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S Y N O P S I S  

CLINOPYROXENE phenocrysts and groundmass 
crystals are relict phases in altered basalt and 
basaltic andesitc lavas, and arcnites of the Cudge- 
gong Volcanics and Toolamanang Volcanics, 
Cudgcgong-Mudgee district, New South Wales. 
Petrography, field relationships and clinopyroxcnc 
compositions indicate that basaltic blocks in the 
latter unit are reworked from the Cudgegong 
Volcanics. Clinopyroxene phenocrysts show a 
restricted compositional range and minor Fe- 
enrichment from core to rim, features considered 
indicative of a calc-alkaline parent magma. It is 
proposed that the Cudgegong Volcanics crystal- 
lized under hydrous conditions, at least in the later 
stages, with rising fo~ resulting in a Fe-Ti oxide 
crystallizing as a primary phase. The clino- 
pyroxenes are considered to have crystallized at 
moderate (5-6 kbar) and falling pressures and at 

minimum temperatures in the range 900 to 1000 ~ 
Coupled substitutions affecting the 'other' com- 
ponents in the clinopyroxene structural formula 
indicate that the i~Al-~iFe3+, iVAl-ViA1 and ivAl- 
~Ti 4 + couples are important. The Sofala Volcanics, 
south of the study area, and the Cudgegong 
Volcanics are similar in age, petrography and 
stratigraphic position, and contain relict clino- 
pyroxenes which are chemically similar. This 
suggests that the units are laterally equivalent 
and adds further evidence to the proposal that 
an oceanic island arc system was active in central 
western New South Wales during the Late 
Ordovician. 

KEYWORDS: clinopyroxene, basalts, arenites, Cudge- 
gong Volcanics, Toolamanang Volcanics, New South 
Wales, Australia. 

I n t r o d u c t i o  E. Cudgegong i s  l oca t e d  a p p r o x l ~ t e l y  200 kJa northwest  of 

Sydney and approximately 40 km southeast of Mudgee (fig. i). The 

Cudgegong-Mudgee dlstrin~ ~s sltuated on the northeastern~rgln of the 

Laehlan Fold Belt and incorporates volcanic and sedimentary rocks 

deposited in the H~II End Tr~gh and on the Capertee High (packh~m, 1968). 

Rocks of the study area are of Ordovlelan and Silurian age and erop out in 

a northwest-plungl.g anticline, flanked by Devonfan sedimentary seque.ces 

(Pemberton, 1980). 

The oldest rocks are the La~e Ordovlelan CudgegongVoleanlcs, 

consisting of basalt and basaltic andeslte lavas and im~ture, fine- to 

e~rse-gralned volearenltes. The Volcanles are overlain uneonfo~ably by 

the We.locklan to Ludlovlan Will~Glen Fo~tlon (principally congl~er- 

aces and shales ~th limestone horizons) which is conformably overlain by 

the Windamere Volcanlcs, a seque.ee of daeltle and rhyolitic lavas 

associated with da~Ite brecelas ~nd minor fine- to coarse-gralned volearen- 

Ices. They are in turn conformably overlain by the ?Ludlovian Millsville 

Beds consisting of coarse brecel~s (containing limestone, daelte and 

rhyolite elasts) a.d mlnor limestone and shale lenses. At Cudgegong. the 

W t l l ~  Glen F o ~ t i o n  appears  to be c o n f o ~ b l y  o v e r l a i n  by the  Toolamanang 

Vo lean ie s .  The Vc lcan ies  a re  d ~ l n a n t l y  massive ,  f r a c t u r e  a r e n i t e s  which 

a r e  thought  to be der ived  f r ~ ,  o r  l a t e r a l l y  e q u i v a l e n t  to ,  the Wlndamere 

Volcanics, In addition, the Toola~ng Volcanics include Im~altlc blocks 

ehlch ~y have been re~rked fr~ the Cudgegong Voleanlcs. 

The rocks show the imprint of prehnlte-pumpellylte to loner green- 

schist facies met~orpblsm (Offler and Pemberton, 1983). Although the 

alteration has masked ~ny of the mineralogical and geochemical character- 

istics of the orislnal volcanic rocks, igne~s textures are generally ~ll- 

preserved and clinopyroxene and amphibole are relict phases in the 

s ~ o l c a n l c s .  

Previous studies on Ordovfclan volcanic rocks in the northeastern part 

of the Laehlan Fold Belt have been concerned with their ~t~orphi~ 

(Smith,  1969; Bar ,on and Barron,  1 9 7 6 ) ;  the m o b i l i t y  of  t r a c e  c l i e n t s  

d u r i n g  t h e i r  a l t e r a t i o n  (Smith and Smith, 1976; R e l l ~ n  e t  e l . ,  1977) and 

the r e c o g n i t i o n  of t h e i r  ~ g ~ t i c  affinity from c l inopyroxene  chemis t ry  

(Barron, 1976). The present study has been carried ~t to ascertain 

(~ Copyrioht the Mineralogical Society 
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FIG. I .  The geology of the Cudgegong-Mudgee d ls t r lc t  and specimen loeal l t les .  Au,trallan ~ p  grld ( las t  three zero's deleted) cake, f r ~  the Mudgee and 
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whether  the Cudgegong Volcan ics  have a s i m i l a r  ~ g ~ t l c  a f f i n i t y  to o the r  

Ordovfc ian  bas i c  v o l c a n i c  rocks i n  t h i s  r e g i on ,  u s ing  the chemis t ry  of the 

relict clinopyroxenes. A further aim has been to dete~ine the substitu- 

tions that occur i n  the clinopyroxenes and possible pressure and t~pera- 

ture conditions at which they have crystallised. 

Cudgegong Volcanlcs. The basalt and basaltic andeslte lavas a~e porphy- 

r i t i c  containing abundant pheuocrysts of plagloelase (c~only altered to  

albfte, chlorite, calcite, white mica and epidote) ~nd clinopyroxene, often 

in gl~roporpbyrltle aggregates; ~pblbole is rare. The phenoerysts are 

set in a pilot~itic ground~s~ of relict cllnopyrogene and ~phibole 

together with the alteration phases alhlce, chlorite, calcite, epldote, 

sphene, actlnollte, p y r i t e .  C h l o r i t e ,  calcite, p r e h n i t e ,  p ~ p e l l y i t e  and 

q ~ r t z  a re  c~n fn  ~ y g d u l e s  and v e i n s .  

Clinopyroxene occurs as subhedral to ~hedral phenoerysts, up to 6 

across, often wi th  strong zoning, and as subhedral grains in the ground~ss 

of the  l a v a s ;  i n  the  a r e u l t e s  i t  appears  as phe noc l a s t s .  Many g r a i n s  a re  

unaltered yet others are replaced by calcite, chlorite, actlnolite and 

e p i d o t e .  

Pargasitha ~phfhale occurs as anhadral grains up to g ~ in width in 

the  a r e n i t e s  and as r a r e  euhedrs l  pbenocrys ts  and sobhedra l  g r a i n s  i n  the  

ground~aa of the l a v a s .  The grains are pleochroie (g  - culourless, Y - 

l i g h t  g reen .  2 ffi green/brenda) and s h ~  no zona t ion .  

T o o l a ~ n a ~  Volcan lc s .  The f i n e -  to  m e d l ~ - g r a i n e d ,  g r ey  to  b r ~  

v o l c s r e n i t e s  of the  T o u l ~ n a n g  Voleanlcs  c ~ n l y  c o n t a i n  broken a l b i t i a e d  

plagioelaae and q~rtz crystals together wlth fln~gralned siliceous 

slants, a~e of which oontaln alblcised plagiocZaae phenoerysts. In  

addition, ~nor suhhedral hornblende c~ystals end ~re coat,on pseud~orphs 

a f t e r  ~ p h i b o l e  occur i s  some c l a a t s .  Rock types  i d e n t i f i e d  from t h i s  

d e t r i t u s  a r e  c ~ p a r a b l e  to  those in the Winda=ere volcanlcs and sugges t  a 

d a c i t l c  pa ren tage  fo r  the Toulama~a8 Vo lcan lc s .  However, the  v o l c a r e n i t e s  

enc lo se  b a s a l t i c  b locks  of va r s  s i z e .  The h a s a l t s  and b a s a l t i c  

a n d e s i t e s  c o n t a i n  r e l i c t  c l inopyroxene  and ~ p h l b o l e  and a r e  pe~rog~aphf~ 

t a l l y  s i m i l a r  to  rocks  of the  Cudgegoug Vo lcan ic s ,  

Method....__~s. The a ~ l y s e s  ~ r e  c a r r i e d  ouc on a JEOL 5XA-5OA e l e c t r o n  

microprobe w i t h  an EDAX 183 d e t e c t o r  and a ?07 ~ l t i - c h a ~ e l  a ~ l y s e r  

i n t e r f a c e d  to  a DATA GENERAL NOVA 2 10 mini  computer. A p r o g r ~  developed 

by Reed and Mare (1975) and modi f ied  f o r  t h i s  equipment, ~ s  used to  

c a l c u l a t e  the r e s u l t s .  
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FIG. 2. Composit ions of e l inopyroxene  phenocrys ts  ( a t t i c  %) fr~ the  

Cudgegong g o l c a n i c s .  The Skaergaard d i f f e r e n t i a t i o n  t rend  ($)  i s  inc luded  

(Wager and g r ~ .  196g).  

C l l n o p ~ r o ~ u e  pheuocrys t s  ~ r e  ana lysed  a t  s e v e r a l  p o i n t s  a long  

t r a v e r s e s  f r ~  core to  rim t o  de termine  whether  they ~ r e  cbe~Aeal ly  

heterogeneous. In addition, ~altered groundmass crystals ~re a~alysed to 

a s c e r g a i n  their co~posltio~al v a r i a t i o n .  

Resu l t s  

Yhenocrysts and grouadmass crystals of cliaopyroxene from the 

Cudgegong Volcanlcs and Tool~nang Volcanins have been a~lysed by 

e l e c t r o n  microprobe.  R e p r e s e n t a t i v e  a ~ l y s e s  a re  shown in Table I .  The 

e ~ p o s i t l o n s  of the  c l i n o p y r o ~ n e  phenoerys ts  f r ~  the  Cudgegoug Volcan les  

are p l o t t e d  on tbe ga-Mg-Fe+Mn q~drilateral ( f i g .  2) which i n d i c a t e s  that 

they a re  d i o p s i d e s ,  s a l l i e s  and a n g l t e s  accord ing  to the  c l a s s i f i c a t i o n  of 

P o l d e ~ a a r t  and Hess (1951).  The a ~ l y s e s  a l s o  r e v e a l  m l ~ r  8gO e n r i c h -  

ment In the cores as ~iI as  minor FeO and AI203 enrichment in the rims. 

The g r~ndmass  c l lnopyroxenes  show g r e a t e r  KS0 d e p l e t i o n  a ~  ~ o  and 

A120g enr ichment ,  h ~ v e r ,  they a r e  n o t i c e a b l y  more v a r i a b l e  fn c~posltlon 

than  the  phenocrys ts .  

The c ~ p o s l t l o n s  of c i lnopyroxene  phenoerys ts  fr~ b a s a l t i c  b locks  i n  

the T o o l ~ n a n g  Voleanlcs are  s i m i l a r  to those in the Cudgegong Volcanlcs 

(fig. 3)* Further, the hasalts and basaltle andesltes in the two sequences 
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FIG. 3. C~positlons of ellnopyroxene phenoerysts (atomic Z) from A, the 

Toola~naag Voleanlcs and B, the Sofala Volcanles (Barton, 1976). 

are  p e t r o g r a p h i e a l l y  s h a l l a r  and t o g e t h e r  w i th  the f i e l d  r e l a t i o n s h i p s ,  

t h i s  sugges t s  t h a t  these  b locks  i n  the  T o o l ~ n a n g  Volcanlcs  a re  r ~ r k e d  

f r ~  the  Cudgegong Vo lean ic s .  

Garcia (1978) ~phaslses the c ~ n b y  accepted view t h a t  d i f f e r e n t i a -  

t i o n  of tholeiltle ~g~s produces a distinct to strong Fe-enrle~ent In 

the cllnopyro~nes (for e~mple, the Skaergaard intrusion (Wager and Brc,~, 

1968)) whereas c l lnopy~oxenes  f r ~  c a l e - a l k a l l n a  ~ g ~ s  show l i t t l e  o r  do 

Fe-enrfchment. Fig. 2 reflects the restricted c~posltfonal range of the 

r of the Cudgegong Volcanlcs a~d sh~s that the E/nor Ye- 

enrha~ent noted fr~ core co r~ is not nearly as ~rked as the Intra- 

granular Fe-enrlcf~ent described for tndtvldual eUnopFroxenes of so~ 

tholeiltlc suites (Yodor et al., 1975; b~arcelet et al., t983), hue a 

calc-alkallne parentage is stt~gested for the gudgegong Volcan/cs. 

The Sofala Volcanics, which are similar in age and petrography to  the 

Cudgegong Volcanlcs (Pemberton, 1980; Pickett, 1982), crop ouc approxl- 

~tely 40 km south of Cndgegong on the eastern margin of the gill End 

Trough (Packh~, 1968).  They contain cllnopyroxenes with Ca, Mg, Fe and Mn 

conten~s comparable to those in the Cndgegoag Voleanies ( f i g .  3). 8~rro~ 

(1976) noted t h a t  c l iuopyroxenes  of the Sofa la  Volcan ics  conta ined  

appreciable Or203 and I ~  Tin 2 and MnO, together with a trend t~ards MgO 
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Table 1.A. Representative electron microprobe analyses and structural formulae for clinopyroxane phanocrysts in the Cudgegong Volcanic=. 

8778 8780 8797 8820 8822 8823 8864 8868 8900 8987 9412 9414 9416 9432 9433 
+ 

Si02 52.01 50 .41  51,24 52.19 50.84 51.77 50.27 51.12 50.79 52.28 52,51 51.97 49.81 50.30 50.72 
AI203 2.57 3.52 3.56 2.34 3.12 2.86 3.34 2.34 3.71 2.26 1.90 1.98 3.06 4.32 3.09 
Ti02 0.13 0.44 0.32 0.21 0.37 0.30 0.51 0.32 0.26 0.14 0.15 0.31 0.73 0.32 0.36 
Cr203 0.57 0.17 0.24 0.55 0.18 0.53 0.13 0.13 0.54 0.39 - - - 0.13 - 
Fe0* 6.01 9,15 6.95 6.43 8.84 5.87 8.50 9.15 7.26 6.43 8.99 9.04 12.19 7.61 8.75 
Mn0 0.31 - 0.16 0.25 - 0.20 0.46 - - 0.53 0.34 0.35 0.13 0.21 
Mg0 15.70 13.78 15.60 15 .77  14.94 15.75 14.06 15.53 15.29 14.68 15.15 15.01 13.40 14.86 14.04 
Ca0 23.01 21.79 22.09 22.35 21.45 22.93 22.99 22.13 21,42 23.22 20.68 21.26 19.72 22.05 22.12 
Na20 - 0.33 . . . . .  0.70 0.42 0.51 - - 0.60 0.27 0.65 

Total 100.97 99.96 99,88 100,94 99.07 100.67 100.07 100.64 99.17 99.17 99.75 100.59 100.40 100.34 100.21 

Ionic ratios per 6 oxygens 
Si 1.920 1,890 1.895 1.928 1.897 1.910 1.883 1.921 1,884 1,938 1.962 1.937 1.882 1,870 1.890 
Ai ~v 0.080 0,110 0.105 0.072 0.103 0.090 0.117 0.079 0.116 0,062 0,048 0.063 0.118 0.130 0.100 
AlVi 0.032 0.046 0.050 0.030 0.034 0.034 0.030 0.024 0.047 0.036 0.036 0.024 0.019 0.060 O.036 
Ti 0.004 0.012 0.009 0.006 0.010 0.008 0.014 0.009 0.007 0.004 0.004 0.009 0 .021 0.009 0.010 
Cr 0.016 0.005 0.007 0.016 0.005 0.015 0.004 0.004 0.016 0.012 - - - 0.004 - 
Fe 0,185 0.288 0.215 0.199 0.276 0 .181 0.266 0.287 0.225 0,199 0.280 0,282 0.386 0.237 0,274 
Mn - 0.010 - 0.005 0.008 - 0,006 0.014 - - 0.017 0 .011 0 .011  0.004 0.007 
Mg 0.864 0.768 0,860 0.868 0 ,831 0.866 0.785 0.758 0.845 0 .811 0,840 0.834 0.757 0,824 0.784 
Ca 0.910 0.875 0.875 0.884 0,857 0.906 0,923 0 ,891 0.864 0.922 0.824 0.849 0 .801 0.878 0.888 
Na - 0,024 . . . . .  0.051 0,030 0.037 - - 0.044 0.020 0.047 

Cations - atomic percent 
Ca 46.65 45.31 44.88 45.33 43.65 46.40 46.74 46.02 44.64 47 .71  42.39 43.22 41.18 45.31 45.63 
Mg 44.08 39.84 44.08 44.49 42.31 44.33 39.77 39.14 43 .71  41.97 43.22 42.44 38.95 42A8 40.28 
Fe 9A7 14.85 11.03 10.18 14.04 9.27 13.49 14.84 11.65 10.32 14.39 14.34 19.87 12.21 14.09 

Table 1.B. Representative electron microprobe 
analyses and structural formulae for groundmass 
clinopyroxenes in the Cudgegong Volcanics. 

8780 8797 8823 8900 8987 
+ 

SiO2 50.86 50.26 50.79 49.42 48.78 
AI203 2.89 4.07 2.91 0.99 5.16 
Ti02 0.44 0.52 0.46 - 0.58 
Cr203 - - - 0.17 
FeO* 9.61 9.50 10.32 16.88 9.17 
MnO 0.38 0.16 0.37 0.16 0.18 
MgO 14.40 14.10 14.83 7.39 13.07 
CaO 20.38 21.67 20.07 22.39 22.19 
Na20 0.82 0.32 0.25 0,91 0,55 

Total 100.11 99.07 99.87 101.16 100.22 

Ionic ratios per 6 oxygens 
6i 1.907 1.871 1.902 1.960 1.837 
Ativ 0,093 0.129 0,098 0.041 0.164 
AI vi 0.035 0.051 0.031 0.005 O.066 
Ti 0.012 0.015 0.013 - 0.017 
Cr . . . .  0,005 
Fe 0.302 0,297 0.323 0,554 0.289 
Mn 0.012 0.005 0.012 0.039 0.006 
Mg 0.805 0,786 0.828 0,433 0,734 
Ca 0.819 0.B44 0,805 0.942 0.895 
Na 0.593 0.023 0.018 0,070 0.040 

Cations - atomic percent 
Ca 42.52 43.81 41.17 48.84 46.68 
Mg 41.80 40.78 42.31 22.43 38.26 
Fe 15.68 15.41 16,52 28.73 15.06 

Table 1.C. Representative electron microprobe 
analyses and structural formulae for dinopyroxene 
phenocrysts in the Toolamanang Volcanics. 

8832 9423 9423 ~ 9437 
+ 

Si02 49.99 50.70 44.75 51.52 
AI203 4.06 3.32 8.05 2.81 
Ti02 0.56 0.39 1.16 0.34 
Cr203 0.14 0.39 - 0.23 
FeO* 8.72 7.62 13+34 7.24 
MnO 0.20 0.20 0.22 0.21 
MgC) 14.32 14.60 10.52 15.57 
CaO 21.45 22.68 21.82 21.99 
Na20 0.48 - - - 

Total 100.00 100.00 100.83 100.95 

Ionic ratios per 6 oxygens 
Si 1.870 1 .887  1 .721 1.910 
AliV 0,130 0,113 0.278 0.090 
AlVi 0.049 0.033 0.086 0.033 
Ti 0.016 0 .011 0.034 0.010 
Cr 0.004 0.012 - 0.007 
Fe 0.275 0.237 0.429 0.225 
Mn 0.006 0.006 0.007 0.007 
Mg 0.798 0.611 0.603 0.866 
Ca 0.860 0.906 0.900 0.873 
Na 0.035 - - -- 

Cations - atomic percent 
Ca 44.48 46.35 46.57 44.47 
Mg 41.31 41.49 31.22 44.10 
Fe 14.21 12.16 22 .21  11.43 

+ All values in weight percent nomalised to 100% total; original total is also listed. 
* Total iron as FeO. 
o Groundmass clinopyroxene, 
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FIG. 4. C~posltlons of clfnopyro~ne phenoerysts (cations per st~etural 

formula unit; 0 = 6) fr~the CudgegongVolcanlcs and Tool~nang 

Volcanics. Symbols are the s~e as in figs 2 and 3A. Discrimi~nt 

diagr~s are after Leterrler et el. (1982) I 10% and 20% frequency curves 

a r e  included. 

depletion and FeO enrichment in crystal rims. The ellnopyroxenea of the 

Cudgegong Volcanics have similar e~positions. F~rther, the stratigraphlc 

position of the two units is considered similar ( P ~ b e r t o n ,  1980) sugges- 

ting that the Cudgegong Voleanlcs and Sofala Voleanlcs are laterally 

equlvalent. 

Leterrier e tal. (1982) distinguish between three ~g~ types on the 

basis of Ca, TI and Allots I contents (and to a lesser degree Cr and Na) of 

ellnopyroxenes from basalts and basaltic andesites. Fig. 6 incorporates 

data from the Cudgegong Volcanics and Toola~nan S Voleanies in the diagrams 

of Leterrier et el. (1982). The ~jnrity of elinopyrnxenes plot in the 

tholelltle and cale-alkall field (fig, 4A) and in the orogenic basalt field 

(fig. 4B); fig. 4C indicates that the elinopyroxenes are t h o l e i i t i c  rather 

than ealc-alkallne in nature. H~ever, the usefulness of the latter 

dlscrlmlnant diagr~y be questioned. Clinopyroxene data from doc~ented 

island arc suites of kn~ calc-alkallne affinity co--only plot within the 

"tholelitle" field; as dnes Leterrier el al.'s data (Table i, p. 141) for 

sale-alkaline rocks of island arcs, 

The reason for t h i s  apparently an~alous behaviour ~ y  be due to the 

erystalllsatlon of Fe-Ti oxides, thus restricting the Fe and TI available 

for cllnopyroxene. This results i n  the crystallisation of clinopyroxene 

I~ in TI and thus ellnopyroxenes from sale-alkaline laves could plot in 

either the cale-alkall or  tholeiltie field of Leterrier et al,'s Ti- 

Altota I dlagr~. This aspect will he discussed later in the paper. 

Discuss ion  

Fe-enr iehment  t r ends .  The e ~ p o s i t l o n  of c l inopyroxenes  depends l a r g e l y  on 

the  e h ~ i s t r y  of the  hos t  ~ g ~ .  The subsequent  e r y s t a l l l s a t l o n  t rend  i s  

c o n t r o l l e d  by the  c o n d i t i o n s  under which f r a e t i o ~ t l o n  occurs (Gibb, 1979).  

T b o l m i i t l e  c ~ p l e x e s  g e n e r a l l y  p rese rve  t h e i r  e r y s t a l t l s a t l o n  h i s t o r y  as 

o r d e r l y  d i f f e r e n t i a t e d  l a y e r s ,  a c h a r a c t e r i s t i c  of the  t e e t o n i e a l l y  s t a b l e  

e n v i r o ~ e n t  i n  which they a r e  n o - - f l y  ~ p l a e e d  (Mue l l e r  and S a x e ~ ,  1977).  

Cl lnopyroxene phenoerys t s  r e f l e c t  the  whole rock t rend  t ~ a r d s  F e - e n r l c h -  

ment wi th  d i f f e r e n t i a t i o n  (Kay e t  a t . ,  1983).  I t  i s  cons idered  t ha t  i n  

this enviro~ent a closed syst~ prevails whereby fO 2 is low and anhydrous 

conditions exist (Best and Mercy, 1967; Gibb, 1973; Kay et el., 1983). 

Under these condltions~ Fe is partitioned into the erystalllslng silicate 

phases (of which ellnopyroxene i s  dominant) and results i n  the Fe-enrieh- 

menc trend observed for cllnnpyroxenes of tholelltlc ~g~s (Grove et el., 

1982), 

Calc-alkaline ~g~s, on che other hand~ are restricted to orogenic 

settings a.d rarely display e~plete differentiation suites (Mueller and 

Saxena, 1977). Cllnopy~oxene phenocrysts co.only exhibit a restricted 

c~pnsitio~l range with little or no Fe-enrle~ent. It has been suggested 

that eale-alksllne ~g~s crystsllise in an open system where the tectonic 

setting produces hydrous conditions prnvidlng an abundance of oxygen in 

the system thus ~Intaining a constant or rising fO 2 (Best and Mercy, 1967; 

Morse, 1980; Kay et el., 1983). Oxygen fusaelty is of critical importance 

in ~g~tle differentiation as it controls the partltionin E of Fe in the 

~g~ (Osborn, 1959; Gibb, 1973). Under oxidislng conditions, Fe is 

partitioned into oxide phases such as ~gnetlte and tltaniferous ~gnetlte 

at the expense of the erystalllsing silicates, thus limiting the Fe, and 

perhaps Tip available to the elinopyroxene and prodnci~ the restricted 

c~posltlonal variation observed for ellnopyroxenes in talc-alkaline rocks 

(Fodor,  1971; Nlsbet and Pearee, 1977; Gill, 1981; Kay et el., 1983; 

Marcelot et el.. 1983; Mullen. 1983). In addition, hydrous conditions 

result in the fractlonating ~g~ leaving the cllnopyroxene stability field 

with only moderate Fe content as hornblende and biotite take over as the 

dominant Fe/Mg orystallislng phases (Best and Mercy, 1967; Fodor~ 1971). 

The following discussion examines these suggested conditions with 

respect to the ellnopyro~nes of the Cudgegong Volcanlcs and Tool~.ang 

V o l c a n l c s .  

Fe3+/Fe 2+ contents in cllnopTroxenes. Oxygen fugaeity varies with the 

t ~ p e r a t u r e  of the  ~ g m  (Osborn, 1999; Nash and Wilk inson ,  1970).  

H ~ v e r ,  the  f e r r l c / f e r r o u s  i r o n  r a t i o  of a ~ g ~  i s  coas lde red  an 

indicator of its potential for oxidation and reduction (Morse, 1980). Best 

and Mercy (1967) st~gest that fO 2 can he evaluated fr~ the Fe3+/Fe 2+ ratio 

of the Fe-hearlng erystalllsi~ phases. Vleten (1990) proposed that, with 

increasing f02, Fe 3+ is partitioned into the cllnopyroxene M1 site to 

compensate for A13+ replacing Si g+ in the tetrahedral site. This Increas- 

frog fO 2 can be reflected by an increase in the Fe3+/Fe 2+ ratio in cllnopy- 

roxene phenocrys t s  ana lysed  f r ~  core to  r im.  

The ~ J o r l t y  of r e c e n t  c l i n o p y r o ~ n e  ana lyse s  have been produced by 

electron microprobe, fr~ which there is no direct ~asure of the oxidation 

state of Ft. H~ever. the importance of Fe 3+ has been sh~ by ~t 

ch~ical analytical ~thods. Several ~thods have been proposed to 

calculate the Fe 3+ content of cllnopyroxenes fr~ electron microprobe 

a ~ l y s e s .  For e ~ p l e ,  Papike e t  e l .  (1974) c a l c u l a t e  Fe 3+ by use of the 

charge balancing eq~tion produced fr~ the coupled substitutions in the 

'other' e~ponents of the clinopyroxene structural fomula. According to  
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these authors, charge excess cations should balance with charge deficiency 

c a t l o n s  to produce the foll~Ing: 

k13+ + Fe3+ + Cr3 + + 2T14+ . A13+ + Na + 

MI s i t e  Ta t .  slte M2 si te 

Cameron and Papike (1981) c o n s i d e r  a c l tnopyroxene  a ~ l y s l s  I s  of 

a c c e p t a b l e  q ~ l l t y  If the above eq~Ctfon balances -+ 0.03 s t ~ e t u r a l  formula 

u n i t s .  The s i g n i f i c a n c e  of t h i s  va lue  In  c a l c u l a t i n g  Fe 3~ ~ s ~  be no ted .  

Hethods I n v o l v i n g  the  s t o f c h i o ~ e t r y  of the  c l lnopyroxene  s t ~ c t u r a l  

formula (s four  cations and s i x  oxygens)  have been used by Robinson 

(1980) and D. French (pets e o ~ ) .  Robinson (1980) r e c a l c u l a t e s  the  

a ~ l y s l s  t o  4.0 c a t i o n  t o t a l  and a s s i g n s  each c a t i o n  a p r o p o r t i o n  of oxygen 

dependent on the c a t i o n  charge ( a t  t h i s  s t a g e ,  Pe I s  c a l ~ l a t e d  as Fe2+). 

If any o~ysen remains, it is referred to  Ye203 and the  Pe 3+ value is calcu- 

l a t n d .  0 .  French (~e~s c ~ )  computes t he  ~l lnopy~o~n% s t r u c t u r a l  formula  

i n i t i a l l y  w i th  Fe as Fe 2+. He a d j u s t s  the  p r opo r t i ons  of Fe 2+ ~nd ye 3+ i n  

the fo~la ~til the ratio of stolchi~trlc catlon total (4.0) t o  the 

t o t a l  of  c ~ p u t e d  c a t i o n  p ropo r t i ons  i s  near  un i ty*  
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FIG. 5. Pe3+/Fe 2+ ratios determined fr~ the ~thod of Robinson (1980) for 

c l inopyroxene  phenocrys t s  f r ~  the  Cudgegong Volcan lcs  (8778, 8780, 8822, 
8823. 8868, 8987, 9433) and T~ laza~ng  ~ o l e a u l c s  (8831. 9637). 

Each of the  ~ t b e d u  ~ s  used to s a t i a t e  Fe 3+, Fe 2+ and the  Fe3+/Fe 2+ 

r a t i o  f o r  the  e l lnopyroxenes  of the Cudgegong Volcan ics  and Toolama~ug 

V u l c a n i t e .  The s e ~ l t i v i t y  of each method to  a ~ l y t l c a l  e r r o r  must be 

~ p h a s i s e d ,  In  p a r t i c u l a r  the impact of i n a c c u r a t e l y  d e t e m l n e d  s i n  2.  The 

~ t ~ O d s  of Ro~nson and ~rench produced similar r e s u l t s  Whereas Paplke  e t  

a l . ' s  v a l u e s  d i f f e r e d  s u b s t a n t i a l l y .  In g e n e r a l ,  stofehlometrlc ~ t h o d s  

produced r e l a t i v e l y  h i g h e r  Fe 3+ and l ~ r  Fe 2+. P l o t s  of the  Fe3+/ge 2+ 

ratio for cllnopyroxene phenocrysts (eg: fig. 5) sh~ a consistent increase 

t ~ a r d s  phenocrys t  r i a s  r e g a r d l e s s  of Which method was used to  c a l c u l a t e  

Fe 3+. Similar p l o t s  f o r  groundmass c l lnopyroxene  g r a i n s  s h ~  g r e a t e r  

v a r i a t i o n  and a l e s s  d l s e e ~ a b l e  t r end .  The i n c r e a s i n g  Fe3+/Fe 2+ r a t i o  

s u g g e s t s  t h a t  fO 2 i nc rea sed  during c r y s t a l l l s a t l o n  of the c l l n o g y r o ~  

phenoerys t s  of the Cudgegong Volcanlcs* 

The presence of Fe-besrln~ oxides. Nefther Fe oxide nor Pe-Tl oxide have 

been obee~ed In the Cudgegnng Volcanics o~ the Toolam~ng Voleanlcs. 

However, s p h a ~  l s  c ~ n  as  a secondary phase.  In  the  more a l t e r e d  rocks ,  

spbene occurs  as  very f i n e - g r a i n e d  d i s s ~ i n a t e d  ~ s s e s  whereas i n  l e s s  

a l t e r e d  rocks .  I t  occurs  as a g g r e g a t e s ,  up to  0.2 ~ ac ro s s ,  o f  very f i n e  

8rains fo~ing r~nded inclusions in cllnopyroxene phenocrystv and as 

r ~ d e d  to  angu l a r  a g g r e g a t e s  of s l i t l l a r  s i z e  i n  the  g r ~ n d ~ s s .  It l s  

p o s s i b l e  t h a t  some of the c o a r s e r - g r a i n e d  spheue masses a re  p seud~orphs  

a f t e r  Ye-Ti ox ide .  However, I t  ~ s t  be cons ide red  t h a t  some of Tl f o r  the  

p roduc t ion  of sphane could have been genera ted  by cl~nopyroxene b r e a k d ~ .  

The l a t t e r  I s  sugges ted  p a r t i c u l a r l y  i n  the  more a l t e r e d  b a s a l t s  and 

b a s a l t i c  a n d e s i t e s  where groundasss  e l inopYroxene i s  e ~ n l y  a l t e r e d  to  

actlnolite and the sphene i s  very fine-gralned and diss~fnated. 

C a l c u l a t i o n s  u s i n g  the  ~ d u b  v o l ~ e  of phenoe rys t l c  and gT~nd~ass  

clinopyroxene together wlth the ~xl~ recorded TIO 2 content f o r  each sh~ 

t h a t  the  c l i n o p y r o ~ n e s  of the  Cudgegong Volcan ics  would account f o r  l e s s  

tha~ t w o - t h i r d s  of the  whole rock TiO 2 recorded fo r  the  Cudgegong Vo lcan i c s  

and Toolsmanang V o l c a n i c s .  n ~ e l y  f r ~  0 .50  to  0.67%. Thus i t  appears  t h a t  

ery~talllsing cllnopyroxene c~Id not acco~ndate the whole rock Tin 2 and 

the r~Inder ~st be partitioned into another priory phase. Pangasitlc 

amphibole i s  p r e sen t  as a minor l a t e - s t a g e  p o l ~ r y  phase,  b ~ v e r ,  i t  ~ u l d  

accept  on ly  a m/nor ~ount of Ti02. 

The ~ d a l  v o l ~ e  of sphene, t he  ~ J o r  T i - b e a r i u g  secondary phase,  

proves difficult to calculate as It Is cOmmOnly very flne-grained. If iX 

~ d a l  spheric, a c o n s e ~ a t l v e  e s t i m a t e  of the  v o l ~ e ,  i s  p resen t  ~ t h  the 

l ~ s t  recorded TIO 2 con ten t  f o r  sphene i n  the  Cudgegong Volcan ics  (is: 

30.762) ,  the  ~ o u ~ t  of TIO 2 necessa ry  to  produce t h i s  sphere  i s  ~ c h  

g r e a t e r  than t h a t  accounted fo r  by c l i nopyroxene .  Complete breakdQwu of 

clinopyroxene cOuld not produce the ~ount of sphene observed In the 

Cnd~egon 8 Volcantcs. 

If Ig modal Pe-Tl oxide with a 20g TiO 2 content (Deer et el., 1971, 

p. 427) was p r e sen t  as a p r i o r y  phase,  I t  ~ u l d  account for  a p p r o ~ i ~ t e l y  

0.3~g whole rock TIO 2. The breakd~ of the Fe-Ti oxide and s~e gr~nd- 

~ss c l lnopyroxene  c ~ l d  produce the necessary  TiO 2 to  c r y s t a l l l s e  l g  modal 

secondary sphene. Thus i t  i s  cons ide red  l i k e l y  t h a t  a Fe-TI ox ide  was a 

p r l~a ry  phase In the Cudgngong Volcanlcs. 

p a r ~ e s  ~ p h i b o l e .  The presence  of p a r g a s i t i e  ~ p h i b o l e  as r a r e  

phenocrys t s  and more c ~ n l y  as  8 r o u n d ~ s s  c r y s t a l s  sugges t s  i t  i s  a l a t e  

s i n g e  c r y s t a l l i s a t i o n  product  of the  Cudgegong Volcan lcs  and adds credence 

t o  the proposed hydrous ~ t u r e  of the  ~ g ~ a .  With ~ p h i b o l e  c r y s t a l -  

l i s a t l o n ,  Fe and TI ~ u l d  p a r t i t i o n  between c l lnopyroxene  and ~ p h l b o l e ,  

thus prov id ing  ano the r  possible ~chanlsm f o r  limiting Fe-enrlchment in 

c l l nopy roxenes .  

Thus i t  i s  cons ide red  t h a t  the  Cudgegong Volcanism c r y s t a l l i s e d  under 

hydr~s conditions, at least in the later stages, with rising f02 resulting 

in a Fe-Ti  oxide crystalllslng as a priury phase. These c o n d i t i o n s  are 

c o n s i s t e n t  w i th  those p r e v i o u s l y  proposed to  e x p l a i n  the r e s t r i c t e d  

compos l t i ona l  range of c l l nopyroxenes  from e a l c - a l k a l l n e  ~ g m a s  and would 

indicate a talc-alkaline magmtlc a f f i n i t y  for the Cudgegon8 Volcanlcs. 

S u b s t i t u t i o n s  In the e l inop~roxanes*  The s i m p l e s t  c i inopy~oxene s t ~ c -  

turn1 formula ls  that of dlopside, CaMESI20g where Ca oe~ples the H2 s i te;  

Mg I s  i n  the  o c t a h e d r a l  M1 s i t e  and Sf I s  t e t r a h e d r a l l y  c o - o r d i n a t e d .  

S u b s t i t u t i o n  of d i v a l e n t  c a t i o n s ,  Pc, Mn end Mg fo r  Ca i n  the  M2 s i t e  and 

Fe and Mn fo r  ME In  the  M1 s i t e ,  produces the c o a p o s l t i o n a l  v a r i a t i o n s  

o b s e ~ e d  i n  the  pyroxene q ~ d r l l a t e r a l .  R ~ e v e r ,  e l inopyroxene  ana lyse s  

i n d i c a t e  the presence of s i g n i f i c a n t  ~ o u n t s  of c a t i o n s  o the r  than  Ca2 +,  

MEg § Fe 2+ and Ma 2+ (Cameron and Paplke,  1981).  S u b s t i t u t i o n s  i n v o l v i n g  

the  " o t h e r  or  n o u q ~ d r l l a t e r a l "  c a t i o n s  may cause charge  l~hahance w i t h i n  

each of the th ree  occupancy s i t e s  (Paplke  e t  e l . ,  1974; T~acy and 

Robinson, 1977). These s u b s t i t u t i o n s  a r e  c ~ p l e d  so t h a t  o v e r a l l  charge  

ba lance  I s  p rese rved .  

S u b s t i t u t i o n  of Ha + fo r  Ca 2+ In  the  M2 s i t e  causes a charge  d e f i c i -  

ency of  one i n  t h i s  s i t e *  In  a d d i t i o n ,  A13+ r e p l a c i n g  SI 4+ i n  the  

t e t r a b e d r a l  s i t e  produces a s ~ i l a r  charge  d e f i c i e n c y .  Huckenholz e t  e l .  

(1969) r ecogn t se  the s u b s t i t u t i o n  of Fe 3+ fo r  El 4+ i n  the  l a t t e r  s i t e .  

However, t h i s  s u b s t i t u t i o n  i s  cons ide red  of minor ~ p o r t a n c e .  The charge 

i n c r e a s i n g  s u b s t i t u t i o n s  l n v o l ~  t r i v a l e n t  c a t i o n s  (K1, Cr, Fe and Tl)  

r e p l a c i n g  ME i n  the  M1 s i t e  c r e a t i n g  a charge  ~ e e s s  of one. In  a d d i t i o n ,  

TI 4§ ~ y  s u b s t i t u t e  i n  the  M1 s i t e  producing a charge  excess  of two. To 

~ l n t a i n  charge balance $~ ~he st~ctural fo~la, site charge excess  ~st 
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FICo 6. Compositions of cllnopyzoxene phenoet~sta (cations per structural fo~uim ~it; 0 - 6) fr~ the Cudgegoug Volcanlea and Toolmnang Voimsnles. 

SYmbols a r e  the s ~ e  as  i n  f i g s  2 sad 3A. g x p l a ~ t l o n  of l i n e ~  i s  l u  the t e x t .  

be e ~ p e n s a t e d  ~y s i t e  charge  c l e f � 9  Thus the  charge b a l a n c i n g  

e q ~ t l o n  ehould be obeyed ( C ~ e r o n  and Papike,  1981).  

AI 3+ + Cr 3+ + Fe 3+ § 2T14 + . A13+ + Na + 

M1 s i t e  Te t .  s i t e  M2 s i t e  

i s :  v i a l  + V l c r  + r i f e3+  + 2v iT i4+  . l vA l  + M2~a 

F r ~  the  above, the  r e l ~ a n t  s u b s t i t u t i o ~ l  couples  a r e :  VIA1 - IVAl; 

ViCr _ i rA1;  r i p e 3 +  - i v A l ;  VlTf4+ - 2ivA1; viA1 - Na; v i c r  - Na; 

r i p e 3 +  - Na; ViTi  4+ - 2Na; VfTf4+ - Na - i vAl .  

Cameron and Papike (1981) r ~ l ~ e d  the  c l inopyroxene  a ~ l y s e s  i n  Deer 

e t  al. (1971) noting the most important substltutlo~l c~ple in each 

a ~ l y s i s .  They sugges t  the  ~ s t  impor tan t  c ~ p l e d  s u b s t i t u t i o n s  a r e :  

V~Mg + Ivsi ~_ r i f e 3 +  + ivAl  

viM$ + ivsl ~ VIAl + irA1 

"rim E + M/Ca + Ivsi ~ ViTi4+ + M2N a + ivAl 

viD~ + 2 i v s f  ~ VlTi4+ + 2ivAl  

A n a l y t i c a l  e r r o r s  r ~ i n  a p r o b l ~ .  In  p a r t i c u l a r ,  ~ 1 1  e r r o r s  i n  9102 

con ten t  ~ll produce m i g u l f i c a n t l y  d i f f e r e n t  va lues  of ' o t h e r '  components 

(Tracy and Robinson, 1977). 

Plots of the r e l e v a n t  s u b s t i t u t i o ~ l  couples  f o r  the  c l l n o p y r o x e ~ s  of 

t he  Cudgegong Volcan ics  and T o o l ~ n g  Voleanfcs  a re  p resen ted  i n  f i g .  6.  

AnXIously hlgh Na20 values, owing to ~chlne instability, ~re recorded 

during a later session on the electron microprobe. Clinopyroxenes a~lysnd 

e a r l i e r  record  l i t t l e  or no Na20 and i t  i s  cons ide red  t h a t  Na p l ays  a w r y  

minor r o l e  i n  the c l i n o p y c o ~ n e  compos i t ion .  Bowever, Na20 d i r e c t l y  

a f f e c t s  the  c a l c u l a t i o n  of Fe 3+ va luee .  Thus i n  f i g .  6C and 6D only  the  

e a r l i e r  a ~ l y s e a  a r e  p l o t t e d ,  l a t e r  a ~ l y s e s  p l o t  w i th  a s i m i l a r  s lope  but  

wt~h varyln 8 intercept on the Fe 3+ s x l s .  

P l o t s  of i rA1 vs viA1, lvA1 vs v iTl  4+ and ivA1 9s r i f e 3 +  ( d e t e m i n e d  

by both Papike e t  a lo  (1974) and Robinson (1980) ~ t h o d s )  a r e  l i n e a r  and 

emphasise the c ~ p l e d  na tu re  of the p a i r s .  No such t r end  was o b s e ~ e d  fo r  

i rA1 v s ViCr.  Slopes  of the bes t  f i t  l i n e s  ~ r e  c a l c u l a t e d  and the 

r e l e v a n t  r e g r e s s i o n  curves de termined as f o l l ~ g :  

VIA1 .01 + .27 tVAl 

VlTi 4+ - .003  + .13 IrA1 

ViFe 3+ (Papike)  - . 01  + .59 i vAl  

r i f e  3+ (Robinson) = .72 ~vAz 

Marco�9 ~ t  a l .  (1983) no te  t ha t  the s lope  of each l i n e  r e p r e s e n t s  t ha t  

a ~ u u t  of i rA1 coupled to each of v i a l ,  v i i i 4 +  and VlFe3+. Thue, f o r  

example, 271 of ivA1 i s  coupled w i th  v i&l .  Using the  s loped of the 

regression curves above, the importance of the ivbl - rife 3+ c~ple is 

emphasised and the lvA1 - ViA1 and irA1 - ViTi4+ c ~ p l e s  a re  noted as  

s i g n i f i c a n t .  

Pressure  of c r ~ s t a l l i s a t l o u .  The r e l a t i v e  ~ o u n t s  of t e t r a h e d r a l l y  and 

o c t a h n d r a l l y  c ~ o r d l n a t e d  a l ~ n i ~  i n  c l i a o p ~ o x e n e s  a re  cons ide red  to 

reflect varying crystallisatiou pceesnre in the host ~g~ (Velds and 



598 J. W. P E M B E R T O N  A N D  R. O F F L E R  

K u s h l r o ,  1978;  Wass, 1979) .  Wass (1979)  n o t e d  t h a t  w i t h  i n c r e a s i n g  

pressure, al~Inl~ ~uld substitute In the octahadral ~1 slte instead of 
the tetrahedral site and thus the Ally/At vl ratio would decrease, 

Clinopyro~ne phenoerysts fr~ t h e  Cudgegong Volcanlcs and Toola~a~ng 

Volcanlcs show a consistent l~rease in the AllV/A/vi ratio from cores to 

r l ~  which suggests tha~ the rims crystallfsed at a l~r pressure than the 

c o r r e s p o n d l u g  c o t e s .  F l g .  78  i n d i c a t e s  t h a t  a l t h o ~ h  h a t h  AI  I v  and AI vl 

i n c r e a s e  f rom c o r e  to r i m ,  Al iV i n c r e a s e s  f a r  ~ r e  r a p i d l y  t h u s  ~ m p h a s i s i n  8 

t h e  lucreasing AllY/A1 vi ratio. GrOUndmass e l i u o p y r o ~ n e  8 r a l ~  exhibit 

both elmllar and h i g h e r  AliVlAI vl r ~ t i o s  c~mpared to phenocryst rims 

I n d i c a t i n g  l ~ e r  c r y s t s l l i s a t i o n  p r e s s u r e s .  H ~ e v e r  t h e  g r o u n d ~ s s  

ellnog~oxene ValNeS ~st be vi~d wlth caution as 11 has been eh~ that 

rapid c~llng rates affect t h e  Ti and A1 content In cllnopy~oxenes (~evel 

and Velds, 1976; Colsh and Taylor, 1978). 

F u r t h e r .  t h e  p h e n o c r y s t s  p l o t  J u s t  above t h e  i~ p r e s s u r e  field of  

Aokl and Kushlro (1968) and gass ( 1 9 7 9 )  (fig. 7A). 

C ~ p a r l s o n  w i t h  t h e  e ~ p o s i t i o n  of c l l n o p y r o x e n e s  produced u n d e r  h i g h  

p r e s s u r e  (Green ,  1972 and u n p u b l i s h e d  d a t a ;  Bender  e t  a l . ,  1 9 7 8 ) ,  i n  

particular AI i v  and Al vl, suggests that the clInopYro~nes of  the Cudgegong 

VulcaNIte c~ystallised at pressures < I0 kbars, Mantelet et al. (1983) 

conclude t h a t  e a l e - a l k a l l n e  and tholelitle b a s a l t i c  l a v a s  IN t h e  New 

H e b r i d e s  island are suite ctystalllsed at 9-6 kbars. AI Iv and A1 vl 

c o n c e n t r a t i o n s  f o r  the cllnopyroxenes of  b o t h  lava t ypes  are s i m i l a r  t o  

those In the Cudgegoug Volcanlcs and fall within the Cudgego~g Volcanlcs 

field in f i g .  7A. Thus it is conslde~ed t h a t  the Cudgegong Volca~Ics 

crystalllsed initially unde r  ~darate p r e s s u r e  (possibly 9-6 kbars) which 
fell during erystallisatfon as t h e  ~g~ ascended into t h e  upper levels of 

the e~st. 

Temperature of cr~stalllsatlon. LiNdsley and Andersen (1983) developed a 

graphical thermometer for eoexlstin~ high Ca - i~ Ca p y r o ~ n e s  b~eed on 

e x p e r i m e n t a l l y  d e t e r m i n e d  phase r e l a t i o n s  from 800~ to 12g0~ and from 

pressures of I atmosphere t o  15 kb. Sl~gle pyroxene compositions can be 

p l o t t e d  and p r o v i d e  a m l n i ~  t e m p e r a t u r e  of  pYroxene f o r m a t i o n .  The 

t h e r m ~ t e r  i s  c o n s i d e r e d  a c c u r a t e  _+ 50"C, h ~ e v e r  a p p r e c i a b l e  CoNtents  of 

"other" COmpONeNtS introduce nddltlo~l l~ccuraey and Lindshay (1983) 

concludes that this approach shOuld be limited to py~o~nes with No + En + 

Ps > 90g. 

The g r e a t  ~ J o r i t y  of  c l l n o p y ~ o x e u e s  f r ~  t h e  Cudgegong V o l c a n i e s  and 

Toolama~ng Volcanlcs have > 10% " o t h e r  ~ components. For those analyses 

with < 10% "other" components ,  We, 8n  and FS values have  been  c a l c u l a t e d  

f r ~  a p r o g r ~  s u p p l i e d  by t h e  above a u t h o r s .  The r e l e v a n t  v a l u e s  p l o t  

w i t h i n  a t e m p e r a t u r e  r a n g e  of  a p p r o x i ~ e e l y  900"C to  lO0O~ on t h e  5 kb 

pressure dlagram (fig. 8). The Lindsley and ANdersen (19g~) program 

i | t  deLermlnes Fe 3+ by Paplke e tal . '~(1974) method. H~ever i f  stolchle- 
me~rlc ~thods are used, a similar pattern results on the 5 hb diagr~ but 

eclogites al l  temperatures are raised by approxi~tely 50~ 

The affect of Includlngeli~opyroxene e~posltlons wlth > 10% "other" 

.O8 9ranullte~ and inclusions in basalts c~p~nents is to significantly alter the calculated t~peratures. Rim 

a~lyses consistently sh~ increased Fe~ + and A1 vl contents relative to 

cllnopyroxene cores (figs 5 and 7B respectively). As ~II as increasing 

�9 �9 the ~ount of "other" c~ponents~ these values slgniflcaRtly decrease the 

.06 �9 calculated We content whereas 8n is approximately constant and FS in- 

creases. The overall effect on Lindsley and Andersen's (1983) 5 kh diagram 

~ v l  . �9 * is domi~ted by the deereaslngWQ content and results In the rlm analyses 

plotting wlth anomalously IO09C to 2QO~C higher t~peratsres than the 

c o r r e s p o n d i n g  c o r e s .  

DI Hd 

Skb 4 

oo I 2 0  0 ~ 
110 .O0 ,08 . I 0  v .18  .tO ~ 0  %0 ~ ~ AI 

En , , , Fs 

.us 

AI '~ 

,o4 

.og 

.oo 
.oo !o~ I,~ A,I, !,g !,0 

gZg. 7. Compositions of ellnopyroxene phenoerysts (CatiONS per st~ctural 

f o r m u l a  u n l ~ ;  0 - 6) f o r  t h e  Cudgegong V u l c a n i t e  (8778 ,  8780 ,  g822,  8864,  

9432)  and T o o l a ~ n g  V o l c a n i c s  (8832 .  9 4 3 7 ) .  

A- P r e s s u r e  f i e l d s  a f t e r  Aoki  and K u s h l r o  ( 1 9 6 8 ) .  

B. Tie lines Jolning phenocryst cores to rims. 

0 2 0  4 0  8 0  8 0  100  

1 0  2 0  
5 0  

PIG. 8 .  Composi t ions  of  e l l n o p y r o x e n e  p h e n o c r y s t s  ( w i t h  < 10Z " o t h e r "  

c~ponents) f r ~  the Cudgegong Vulcanite and Toola~nang Volc a Nic s .  

Symbols are the s~e as IN flgs 2 and 3A. We, En and Fs values ere 

calculated using the method of Lindsley and ANderseN (1983). The 500~ 

600~C and 700~ isotherms are excluded fr~ the i~ Ca portion of the 

q~drilateral. 

Te_eccconic set t le-  Barton (1976j co~r chat the volea~genic 
sediments of the Sofala V o l c a n i e s ,  together with t h e  associated radfo- 
larfan cherts and limestone lenses, ~re fo~d in a volcaslc island 

setting, the sides of which dipped steeply to the ocean floor. The 

l,terally equivalent Cudgegoog Voleanlcs, which are d~i~ntly l~ture 

fln~ t o  coarse-grained arenltes Containing basaltic and ba~altle andeslte 
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detrltua, a r e  considered to be produced by high particle con~ntratlon 

debris fl~s as a result of explosive frag~ntatlon or gravity collapse of 

a volcanic edifice. Associated llmestone-bearlng basaltic brecelas 

l ~ d l c a t e  a nea rby  s h a l l ~  ~ r i n e  sou rce  f o r  a t  l e a s t  t h e s e  r o c k s .  T h e r e  i s  

no apparent exposure of deep ~rlne rocks In the Cudgegong Volcanlcs, the 

finer-grained rocks r e p r e s e n t i n g  probable ash fall deposits, and thus at 

Cudgegong the volcanl~ was subaerial to shall~ ~rlne. The Ordovlclan 

rocks at Cudgegong and Sofala suggest a s e t t i n g  in which a n ~ b e r  of 

volcanic islands ~ith frlngi~@ llmes~one ~eefs ~re in part adjacent to a 

d e e p e r  ~ r i n e  e n v i r o ~ e n t .  T h i s  i s  c o n s i s t e n t  w i t h  p r e s e n t  day o c e a n i c  

island are settings, the rocks of which include both calc-alkallne and 

tholelltle types (Gill, 1981). 

Thus the eale-alkaline nature of the Cndgegong Volcanlcs and Sofala 

Volcanlcs (Barton, 1976) as suggested by che cllnopyroxene chemistry, 

together with the proposed tectonic setting, adds credence to the hypo- 

s that an oceanic i s l a n d  are system was active in central western New 

South Wales during the La~e O r d o v i c i e n  ($chalbnar, 19787 Css, 19807 

Powell, 19828. 
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