/  J 

f  :  / 

0.0: 

50 

/  \ 

\  I 
v'  ' 

I I 

i n r 
50 ICQ 

Sillimanite  gneiss 

Gahnite-rich  zone 

Garnet  quartzite 

m 
jAmphibole  subzone 

100 r  Pyroxenoid  subzone 

mm 

Fig.  5 .09 :  Mineral  chemistry  variation  in  drillhole  4496. 

a)  % A1203 in  biotite  b) 1102 % in b i o t i t e 

c)  Mg/Mg+Fe  in  biotite  d)  CaO +  MnO/KgO in  garnet 

e)  MgO/MgO-fFeO  in  garnet 



73b 

1 5 

13 

0.1 

0.6 

0.4 

0.2 

50 

0.1 

\ 

I  / 
I  / 
\  / 
\  / 

/ 

0.02 

22 

0 

H U E 

I  * 
I  \ 

/  \ 

^  \ 
/ 

/ 

\ / 
\/ 

/ 
I \ / 
/ \ ^ 
I 

50 100  0  50 

Fig.  5.10  Mineral  chemistry  variation  in  drillhole  4502 

e)  %ZnO in  biotite 

f)  (Ca+Mn)/Mg  in  garnet 

c)  % MnO in  biotite  g)  MgO/MgCH-FeO in  garnet 

d)  Mg/Mg+Fe  in  biotite  h)  Zn/Fe  in  gahnite 

100 m 

a)  %Al2  0,̂  in  biotite 

b)  %Ti02  in  biotite 



variation  in  DH4496 (compare  Figs.  5.1  and  5.9),  being  highest  outside 

the  orebody  and  dropping  steadily  towards  the  centre  of  the  orebody. 

The  trend  in  DH4502,  however,  is  not  so  simple,  perhaps  because  most 

of  the  high  -  A1 (>17wt.%  AI2O3) biotites  are  associated  with  gahnite. 

This  may  be  a sampling  bias,  as  gahnite  is  not  very  abundant  in  the 

r e g i o n  w h e r e  m a n y  o f  t h e  s a m p l e s  w e r e  t a k e n . 

The  Mg/Mg  + Fe  variation  in  biotite  varies  considerably  between  the 

two  driUhoLes.  High  Mg/Mg  -1-  Fe  values  (>0.48)  were  recorded  from 

biotite  associated  with  amphiboles,  and  low  values  were  recorded  from 

biotite  associated  with  zincian  hercynite.  Green  biotite  replacing 

gahnite  has  very  low  ratios  (<0.15)  but  the  other  biotites  have  a 

relatively  constant  ratio  of  about  0.35. 

Ti  also  shows  a variable  trend  in  the  two  holes.  Dnllhole  DH4496 

shows  a strong  trend  of  increasing  Ti  away  from  the  centre  of  the  WAL, 

but  the  most  Ti  -  poor  biotite  (at  4 7.3m)  is  the  green  retrograde 

biotite.  The  two  high  Ti  biotites  (>2.5%  Ti02)  coexist  with  feldspars 

(anorthite  and  orthoclase),  but  it  is  uncertain  whether  this  has  a 

direct  relat ionship.  The  other  samples  in  D H 4 4 9 6 show  litt le 

variation,  with  approximately  1 - 2 %  TiOz-  Most  biotites  in  DH4502 

have  between  1.1  and  1.3% TiO  2 while  two  samples  have  Ti  -  poor 

biotite  (<0.8%  TiO2)  -  one  of  these  is  associated  with  amphiboles,  the 

other  with  staurolite.  Both  samples  may  have  re-equilibrated  at  low 

temperature,  where  Ti  -  biotite  is  less  stable,  although  some  biotites 

in  association  with  staurolite  do  have  a moderately  high  Ti  content. 

The  sulphide-rich  areas  of  the  WAL are  very  low  in  Al  and  Ti,  and 

thus  any  biotite  present  is  likely  to  be  poor  in  Al  and  Ti  also.  These 

biotites  are  relatively  poor  in  Fe,  as  indicated  by  the  close  relation 

between  Ti,  Al  and  Fe  /  Fe  + Mg in  biotites  (Figure  4.6  and  4.8), 



although  Fe  is  relatively  constant  throughout  the  lode,  or  is  even 

enriched  slightly  in  the  (Ti  and  Al-poor)  centre  of  the  lode  (c.f. 

Section  5.2.1).  George  (1969),  Tso  et  al.  (1977),  Nesbitt  and  Kelly 

(1980)  and  Nesbitt  (1982)  have  described  similar  Fe  depletion  in 

biotite  in  sulphide-rich  rocks  as  resulting  from  sulphide-silicate 

reactions,  and  this  applies  also  in  the  WAL. The  most  likely  reaction 

to  have  occurred  is: 

B io t i te  + pyrite  = Fe-depleted  biotite  + 2 pyrrhotite 

There  is  evidence  for  slight  enrichment  of  Zn  and  Mn in  biotite  in 

the  outer  parts  of  the  WAL, although  Mn-rich  biotites  occur  rarely  in 

the  pyroxenoid  subzone,  and  both  Zn  and  Mn may  approach  their 

detect ion  l imits.  Sulphide-silicate  reactions  are  likely  to  deplete 

any  Zn  in  biotite  in  sulphur-rich  areas,  and  most  Mn v\;ould 

preferent ial ly  partition  into  garnet  or  pyroxenoids  rather  than 

biotite  under  normal  metamorphic  conditions  (Frondel  and  Ito,  1966). 

5.3.3.  Spinels. 

Gahni te  is  seldom  widespread  enough  to  exhibi t  statistically 

significant  trends,  although  an  increase  in  Zn  /  Fe  may  occur  towards 

the  centre  of  the  WAL, and  zincian  hercynite  occurs  near  the  edge  of 

the  WAL. 



Chapter  6.  Summary  and  Conclusions 

6.1  Summary  of  zoning  in  WAL 

It  has  been  found  that  moderately  well  developed  zoning  exists 

between  the  country  rocks  and  the  lode  rocks  within  the  WAL,  and  is 

expressed  in  a  number  of  ways.  A  whole-rock  chemical  trend  is  one  of 

the  most  basic  of  these,  and  is  clearly  shown  by  an  overall  inverse 

relationship  between  Al,  Ti,  K  and  Mg  /  (Mg  +  Fe),  all  enriched  in  the 

detrital  metasediments  (sillimanite  gneiss),  and  Mn,  P,  Ca,  S,  Pb,  Zn 

and  other  base  metals,  all  enriched  towards  the  centre  of  the  WAL, 

These  chemical  variations  are  reflected  in  changes  in  the 

mineralogical  constitution  throughout  the  WAL (Figure  6.1  and  Table  6.1) 

Passing  from  the  sillimanite  gneiss  towards  the  centre  of  the  WAL,  the 

following  series  of  assemblages  are  encountered: 

Qtz  -  Bt  -  Sil  ±  Or  ±  Aim 

Qtz  -  Bt  ±  Gah  ±  Aim  ±  Po  ±  Gn 

-»-  Qtz  -  Aim  -  Bt  ±  SI  ±  Po  ±  Gn 

Qtz  -  Sps  ±  Amph ±  SI  ±  Po  ±  Gn 

Pxn ±  Qtz  ±  Sps  ±  Gn  ±  SI  ±  Po 

This  results  in  five  distinct  mappable  zones:  sillimanite  gneiss,  a 

gahnite-rich  zone,  a  garnet  quartzite  zone,  an  aiiphibole-bearing  zone 

and  a  pyroxenoid-bearing  zone.  In  detail,  the  zoning  is  considerably 

more  coirplex,  with  inter  fingering  of  many  of  these  zones,  and  abundance 

of  minor  rock  types,  including  pegmatites,  veins  and  remobilized 

sulphides,  and  small  retrograde  shear  zones. 

"  The  distribution  of  sulphides  is  especially  coirplex,  but  can 

generally  be  divided  into  three  principal  sections:  i)  The  upper 

section  (stratigraphic  top  of  WAL)  is  relatively  narrow,  galena  and 
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Table  6.1:  Summary  of  mineral  distribution  in  the  WM, 

Quartz  Sillimanite Garnet  Biotite 

Principal 

Zinc 

Mineral 

Sillimanite  Gneiss 

Gahuite-rich  Zone 

Garnet  Quartzite 

Amphibole-bearing 
Zone 

Pyroxeneid-bearing 
Zone 

Amphibole-bearing 
Zone 

Garnet  Quartzite 

Sillimanite  Gneiss 

Major 

Major 

Minor 

Major 

Absent 

Major 

Almandine 

Spessar-
tine 

Almandine 

Major 

Major 

Minor 

Major 

Absent 

Major 

Gahnite 

sphalerite 

Retrograde 

Minerals 

gahnite 

Amphiboles 

Total 

Sulphides 

various  Mn-
silicates  and 
amphiboles 

Amphiboles 

chlorite 

< 1% 

c.10% 

c.2% 

c.10% 

c.2% 

<1% 

Galena/ 

Sphalerite 

>1 



pyrrhotite  - rich,  and sphalerite  poor, largely  in  the gahnite  - rich 

section, ii)  the central,  most sulphide-rich  section (generally  around 

the pyroxenoid  zone) and iii)  the lower,  narrow,  less sulphide-rich 

section in  the lower  garnet  - quartzite  ^  are richer  in  sphalerite  and 

poorer in  galena. 

The distribution  of retrograde  minerals  is asymmetric,  with  most 

chlorite  appearing  in  the lower  garnet  - quartzite,  most sericite  in 

the upper  part  of the lode, and most cummingtonite  around,  but 

predominantly  below, the pyroxenoid  zone. Abundant  sericite  occurs 

around  the pegmatite  / siUimanite  gneiss zone locally  present  in  the 

upper  garnet  quartzite,  while  chlorite  is related  to a la te -s tage 

fracture  zone in  the lower  garnet  quartzite.  Despite  the widespread 

retrogression,  well-defined  RSZ cannot  be distinguished  within  the 

WAL. 

The whole-rock  chemical  variation  is also expressed in  the chemical 

variations  of certain  minerals,  especially  garnet.  Mn  and Ca increase, 

and Fe and Mg decrease in  garnet  towards  the centre of the WAL,  but  Mg 

/ Mg + Fe shows irregular  trends  and is complicated  by partial 

retrograde  re-equilibration  of the Fe between amphiboles,  sulphides 

and other  minerals. 

Biotite  generally  shows some correlation  of Al,  Ti  and Mg / Mg + Fe 

between biotite  and whole-rock  compositions,  although  these trends  are 

less regular  than  in  garnet.  Biotite  formation  or re-equilibration 

during  retrogression,  and the instability  of the annite  component, 

distort  these trends. 

Gahnite  shows an irregular  trend  of increasing  Zn / Fe towards  the 

centre of the lode. 



6.2 Origin  of  prograde  mineral  phases 

Reactions 6.1  -  6.7  and 6.9  -  6.13  are  derived  principally  from 

Helgeson et  al.  (1978)  and Winkler  (1974).  Unless  otherwise  noted, 

the others  are  proposed by  the  author. 

6.2.1  Sillimanite 

Sillimanite  may derive  from  metamorphism of  a  kaolinite  group 

mineral  or  muscovite: 

kaolinite  ->•  pyrophyllite  andalusite  sillimanite  (6.1) 

quartz  +  muscovite  sillimanite  +  K-feldspar  +  H2O (6.2) 

muscovite +  h"*"  -»-  sillimanite  +  quartz  +  K*'"  +  H2O (6.3) 

muscovite +  chlorite  sillimanite  +  biotite  +  H2O (6.4) 

Stanton et  al.  (1978)  favoured  direct  derivation  of  sillimanite 

from a  kaolinite  type  precursor. 

6.2.2  Feldspars 

K-feldspar  may have originated  as  detrital,  authigenetic  or 

diagenetic  feldspar,  or  by  the  dehydration  of  muscovite  and/or  biotite 

(reactions  6.2,  and 6.5  -  6.7). 

muscovite +  biotite  +  quartz  garnet  +  K-feldspar  +  H2O (6.5) 

quartz  +  biotite  garnet  +  K-feldspar  +  K2O (6.6) 

sillimanite  +  biotite  +  quartz  garnet  +  K-feldspar  +  H2O (6.7) 



The Pb componen t of K - f e l d s p a r p robab ly de r i ved f rom 
desulphur izat ion of galena by some of the following reactions: 

muscovite + galena + quartz -> Pb-K feldspar + H2S (6.8) 

sillimanite + galena + quartz + H2O -> Pb feldspar + H2S (6.8a) 

K-feldspar + galena + biotite + H"̂ -> Pb-feMspar + K"̂ + pyrrhotLte 
(6 .8b ) 

The anor th i te found in the sill imanite gneiss is unlikely to be 
pre-metamOrphic, due to its unusually high Ca content. It may have 
f o r m e d f r o m o n e of t h e f o l l o w i n g r e a c t i o n s : 

calci te + kaolinite -> anorthite + CO2 + H2O (6.9) 

laumontLte -> anorthite + quartz + H2O (6.10) 

heulandite -> laumotite -> wairakite -> anorthite + quartz + H2O 
(6.10a) 

6.2.3 Biotite. 
Biot i te forms by metamorphism of detr i ta l or authigenitic or 

diagenetic ferromagnesian minerals and some important reactions are 
6.4 and 6.11: 

chlorite + muscovite -> garnet + biotite + H2O (6.11) 



6.2.4 Garnet. 

Garnet  may form  from  the reactions  6.5 - 6.7, 6.12 and 6.13: 

chlorite  + quartz  -> garnet  + H2O (6.12) 

Fe-chlorite  + quartz  -> Mg-chlorite  + garnet  + H2O (6.13) 

Much  of the garnet  probably  formed  quite  early  in  the metamorphism, 

due to the high  Mn  and Fe/Mg in  these rocks (Leake, 1312).  The Mn-rich 

garnets  formed  principally  by reaction  of MnCOa  with  clays: 

rhodochrosite  + kaolinite  + quartz  -> spessartine  + CO 2 + H2O (6.14) 

6.2.5 Spinels. 

Gahnite  is commonly  thought  to derive  from  reactions  between 

sphalerite  and aluminosilicates  (Juve, 1967; Wall  &  England,  19 79; 

Williams,  1983) but  locally  derives from  prograde  metamorphism  of 

several silicates  (Sundblad,  1982). These s i l icates  include  biot i te 

(Dietvorst,  1980), staurolite  (Atkin,  1978; Stoddard,  1979; Spry, 

1982), and anthophyllite  (Sundblad,  1982) - the first  two of these 

being aluminosiHcates  which  can be found  naturally  with  high  ZnO 

contents  (Frondel  &  Ito,  1966; Griff  en &  Ribbe, 1973; Frondel  &  Ito, 

1975; Griffen,  1981). AnthophyUites  are unusual  here in  having  low Al 

and Fe contents  and no Zn has been recorded at  aU (although  not 

commonly  recorded in  most analyses of rock forming  minerals)  (Robinson 

et al.  1982), but  the gahnite  - anthophyllite  association could well 

have derived  from  a more Fe - Al  - Zn - rich  amphibole  (Klein  &  Ito, 

1968). Sundblad  (1982) noted that  gahnites  were more iron  - rich  when 



forming  from  silicate  breakdown  than  when  replacing  sphalerite,  and 

thus  it  is  suggested  that  the  ferroan  gahnite/zincian  hercynite  of  the 

WAL was  formed  largely  by  prograde  breakdown  of  zincian  ferroalumino  -

silicates.  The  large  Zn  /  Fe  range  in  gahnites  from  the  WAL could 

indicate  either  a  large  Zn  /  Fe  range  in  the  precursor  silicate,  or 

z i n c  c o n t r i b u t i o n  f r o m  s p h a l e r i t e  b r e a k d o w n . 

The  identity  of  the  precursor  to  this  Zn  -  Fe  -  A1 silicate  is 

another  problem.  The  low  temperature  stability  limits  of  Zn  -  chlorite 

(Radke  et  al.  1978)  or  Zn  -  biotites  (Frondel  and  Ito,  1975)  are 

u n k n o w n ,  but  Zn  -  staurolite  seems  restr icted  to  quite  h igh 

metamorphic  grades  (  Ashworth,  1975;  Griffen,  1981).  Chlorites  may  be 

authigenetic  or  diagenetic  (Deer  et  al.  1966)  and  could  conceivably 

have  been  original  Zn  -  bearing  phases  (Frondel  and  Ito,  1975;  Radke 

e t  a l .  1 9 7 8 ) .  Z i n c  b e a r i n g  c l a y s  -  s a u c o n i t e 

(Na  Q 2 3 2 0  AlfSi)^  O^Q (0H)2  .4  H 2O, a  smect i te)  and  fraipont i te 

((Zn>Mg,Al)  2(Si,Al)  20^(0H)^ ,  a  septechlorite)  are  possible  sedimentary 

components,  but  have  not  been  found  in  marine  sediments.  R. Segnit 

(pers.  comm.)  noted  that  substantial  absorptive  zinc  can  be  contained 

in  opal  -  claystones  (probable  precursors  to  some  of  the  siliceous 

rocks  of  the  Broken  Hill  lodes)  and  Weber-Diefenbach  (1977)  observed 

the  p resence  of  substantial  ZnO absorbed  onto  various  amorphous 

hyroxides  and  silica  in  Red  Sea metalliferous  sediments  (although  it 

is  very  rapidly  altered  diagenetically  to  sphalerite  there).  Squiller 

and  Sclar  (1980)  proposed  that  primary  zinc  -  bearing  carbonates  were 

the  progenitors  of  the  zinc  -  rich  minerals  at  Franklin,  New Jersey 

(gahnite,  franklinite,  zincite,  willemite,  hendricksite,  etc.)  but  the 

lack  of  most  of  these  minerals  at  Broken  Hill  prevents  direct 

comparisDii.  Mossman  & Heffernan  (1978)  found  evidence  for  the  presence 



of  zinc  carbonate  (smithsonite  or  hydrozincite)  in  metalliferous  Red 

S e a s e d i m e n t s ,  a n d  B i s c h o f f  (  19 6 9)  f o u n d  w o o d r u f f i t e 

((Zn,Mn)  Mn 0--.4H-0)  in  the  same  deposits.  Non  -  sulphide  zinc  in 
2 5 12 2 

sediments  may  be  present  as  either  a  carbonate,  a  clay  mineral,  a 

chlorite,  absorbed  ZnO,  or  a  Zn-Mn  oxide,  and  any  combination  of  these 

may  be  a progenitor  to  gahnite. 

A smi thson i te  -  Fe  sulphide  assemb lage  is  usually  considered 

unstable  with  respect  to  a  sphalerite  -  siderite  assemblage  (G.Moh, 

oral  comm.;  Brown,  1982)  and  we  can  thus  assume  that  ZnCO^ could  only 

have  been  a minor  constituent  of  the  pyrrhotite  and  gahnite-  rich 

rocks.  Gahnite  bearing  rocks  in  the  WAL are  Mn-poor  and  of  very  low 

oxidation  state,  so  an  origin  from  Zn-Mn  oxide  is  very  unlikely.  Most 

gahnite  is  closely  associated  with  pyrrhotite  and  galena  in  the  WAL, 

and  this  may  indicate  that  either  primary  zincian  clays  can  exist  in 

equi l ibr ium  with  Fe  sulphides,  or  a l te rna t ive ly  the  assemblage 

re-equilibrated  from  an  original  sphalerite  -  ferroan  silicate  (e.g. 

chlorite)  association,  e.g.:  . 

Fe-Al-r ich  chlorite  + sphaler i te  ->  gahn i t e  + pyrrhot i te  + 

Fe-Al-poor  chlorite  (6.15) 

Wil l iams  (1983)L  found  ev idence  e l s e w h e r e  for  the  reac t ion : 

gedrite  + sphalerite  + O2 ->  gahnite+  quartz  + S + H2O (6.16) 

An intermediate  Zn-rich  silicate,  as  discussed  above,  is  probably 

involved  in  many  cases. 

The  hercynite  component  of  the  ^inels  is  probably  formed  from  the 

metamorphism  of  Fe-rk:h  silicates,  in  the  reverse  of  reactions  4.1  -



4.4. 

It  seems  unlikely  that  zincian  clays  would  be  stable  at  higher 

sulphur  fugacities  than  smithsonite,  as  both  are  found  in  similar 

occurrences,  i.e  oxidized  zones  of  zinc  deposits  (Fransolet  et  al., 

1975;  Ross,  1946).  Zn  carbonate  in  the  Red  Sea deposits  was  postulated 

to  exist  only  in  sediments  where  zinc  is  in  greater  amounts  than 

necessary  for  stabilizing  aR S as  sphalerite  (Bischoff,  1969;  Mossman 

& Heffernan,  1978).  One or  more  of  the  following  desulphurization 

reactions  probably  occurred: 

KAlgSigO  lo(OH)  2 + ZnS = ZnAl20^+  KAlSi^O^  + H ̂ S (6.17) 

muscovite  sphalerite  gahnite  K-feldspar  fluid 

AliSiOs  + ZnS + H2O = ZnAl20  4 + SiO,2  + H2S (6.18) 

sillimanite  sphalerite  fluid  gahnite  quartz  fluid 

6.2.6  Pyrrhotite  and  other  sulphides. 

With  good  evidence  existing  for  sphalerite  desulphurization,  the 

possibility  of  desulphurization  of  other  sulphides  must  be  considered. 

Ferry  (1981)  has  shown  that,  in  contrast  to  pyrite,  pyrrhotite  is  very 

rare  as  a  primary  phase  in  sedimentary  rocks  and  its  abundance  in 

metamorphic  rocks  (Schneider,  1978)  is  mainly  due  to  desulphurization. 

T h e  most  i m p o r t a n t  r e a c t i o n s  s u g g e s t e d  by  F e r r y  a r e : 

2FeS2 + CHi,  • = 2FeS  + C + 2H2S (6.19) 

pyrite  f luid  pyrrhotite  graphite  f luid 

2FeS2 + 2H2O + C = 2FeS  + 2H2S + CO ^  (6.19a) 

pyrite  f luid  graphite  pyrrhotite  f luid 



Ferry  showed  that  when  all  pyrite  has  been  converted  to  pyrrhotite, 

principally  by  the  above  reactions,  further  desulphurization  can 

occur  by  sulphide-silicate  reactions  such  as: 

KAlSisOs  +  3FeS  +  4H2O =  KFeaAlSigOi  0  (OH)  2  +  3H2S  (6.20) 

K-feldspar  pyrrhotite  fluid  biotite  fluid 

This  reaction  results  in  iron-rich  biotite,  in  contrast  to  the  high 

Mg biotite  in  equilibrium  with  pyrite-pyrrhotite-biotite  assemblages, 

which  have  low  variance  and  a  Mg/Mg  +  Fe  about  0.95  (Ferry,  1981; 

Nesbitt,  1982;  Robinson  &  Tracy,  1977).  This  may  be  partly  responsible 

for  the  high  Fe  in  many  mineral  phases  of  the  WAL, 

Pliroer  (1977a)  found  primary  pyrite  with  no  trace  of  pyrrhotite  in 

quartz-albite  rocks  of  lower  granulite  facies  30  km  SW of  Broken  Hill, 

and  inferred  that  desulphurization  could  not  have  taken  place  in  the 

Willyama  Complex.  This  may  be  an  over-generalisation,  however,  as 

Rumble  et  al.  (1982)  noted  that  fluid  flow  is  highly  dependent  upon 

individual  rocktypes  -  BIF's,.for  example,  being  relatively 

inpermeable,  and  Walther  and  Orville  (1982)  showed  that  volatile  loss 

from  well-foliated  rocks  would  be  relatively  rapid  due  to  their 

extremely  small  tensional  strength. 

Most  other  sulphides  represent  original  primary  precipitates,  which 

have  undergone  recrystallization  and  sore  remobilization.  Cubanite, 

however,  is  a  high  temperature  phase  formed  from  chalcopyrite  and 

pyrrhotite: 



CuFeS2  FeS CuFezSa  (6.21) 

chalcxjpyrite  pyrrhotite  cubanite 

6.2.7  Pyroxenoids  and  pyroxenes 

The  pyroxenoids  have  range  in  composition  of 

Mno.î -o.e  Feo.a-o.t  Cao.i_o.2  Mgo-o.i  Sii  O3, and  the  pyroxenes  of 

Mno.2-0.3  Feo.^-o.7  Cao.5-0.9  Mgo.1-0.6  Sia  Og. The  overlap  in 

distribution  of  the  pyroxenes  and  pyroxenoids,  and  the  lack  of  local 

enrichment  in  Fe  or  Ca above  that  necessary  for  these  phases,  suggests 

that  only  one  or  two  Mn-rich  phases  were  originally  present.  The 

progenitors  could  be:  i)  a  Mn-Fe-Ca  oxide  (Roy  & Purkait,  1968), 

ii)  a  Mn-Fe-Ca  carbonate  (Peters,  1980;  Winter  et  a l . ,  1981),  and 

iii)  a  Mn-Fe-Ca  silicate  (Stanton,  1983). 

Neotocite/hisingerite/'sturtite'-type  minerals  have  suitable 

caipositions,  except  for  lower  Ca,  for  being  precursors.  Such  phases, 

have  however,  only  once  been  recorded  as  possible  primary  minerals  in 

rocks  of  low  metamorphic  grade  (Aleksiev  & Bogdanov,  1974). 

In  contrast  to  the  silicates,  primary  Mn oxides  are  common  constituents 

of  sediments  but  a  homogenous  phase  (or  even  a mixture  of  comnon  oxides) 

of  appropriate  conposition  is  unknown.  No  indication  of  Fe-Mn 

separation,  as  in  the  natural  oxides  (Berger,  1968),  can  be  detected 

in  the  WAL. Metamorphism  can  reduce  Mn oxides  to  rhodonite  and  other 

silicates,  but  usually  only  partially  (Siviprakash,  1980),  and  this  is 

only  minor  with  Fe  (Klein,  1973).  As  no  evidence  exists  for  the  presence 

of  higher  oxides  of  Mn or  Fe  in  the  WAL, they  must  have  been  insignificant 

primary  phases. 

Mn-Fe-Ca  carbonates,  in  contrast  to  the  silicates,  are  common  primary 

phases  in  sediments  (Curtis,  1967;  Klein,  1973;  Postma,  1977; 



Berner,  1981a,b)  and,  in  contrast  to  the  oxides,  occur  with  compositions 

quite  compatable  with  the  pyroxenoids  and  pyroxenes.  Fe-Ca  rhodochrosite 

and  kutnahorite/ankerite  type  phases  were  considered  as  progenitors  by 

Hodgson  (1975b).  Fe-rich  carbonates  are  much  more  abundant  in  fresh 

water  than  marine  sediments  (Curtis,  1967;  Postma,  1977?  Berner  et  al. 

1979)  but  manganoan  side  rite  occurs  in  the  Red  Sea sediments  (Bischoff, 

1969)  and  siderite  is  postulated  to  have  been  a common  primary  phase  in 

many  Precambrian  sedimentary  Fe  formations  (Klein,  1973).  Mn-Ca-Fe 

carbonates  are  rare  in  the  WAL but  some  of  that  present  could  be  relict 

primary  carbonate.  Carbonates  of  similar  coir^sition  are  very  common  in 

the  more  Ca-rich  Pb lodes,  where  tephroite-fayalite  series  minerals  are 

also  locally  contnon.  Roy  (1968)  found  that  tephroite  was  diagnostic  of 

a rhodochrosite  precursor  and  thus  the  fayalite  corponent  presumably 

derives  from  siderite. 

The  breakdown  temperature  of  MnCOa is  less  than  that  for  CaCOa and 

thus  the  primary  manganoan  calcite  now  present  in  the  V3AL  and  the  other 

Broken  Hill  lodes  approaches  the  maximum  stability  limits  of  such 

carbonates  under  the  prevailing  metamorphic  conditions  (Winter  et  al. 

1981).  The  Pb lodes  are  less  siliceous  overall,  and  more  Ca-rich  and 

Fe-poor,  than  the  WAL and  consequently  Ca-rich,  Fe-pcor  rhodonite  and 

bustamite  {  (Ca,Mn)Si03  }.  The  lack  of  tephroite/fayalite  minerals  or 

abundant  carbonates  in  the  WAL is  due  to  the  higher  Si  content,  forming 

more  pyroxenoids  by  the  reaction: 

(Mn,Fe)2SiO^  + SiOz  2(Mn,Fe)Si03  (6.22) 

6.3 Origin  of  principal  rocktypes 



6.3.1  SiHimanite  gneiss  (detrital  fades). 

This  rocktype  is  similar  in  most  components  to  an  average  marine 

shale,  except  for  the  following:  i)  The  FfeO/Fe  2O3 ratio  is  very  high, 

compat ib le  with  the  euxinic  basin  necessary  for  deposition  and 

preservation  of  sulphides  (Large,  1980),  ii)  the  Mg and  Sr  contents 

are  low,  particularly  around  the  orebody,  and  this  was  considered  by 

PHmer,  (1979)  to  be  due  to  pre-metamorphic  hydrothermal  alteration, 

iii)  the  B,  Li  and  S contents  are  all  low,  indicating  either  low 

salinity  or  the  mobility  of  these  elements  during  metamorphism 

(Harder,  1974;  Schneider,  1978). 

The  Mg depletion  described  by  Plimer  (197  9)  is  very  unusual  for 

waUrock  alteration  and  some  possible  explanations  are  :  i)  an  influx 

of  non-marine  waters  through  Mg-poor  basement,  depleting  Mg from 

solution  prior  to  exhalation  as  hydrothermal  metalliferous  solutions 

ii)  low  temperature  (<200  degrees  C) authigenetic  or  diagenetic 

alteration  of  Mg-rich  clays,  releasing  Mg in  solution  (Bohlke  et  al. 

1980;  Gelinas  et  al.  1982).  Low  temperature  alteration  of  seafloor 

basalts  may  cause  an  increase  in  Fe/Mg  (Gelinas  et  al.  1982)  and  a 

similar  process  is  conceivable  for  pelitic  sediments.  Replacement  of 

smectites  by  phillipsite  or  illite  could  also  cause  the  potassic 

alteration  at  Broken  Hill  by  plLmer  (1979). 

Gahnite  and  sulphide  bearing  rocks  and  garnet  quartzites  occur 

sporadically  and  indicate  spasmodic  exhalation  of  hydrothermal  fluids 

(see  below). 

The  pegmatites  appear  to  have  f o r n ^  by  remobilization  of  K-feldspar 

formed  by  the  anatexis  of  micas. 

6.3.2  Gahnite-rich  zone. 



The common  association  in  the  WAL of gahnite  with  galsna  and 

pyrrhotite  but  rarely  witl̂  sphalerite  provides  good indirect  evidence 

f o r  the  desu lphur iz  at ion  of sphaler i te.  Direct  evidence  for 

desulphurization  is  rarely  obvious  but  the  general  occurrence  of most 

gahnite  in  a macroscopic  selvage separating  most  su]phide-rich  and  A1 

-rich  rocktypes  is  very  significant.  On  a f iner  scale,  a gahnite 

selvage can  sometimes  be seen bordering  small  quartz  veins  (with  minor 

pyrrhotite  in  biotite-garnet  quar tz i tes,  and  this  indicates  some 

relation  between  gahnite  and  fluid  activity  -  a high  fluid  flow  being 

necessary  to  drive  desulphurization  reactions  (Ferry,  1981).  The high 

f luid  f low  possible  in  the  we l l - f o l i a ted  sil l imanite  gneiss  may 

similarly  drive  the  gahnite  forming  desulphurization  reactions  in  the 

gahnite-bearing  rocks  by  removing  H2S  (Walther  and  Orville,  1982). 

6.3.3  Garnet  quartzite. 

This  rock  type  is  quite  similar  to  the  manganese  silicate-rich  rocks 

described  as 'gondites'  by  Fermor  (1909)  and  'cot icules '  (Renard, 

1878),  although  the  latter  name  seems to  be more  particularly  applied 

to mineralogically  simple  spessartine  quartzites  (Clifford,  1960).  The 

garnet  quartzites  of the  WAL are  generally  richer  in  sulphides  and 

sometimes  amphiboles  than  these,  and  the  garnet  is  sometimes  almandine 

not  spessart ine,  but  there  is  clearly  a strong  similarity  between 

these  rock  types. 

The origin  of coticles  has  not  been  proven  conclusively,  although 

they  are  usually  considered  to  be metasedimentary.  The postulated 

origins  include:  i) Clifford  (1960)  described  them  as originating  from 

Mn-rich  sandy  beds,  ii)  Schiller  &  Taylor  (1965)  concluded  that  they 

were originally  chemically  precipitated  chert  and  Mn  with  detrital 



clay, iii)  Doyen (1971) found  evidence for  a rhodocrosite-rich  parent 

rock to coticules, iv)  Hodgson (1975b) thought  that  garnet  quartzites 

at  Broken  Hill  were formed  by premetamorphic  hydrothermal  alteration 

(Mn  metasomatism)  of the pe l i t i c  wa l l rocks ,  v) Kramm  (1976), 

postu la ted  an origin  from  manganoan  smectite,  vi)  Stanton  et al. 

(1978) considered that  a Mn-'chamosite-rich  sediment  was a probable 

p recursor  to the garnet  quartzites  at  Broken  Hill,  vii)  but  Spry 

(1978) showed how similar  rocks can be formed  by contact  metamorphism 

of Mn-oxide  rich  clayey dierts. 

Berger  (1968), and Roy (1979) have noted the rarity  of primary  Mn 

si l icates  in  unmetamorphosed  sedimentary  Mn  deposi ts and normal 

sed iments ,  where ei ther  carbonates (rhodochrosite)  and/or  higher 

oxides of Mn  are present.  Aleksiev  and Bogdanov (1974),however, found 

apparently  primary  Mn  hydrosilicates  (neotodte to manganoan  saponite 

in  composition)  in  a hydrothermal  Mn  deposit.  Although  Roy and Purkait 

(196 8) found  evidence for  partial  reduction  and conversion of Mn 

oxides to silicates  at  moderate  metamorphic  grades, Sivaprakash  (1980) 

ind ica ted  the common stabi l i ty  of higher  oxides of Mn  at  high 

metamorphic  grades. 

The presence of primary  Mn  oxides co-exist ing  with  sulphides  is 

unlikely  (although  rare  sulphides  have been noted in  ferro-manganese 

nodules (Muller,  1979)). Mn  carbonates are assumed to be the most 

likely  original  Mn  minerals  as, in  contrast  to MnCOa,  there  is a lack 

of evidence for  the widespread  occurrence of Mn  silicates  or oxides in 

sulphide-rich  sediments  or their  former  presence in  the Broken  Hill 

lodes (Section 6.3.4). Mg, K and Al  ^ow  a negative  correlation  to Mn 

(Section 5.2.2), and presumably  represent  original  clay minerals.  The 

most Mn  - rich,  Mg - poor garnets  contain  considerable Ca and Fe, so 



the  or ig ina l  carbonate  is  suggested  to  be  ferroan  calcic 

rhodochrosite.  The  Fe  could,  however,  have  a]so  been  deposited  as  a K 

-  Mg -  Al  poor  phase  Hke  greenalite,  as  in  the  silicate-rich  facies 

of  other  low  metamorphic  grade  Fe  formations  most  Ca and  Mn are 

preferentially  partioned  into  carbonates  rather  than  silicates  (Klein, 

1973 and  1974;  Floran  and  Papipke,  1977).  The  sulphides  were  probably 

deposited  syngeneticaUy,  although  there  has  been  some  metamorphic 

remobilization. 

The  presence  of  pyrrhotite  may  again  indicate  desulphurization,  or 

alternatively  it  could  be  directly  derived  from  iron  monosulphides, 

indicative  of  low  paleosalinity  (Berner  et  al.  197  9).  It  seems 

surprising  that  all  prograde  Fe  sulphide  at  Broken  Hill  is  pyrrhotite, 

while  all  Fe  sulphides  in  rocks  of  similar  metamorphic  grade  at  Big 

HiU,  30km  SW of  Broken  Hill,  is  pyrite.  The  quartz  -  albite  rock  at 

Big  Hill  seems  unlikely  to  be  much  less  permeable  than  the  garnet  -

quartzite  at  Broken  Hill,  and  PHmer  & Finlow  -  Bates  (1977)  concluded 

that  the  pyrrhotite  at  Broken  Hill  was  primary,  originating  from  deep 

water  hydrothermal  exhalations,  although  the  evidence  for  this  is 

inconclusive.  The  original  iron-sulphide  phase  remains  unidentified 

b u t  is  c o n s i d e r e d  to  b e  p r i n c i p a l l y  p y r r h o t i t e . 

The  progenitor  to  the  garnet  quartzite  was  a silica  and  manganese 

rich  chemical  sediment  closely  related  to  the  ore  rocks,  and  minor 

pyrrhotite  and  sphalerite  are  considered  to  have  been  original 

constituents.  The  rarity  of  manganese  silicates  in  sedimentary  rocks, 

and  manganese  oxides  in  sulphide-rich  sediments,  suggest  that 

manganese  carbonate  was  a major  primary  constituent.  A variable 

detrital  component  and  chemically  precipitated  chert  wete  the  other 

major  phases. 



6.3.4 Pyroxenoid  - Amphibole  zone. 

The pyroxenoid-amphibole  zone is considered to have originated  by 

m eta m or phis  m of a mixed  chemical p rec ip i t a te  of s i l ica  (cher t ) , 

sulphides,  and Mn-Fe-Ca minerals.  The Mn/Fe/Ca/Mg  ratios of WAL 

pyroxenes and pyroxenoids,  lack of higher  oxides of Mn  or Fe in  the 

WAL,  and the rarity  of primary  Mn  si l icates in  sediments indicates 

that  carbonates were the most probable  precursors for  most of the Mn, 

Ca and Fe in  this  zone. Some of the Fe was, however,  probably 

deposited  as siHcates. 

The zone is extremely  variable  in  mineral  distribution,  and it  seems 

probable  that this  was largely  due to re mobilisation  of sulphides  and 

q u a r t z  f r o m  t h e m o r e m a s s i v e p y r o x e n o i d  ' b o u d i n s * . 

The breakdown  of the carbonates to pyroxenoids  would  have resulted 

in  a high  fCOg*  effectively  flushing  other fluids  (H 2 0,CH4 ,H2S,etc.) 

from  the orebody.  This  would,  in  turn,  have promoted  the breakdown  of 

hydrous  s i l i c a t e s , sulphides  and graphite  in  the vicinity  of the 

orebody  by buffering  reactions. The metamorphogenic  alteration  zone 

noted about the Broken  HiU  lodes by Plimer  (1975c &  1979) may partly 

result  from  this  devolatilization. 

6.4 Retrogression. 

The retrogression  in  the WAL  is widespread  and extremely  variable, 

but  no clear relation  to RSZ or other structures is apparent. The 

re t rograde minerals  present depend mainly  on the composition  and 

abundance of the prograde mineral  phases. 

6.4.1 Amphiboles 



I'he  amphiboles,  as discussed in  Sect ion 4.8, are probably 

retrograde,  replacing  the pyroxenoids.  The high  Mg/Fe+Mg  (and Fe/ 

Fe+Mn)  in  amphiboles  compared with  the pyroxenoids  resulted  from 

limited  re- equilibration,  witii  preferential  partitioning  of Fe and Mg 

into  amphiboles  and Mn  into  pyroxenoids.  The low variability  in 

p y r o x e n o i d  c o m p o s i t i o n s  of the WAL,  s u g g e s t s t h a t  t h i s 

re-equil ibration  was minor,  although  pyroxenoids  richer  in  Fe and Mg 

(i.e. near  pyroxferroite  or orthopyroxene)  v;ould  have been less stable 

during  retrogression.  The excess Mn  from  pyroxenoid  breakdown  coulri 

have been partitioned  into  garnet,  which  frequently  shows high  Mn/Mg  + 

Fe rims,  or could also have contributed  to the secondary manganese 

minerals  such as m anganpyrosm  a l i te ,  ' s tu r t i te '  and manganese 

ca rbona tes , although  these may all  be formed  during  late  stage 

retrogression.  The presence of amphiboles  in  small  shears, frequently 

intimately  associated with  sulphides,  also suggests that  there  may 

have been some metasomatic  movement,  although  this  seldom appears to 

have invo lved  distances of more than  a few metres.  The garnet 

quartzites  are unlikely  to be suff icient ly  permeable to such fluids, 

which  would  have t ravel led  mainly  along shears and fractures. 

6.4.2 Other  retrograde  silicates 

Pyrosmalite  is an uncommon alteration  product  of the pyroxenoids 

and is commonly  sep£u:ated from  them  by a manganpyrosmalite-galena 

selvage, indicating  some retrograde  metasomatic  remobilisation  of Mn 

and galena. 

Manganoan  stilpnomelane  is uncommon as inclusions  within  sulphides 

in  relatively  massive pyroxenoids,  and may have a similar  origin  to 

the amphiboles  and pyrosmalites.  The A1 and K appear to have been 



introduced  externally. 

Staurolite  is a not  uncommon retrograde  phase in  the outer  parts  of 

the V̂ AL,  where it  commonly  appears to replace gahnite  and can be quite 

zinc-rich. 

Chlorites  are common outside  of the pyroxenoid-amphibole  zone and 

r^u l t  principally  from  alteration  of bioti te,  but  also from  spinels 

and rarely  garnet.  There is some fine  galena intergrown  with  some 

chlorite,  again  indicating  metasomatic  remobilization  of sulphides. 

Some very  fine  grained  phases Cpug*)  of uncertain  nature  may be 

bethierine,  greenalite  and interlayered  chlor i te- i l l i te  and may partly 

recrystalUse  to chlorite  or sericite. 

Sericite  can be formed  from  retrogression  of gahnite,  feldspars, 

silli  manite  or rarely  staurolite.  Paragonite  was identified  only  as an 

alteration  of gahnite,  but  closely resembles sericite  and may be more 

common tlian  realised.  The K in  sericite  may derive  from  the breakdown 

of bioti te  to chlorite  (e.g. the reverse of reaction  6.4) or from 

fluids  associated with  migmatisation  (Corbett  &  Phillips,  1981). Na is 

more difficult  to account for,  as it  is low to very  low in  all  other 

analysed phases of the WAL.  It  is possible that  the K and Na are 

introduced  in  groundwater  moving  down shear zones (Etheridge  &  Cooper, 

1981). 

All  the retrograde  reactions  involve  addition  of water.  This  could 

have the same origin  as the K and Na, but  the exsolutLon  of water  from 

quartz  during  the waning  metamorphism  (Spear and Selverstone,  1983) 

may have had an important  contribution. 

Some sulphurisation  was associated with  retrogression.  The most 

important  reactions  are: 



pyrrhotite  + loellLngite  + H2S ->  arsenopyrite  (6.23) 

pyrrhotite  + H2S ->  pyrite  (6.24) 

There  is  also  some  late  stage  sulphurisation  of  gahnite,  producing 

a rim  rich  in  fine  pyrrhotite,  presumably  by  the  r e a c t i o n : 

Fe-rich  gahnite  + Al-poor  biotite  + H^S ->  Zn-rich  gahnite  + 

pyrrhotite  + Al-rich  biotite  + H^O (6.25) 

These  sulphurizaton  reactions  appear  to  be  due  to  re-equilibration 

of  H2S in  the  fluid  phase  (resulting  from  desulphurization  during 

prograde  reactions:  Wall  & England,  1979)  with  the  various  minerals. 

This  H2S also  precipitates  the  sphalerite  in  the  alteration  rim  about 

gahnite. 

The  gudm  undite-chalcopyrite  assemblage  is  probably  due  to  the 

breakdown  of  tetrahedrite  (which  is  the  most  important  phase  with 

intrinsic  Ag  at  Broken  Hill,  but  was  not  identified  in  the  WAL),  and 

was  previously  noted  from  Broken  Hill  by  L a w r e n c e  ( 1 9 6 8 ) . 

6.5 Environment  of  Ore  Deposition. 

The  structure  of  the  sedimentary  basin  was  not  dearly  defined  in 

this  study,  but  was  certainly  very  elongate.  The  narrowing  or 

'necking'  of  the  A lode  between  the  WAL and  the  rest  of  the  A lode 

could  be  taken  to  indicate  a  slight  submarine  rise  separating  the  WAL 

from  the  major  part  of  the  basin,  but  tectonic  thinning  in  the  fold 

hinge  could  also  be  responsible.  The  western  margin  of  the  WAL has  not 

been  well  defined  but  it  seems  to  lens  out  quite  rapidly,  perhaps 

being  controlled  by  penecontemporaneous  faulting.  The  setting  seems 



quite  compatible  with  the  linear  fault-bounded  basin  first  postulated 

by McKenzie  (1965)  and,  except  for  the  abundance  of volcanics  in  the 

sequence,  f i t s  the  descr ip t ion  of third-order  sedimentary  basins 

proposed  by  Large  (1980)  for  sediment-hosted,  submarine  exhalativs 

lead-zinc  deposits. 

The estimate  of the  paleosalinity  is  inconclusive,  and  the  basin 

could  have  been  normal  marine  or  non-marine  in  character.  Metal 

enrichment  from  hydrothermal  solutions  in  the  freshwater  Lake  Kivu  of 

East  Africa  was  found  by  Degens  &  Ro^  (1976),  so a non-marine  origin 

cannot  be repcted  outright. 

The rate  of detr i ta l  sedimentation  seems to  have  been  low,  as 

little  evidence  for  original  rudites  exists  in  the  sillimanite  gneiss, 

which  is  usually  very  pelit ic.  Graded  bedding,  found  in  nearby  rocks 

by Glen  &  Laing  (1975)  and  Willis  e t  a l .  (1983),  could  ind ica te 

t u r b i d i t e  d e p o s i t i o n ,  p e r h a p s  in  d e e p w a t e r . 

It  may  be inferred  from  the  Al  content  of the  pyroxenoid  zone that, 

at  the  peak  of chemical  sedimentation,  detrital  sediments  comprised  < 

10% of all  sediments.  Assuming  that  the  rate  of detrital  sedimentation 

was constant  then  the  ore  body  must  have  been  deposited  at  >10  times 

the  rate  of detrital  sedimentation.  This  high  depositional  rate  could 

indicate  either  a very  low  rate  of detrital  sedimentation  or  possibly 

turbidi te-type  deposition  of sulphides  (B.  S tevens,  pers.  comm.) . 

C a l c - a l k a l i n e  volcanism  was  ce r t a i n l y  p reva len t  preceeding 

formation  of the  ore  deposit,  but  had  practically  ceased by  the  time 

of ore  depos i t ion  (Laing  et  al.  1978).  The ore  could  have  been 

deposited  from  fluids  substantially  comprising  volcanic  exha la t ions 

g e n e r a t e d  dur ing  c o o l i n g  o f s h a l l o w  igneous  intrusions  or, 

al ternat ively,  heating  by  igneous  intrusions  could  have  genera ted 



hydrothermal  convection  systems  in  meteoric  waters  (Large,  1977) 

supplying  the  feeder  system  and  leaching  metals  and  other  components 

from  the  volcano-  sedimentary  pile.  Campbell  et  aL  (1982)  noted  that 

stratabound  ore  deposits  are  commonly  underlain  by  subvolcanic 

basaltic  sills  which  may  have  instigated  the  convection  systems  -  the 

basalts  stratigraphically  below  the  Broken  Hill  ore  deposits  may 

represent  these  siUs. 

6.6 Economic  aspects  of  this  thesis 

This  thesis  has  made  several  important  contributions  to  the 

economic  aspects  of  the  WAL: 

i)  mappable  chemical  and  mineralogical  zones  were  identified  in  the 

WAL. 

ii)  a  galena-rich,  sphalerite-poor  selvage  is  charactersistic  of  the 

stratigraphic  top  of  the  WAL, with  a  significant  proportion  of  the 

whole-rock  Zn  being  present  as  gahnite. 

iii)  a  considerable  amount  of  very  fine  grained  sulphide  is  found, 

commonly  intimately  associated  with  retrograde  siHcates,  and  would  be 

v e r y  d i f f i c u l t  to  r e c o v e r  e f f i c i e n t l y  a n d  e c o n o m i c a l l y . 

6.7 Summary  of  geological  history 

The  Broken  Hill  ore  deposit  was  deposited  syngeneticaUy  in  a 

euxinic,  narrow  tectonic  basin,  during  the  waning  stages  of  early 

Proterozoic  calc-alkaline  volcanism.  There  were  several  exhalative 

pulses,  producing  mixed  precipitates  of  chert,  sulphides  and  Mn-Ca-Fe 

carbonates  intercalated  with  shaley"  detrital  sediments.  The  exhalation 

producing  the  WAL increased  and  decraased  gradually,  resulting  in 

compositional  zoning. 



The  sediments  were  subsequently  buried,  uplifted,  and  metamorphorsed 

to  lower  granulite  facies,  resulting  in  alnost  conplete  decarbonation 

of  the  WAL and  niDSt  of  the  other  lodes.  The  high  CO2 expelled 

probably  instigated  extensive  dehydration,  some  desulphurization  and 

perhaps  the  partial  melting  in  the  vicinity  of  the  lodes.  Some 

sulphide  remobilisation  also  occurred  at  this  stage. 

This  metamorphism  was  followed  by  variable  retrogression,  resulting 

in  a  coiplex  series  of  mineral  assemblages,  further  sulphide 

remobilisation,  and  some  veining  and  brecciation. 



7.  Suggestions  for  further  work 

The author  considers  that  the  results  of  this  thesis  are  worth 

following  up  and  expanding  upon.  The  study  was  necessarily  limited  in 

sgope  due  to  the  large  number,  size  and  complexity  of  the  Broken  Hill 

lodes,  but  further  examination  of  mineral  variation  in  this  and  other 

lodes  may  confirm  and  enlarge  upon  the  trends  shown,  and  perhaps  identify 

other  less  obvious  trends.  The  whole-rock  geochemical  trends  were 

indefinite  due  to  the  small  number  of  analyses  and  further  geochemical 

studies  are  similarly  important  to  elaborate  the  known  trends  and  identify 

others. 

The variation  in  canposition  of  sulphides  could  be  important  for 

metallurgical  purposes  by  providing  information  on  distribution  of 

valuable  and  unfavourable  elements  -  e.g.  Ag,  Bi  in  galena  and  Fe,  Cd 

in  sphalerite. 

The nature  and  extent  of  retrogression  is  poorly  understood  but  the 

evidence  for  mobilization  of  S  suggests  that  further  study  of  this  would 

be of  use. 

The formation  of  gahnite  is  still  a  matter  of  some  conjecture,  and 

field  and  experimental  studies  should  provide  useful  information  on  the 

thermodynamics  of  the  sulphide  -  silicate  -  oxide  system  and  the  nature 

of  the  reactions  and  fluids. 
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