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ABSTRACT

Electron probe analyses of calciferous amphibole, plagioclase and'

some other phases from greenschist to middle amphibolite facies basic rocks

of the Cloncurry and Petermann Ranges areas are presented. By plotting

amphibole compositions onto a diagram first used by Hallimond (1944)*

a general trend with increasing grade from tremolite-actinolite towards

pargasite-ferropargasite is observed. Hornblende analyses are absent from

regions near edenite and tschermakite but there is no obvious solid

solution gap between tremolite-actinolite and tschermakite. Hornblendes

with about 7.0 Si atoms per formula unit are rare.

Hornblende grains from many of the Cloncurry rocks are continuously

zoned with magnesian actinolitic cores and Fe-rich pargasitic rims at their

contact with plagioclase. Reactions involving Fe-oxide minerals are

suggested as an important means of introducing (Al,Fe^+) into calciferous

amphibole. The feasibility of some isochemical reactions is tested by

plotting total Fe against Al^ and comparing the slopes of the zoning trends

with the theoretical slopes produced by the reactions. A further test

is obtained in quartz-free rocks; a reaction introducing one mole of 
X—XIIHa  ̂ liberates 4 moles of SiO^ which, under isochemical conditions,

X—XIImust be accounted for by Si0̂ —  consuming reactions. Na is plotted
VIagainst Ai and the slopes of the zoning trends are compared with those

generated when SiO^-consuming, (Al,Fe^+) ^-producing reactions are

couples so that 5i0? is balanced.

With the possible exception of one specimen, a peristerite gap

is not developed and it seems probable that plagioclase rich in

anorthite component is of relict igneous origin. The extent to which

hornblende has taken up (AI, Fe^+) seems to be determined by the amount
X-XIIof anorthite component available from plagioclase. Na" " enters 

hornblende as edenite or richterite component during reaction with 

albite component in pi a :oclase. Although large amounts of albite component



are generally available, anorthite may be in short supply. Under such
conditions entry of (Al, Fe'''"1') ̂  into hornblende is inhibited and the

compositional trend of the amphibole is towards edenite. Because of the

instability of edenitic amphiboles under the conditions encountered, the

trend is limited and the amphibole remains poor in both (Al, Fe^+) ^  and 
X-XTTNa ^  compared with those that become pargasitic by reactions 

involving anorthite component in plagiocla.se.

The Ti content of hornblende increases with metamorphic grade but 

it is not sufficiently predictable to be useful as a petrogenetic indicator. 
The distribution of K between hornblende and plagioclase does not vary 

systematically with metamorphic grade but partitioning seems to favour 

hornblende at higher temperature. The effect of bulk composition on all 

aspects of hornblende composition is probably great enough to prevent its 

use as an accurate petrogenetic indicator.

(viii)

5.:
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INTRODUCTION

The change in the composition and optical properties of calciferous

amphibole during progressive metamorphism is well known. The best-known of

the early systematic studies of the mineralogy of basic rocks in metamorphic

terrains is that of Wiseman (,1934) in his work on the South-west Highlands

"epidiorites". The first modern studies of hornblende in basic metamorphic

rocks were those of Shido (Shido, 1958, Shido & Myashiro, 1959). They noted

the probable existence of a miscibility gap between actinolite and hornblende
ttIat low grade; their work also showed that A1' does not necessarily increase 

with metamorphic grade in the amphibolite facies. The work of Engel & Engel 

(1962) and Binns (1965a, b) was mainly concerned with rocks in the amphibolite 

facies and above and did not cover the major changes in calciferous amphibole 

composition which occur at lower temperatures during the transition from 
actinolite to hornblende. In a more recent study by Cooper & Lovering (1970) 
of greenschists from the Haast River area in New Zealand, electron probe 

analyses of calciferous amphibole shovTed a sharp discontinuity between 
actinolite and hornblende and probable exsolution of one phase from the other.

The use of hornblende and its relationship with other phases' as a
precise petrogenetic indicator has been speculated upon by many authors
(e.g. Barth, Correns & Sskola, 1939) but few have proposed schemes in which

the conditions of metamorphism can be deduced from the compositional relationship;

between hornblende and co-existing phases. However Perchuk (1966) in a

necessarily greatly oversimplified treatment proposed the use of the 
Ca

distribution of CalNa+K between amphibole and plagioclase as a temperature 

indicator. He has shown that it wrorks well for common amphibole compositions 

at high temperatures but when applied to the amphibolites of the present 

study, the results give only an approximate indication of the 

temperature range under which they crystallized and give widely differing 

temperatures for rocks known to be of identical grade. Statistical studies
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like those of Kostyulc (1970) and Saxena & Ekstrom (1970) give useful 

generalizations about amphiboles from different P - T environments and 

parageneses. They indicate the coupled substitutions most likely to take 
place, but do not enable us to arrive at very precise conclusions about 

the P.T. environment of a particular calciferous amphibole-bearing rock. 

Experimental work to date has been mainly concerned with the P - T range 

of stability of various individual amphibole phases out of the context in 
which they are normally found in nature (see Ernst, 1966).

The compositions of minerals in amphibolites from progressive 
metamorphic terrains in the Cloncurry region of north-west Queensland 

and the Petermann Ranges in Central Australia have been studied. A 

purpose of the study was to search for some parameter of equilibrium between 

amphibole and plagioclase which changes systematically with metamorphic 

grade and is largely independent of whole rock composition. The 

equilibrium relationships between calciferous amphibole and other phases are 
complicated ly variation of hornblende composition in response the variation in 
whole rock composition. However, disequilibrium relationships yield 
information about reactions leading to the formation of hornblende. In 

amphibolites from Cloncurry, zoning from magnesian actinolitic cones to Fe- 

rich hornblende rims is a common feature. In one example from the 

Petermann Ranges (P2B), hornblende forms in reaction rims between 

plagioclase and olivine. In such cases it is possible to make meaningful 
guesses at the reactions responsible for the formation of hornblende.
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GEOLOGICAL SETTING 

(a )  C io n c u rry  Area

Specimens C1 and S1 to  S11 were c o l l e c t e d  by Dr. A.Y. G likson  

o f  th e  Bureau o f  M ineral R esources  i n  1969 d u r in g  i n v e s t i g a t i o n s  o f  th e  

C lo n cu rry  1 :100 ,000  s h e e t  a r e a .  Specimens S1-S11 come from th e  m iddle 

P r o t e r o z o i c  S o l d i e r s '  Cep Form ation  ( C a r te r  e t  a l . , 1961) which c o n s i s t s  

o f  p e l i t i c  and psamm itic s ed im en ts ,  b a s ic  v o lc a n ic s  and i n t r u s i v e  

d o l e r i t e s .  Specimen C1 was c o l l e c t e d  from th e  C o r e l l a  Form ation , 

a s e r i e s  o f  bedded, b r e c c i a t e d  and metamorphosed impure c a lc a r e o u s  

and d o lo m i t i c  rocks  which unconform ably  o v e r l i e s  th e  S o l d i e r s '  Cap 

Form ation  ( C a r t e r  e t  a l . , 1961 )•

Specimens from th e  S o l d i e r ' s  Cap a r e a ,  S1-S11 (F ig .  1 ) ,  a r e  

numbered i n  p ro b ab le  o rd e r  o f  i n c r e a s in g  metamorphic g ra d e .  S1 to  S5 

come from i n t r u s i v e  and e x t r u s i v e  rocks  i n  th e  Toole Creek V o lc a n ic s ,  

the  upperm ost o f  th e  th r e e  members o f  th e  S o l d i e r ' s  Cap Form ation .

S6 to  S8 come from b a s ic  i n t r u s i v e s  and e x t r u s i v e s  i n  th e  W ea ther ly  

Creek Q u a r t z i t e ,  the  m iddle member o f  th e  Form ation  and S9-S11 from 

th e  Snake Creek M e ta - T u r b id i t i e s , the  lowermost member. The t h r e e  

d i v i s i o n s  o f  th e  S o l d i e r ' s  Cap Form ation  a r e  th o se  o f  G likson  & D e rr ic k  

(1970 ) .

The m in e ra l  assem blages  o f  the  p e l i t e s  in te rb e d d e d  w ith  th e  b a s ic  

ro ck s  i n d i c a t e  in t e r m e d ia te  p re s  lire  metamorphism from low g r e e n s c h i s t  

to  m idd le  a m p h ib o l i te  f a c i e s .  The im p o r ta n t  m in e ra l  assem blages  o f  a l l  

the  ro c k s  c o l l e c t e d  in c lu d in g  th o se  p e l i t e s  c o l l e c t e d  i n  th e  immediate 

v i c i n i t y  o f  th e  specim ens s t u d i e s  in  d e t a i l ,  a r e  l i s t e d  in  Table 1.
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T ab le  1 .

M in e ra l A ssem blages o f  S o ld ie r ’s Cap Hocks

[etam or- 
>hic g rade  :

lumber g iven  
Ln t h i s  s tu d y

M R  R e g is te re d  
Humber

J h lo r i t e S1 6 9 2 0 0 0 2 6

S2

6 9 2 0 0 0 2 7

6 9 2 0 0 0 3 0

-— -------- j
S3 6 9200031

J i o t i t e

3 4 6 9 2 0 0 0 1 0 7

I1
S5A 6 9 2 0 0 0 32A

I
S5B 6 9 2 0 0 0 3 2 B

S6

6 9 2 0 0 0 3 3

6 9 2 0 0 0 2 8

37 69 2 0 0 0 3 5 A

i d a lu s i t e -
6 9 2 0 0 0 3 5 B

i a u r ö l i t e  l
6 9 2 0 0 0 36AS8

I

6 9 2 0 0 0 36B

6 9 2 0 0 0 4 0

69200041

S9A ,B

6 9 2 0 0 0 4 2

69200 0 4 3 A

S10

6 9 2 0 0 0 4 3B

69200 0 4 4 A

6 9 2 0 0 0 4 4 B

692OOO44C

6 9 2 0 0 0 4 5

S i1lim an- S11 692OOO48

i t e 6 9 2 0 0 0 4 7

M in e ra l Assem blage

A c t in o l i t e  + o l ig o c la s e  + a l b i t e  + 
c a l c i t e  + m a g n e tite  + h a e m a ti te  + 
sphene + K spar + c h l o r i t e .

Q uartz  + a l b i t e
H ornblende + a n d e s in e  + . I lm e n ite  + 
sphene
H ornblende + a l b i t e  + i lm e n i te  + 
b i o t i t e
H ornblende + a n d e s in e  + q u a r tz  + 
i lm e n i te  + b i o t i t e  + c h l o r i t e

H ornblende + b i o t i t e  + a l b i t e  + 
q u a r tz  + i lm e n i te  + sphene

H ornblende + o l ig o c la s e  + m icro -^  
c l in e  + q u a r tz  + i lm e n i te  + b i o t i t e  + 
a p a t i t e
B io tite + m u sc o v ite + q u a r tz  

H ornblende + a n d e s in e  + e p id o te  + 
i lm e n i te  + sphene
H ornblende + o l ig o c la s e  + a n d e s in e  
+ q u a r t  z + ilm e n it  e + sphene

G arnet + s t a u r o l i t e  + m u sco v ite  + 
b i o t i t e  + q u a r tz
H ornblende + o l ig o c la s e  + q u a r tz  + 
i lm e n i te  + sphene
G arnet + s t a u r o l i t e  + m u sco v ite  + 
b i o t i t e  + q u a r tz
G arnet + s t a u r o l i t e  + m u sco v ite  + 
b i o t i t e  + q u a r tz

’ A n d a lu s ite  + s t a u r o l i t e  + m u sco v ite  + 
b i o t i t e  + q u a r tz
G a rn e t+ b io tite+ m u sco v i be+quar tz  

H ornblende + o l ig o c la s e  + q u a r tz  + 
i lm e n i te
H ornblende + o l ig o c la s e  + q u a r tz  + 
i lm e n i te  + sphene
G arnet + g e a r  i t e  + c h l o r i t e  + p la g io -  
c la s e  + q u a r r z
G arnet + g e d r i t e  + s t a u r o l i t e  4- o iov i

G arnet + s t a u r o l i t e  + b i o t i t e

H ornblende + cum m ingtonite + o l ig o ­
c la s e  + q u a r tz  + i lm e n i te

S i l l im a n i te  + g a rn e t + b i o t i t e  + qua:

H ornblende + o l ig o c la s e  + a n d e s in e  + 
i lm e n i te  + sphene
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Specimen C1 (regd. no. 69200063A- is from the Corella Formation 
(Carter et al., 1961) 20 km north west of Soldier's Cap. It has the 

assemblage diopside + actinolite + albite + calcite + quartz without 

w.ollastonite and probably belongs to the lower amphibolite facies. However, 

its grade could be lower if PEqq  ̂was considerably lower th Pp0.g» which 
would be the case if much water was available during metamorphism.

Although the specimens of pelitic rocks to the east of sample 

S7 do not contain assemblages diagnostic of the biotite zone, they 

are known to belong to that zone because of the presence of biotite 

in those of suitable composition and the absence of any sign of garnet 

or staurolite in all the rocks observed during traverses in the region.

-(b) Petermann Ranges

In the Petermann Ranges, the Upper Proterozoic Dean'Quartzite 
(Forman, 1966), the basal unit in the south-western Amadeus Basin 

overlies older granite and minor basic intrusives of the Pcttoyu Granite 
Complex (Forman, 1966). The specimens studied were collected during a visit to 
the area made with Dr. D.J. Forman in 1968. Typical pelites are rare, but 

highly aluminous assemblages in the Dean Quartzite are good indicators 
of metamorphic grade. They are, in order of increasing grade, (i) 

pyrophyllite-quartz, (ii) kyanite-pyrophyllite-quartz and (iii) kyanite- 

quartz. The persistence of the apparently univariant assemblage kyanite- 

pyrophyllite-quartz over some 20 km of outcrop is problematical (England, 

1972). The amphibolite-greenschist facies boundary is thought to be 

slightly up-grade of the beginning of the kyanite-quartz zone.

Specimen P1 definitely belongs to the upper greenschist facies 

and P3 is probably close to the greenschist-amphibolite boundary. (Fig. 2).

The metamorphic grade of P2 is less well known because of the large 

distance separating it from the Dean Quartzite. It is probably close
7.

to and may be slightly lower than that of P3.



8

METHOD 0? FLfCTRON PROBE ANALYSIS

All analyses were made on a JSOL JXA-3A electron probe using an 

operating voltage of 20 EV and a specimen current close to 0.1 A.

Corrections for absorpti n and fluorescence were made using a program 

developed by Frazer, Fitzgerald and Reid (1966). The JXA-3A microprobe has 

a take-off angle of only 20° and errors due to surface irregularities and 

inaccuracies in the correction method tend to be amplified when compared with 

the results from more modern instiuments. Because of the inherently poor 

precision of the instrument, totals lying between 96 and 100c/o were 

considered acceptable.

An analysed mineral standard was used in order to minimize the 

magnitude of corrections. The hornblende choser. was a kaersutite from 

Spring Mountains, Nevada, kindly supplied by Mr. N.G. Ware of the Australian 

National University. Homogeneous hornblendes are rare and are generally 

of high temperature origin. For this reason they are usually more magnesian 

and aluminous and poorer in silica than hornblendes from amphibolites. A 

previously analysed kaersutitic hornblende from Delegate, N.3.W., supplied 

by Dr. A.J.R. White was analysed on uhe TXA-3A microprobe in the same manner 

as the hornblendes in Tables 3-20. The results appear in Table 2 and may 

be compared with the original analysis.

The compositions of all the hornblendes in Tables 3-20 show more 

variations from the standard than the Delegate hornblende therefore errors 

are expected to be higher in them. Although statistical uncertainties can 

be calculated, they are much less important than errors brought about by 

uncertainties in the correction method.

The analyses ('Tables 3-20) that are high in total iron have totals 

around 98 and 99/= when Fe is calculated as FeO despite the fact that 

most are bound to contain significant amounts of Feo0„. The reason for 

this lies in the correction method which, because it calculates all 

Fe as FeO, underestimates the amount of oxygen in an analysis which
it

sh uld contain a significant amount, of Fe2 0 v.



TABLE 2 : tolCROPROBE ACCURACY

Hornblende standard; 
wet chemical analysis

Delegate Hornblende 
XRF analysis

Delegate Hornblem 
Microprobe Analys:

SiC2 3 9 . 3 1 41.06 40.66

Ti02 3.64 4.87 ^ . 3 7

ai2o? 14.26 14.58 14.63

FeO (total Fe) 1 2 . 5 0 10.84 10.95

MnO O . 0 9 0 . 0 9 0.09

KgO 11.36 1 3 . 1 6 12.97

CaO 10.12 9.93 9 . 8 7

Na20 2.8 0 2.86 2 . 9 8

k 2o 1.59 1.55 1.39

Total 97.8? 98.96 97.93
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When the program recalculates the analysis to 10C> before calculating f(/,) it

arrives at a composition with excess of metals over oxygen. Values for f(%)ST?ec

thus calculated are therefore underestimated. The correction factor, which

is very nearly equal to °^G' is then overestimated, especially for light
f(x)spec

elements, giving a high total for the analysis. Neglect of trivalent Fe,

because it causes an underestimate of the amount of oxygen is resposible for

an overestimate of all the other elements when they are calculated with respect

to a certain number of oxygens (an anhydrous basis of 23 oxygens for

microprobe analyses). The method involves filling the smaller sites first and

the problem becomes acute in the case of Na which is assigned to either
VI-VIIIthe x or A sites. The amount of Na . is generally only small and is

y* j j
underestimated by as much as 10Oy'o. NaA A is overestimated by the 

same absolute amount but is relatively more accurate because of its 

larger absolute value.

Plagioclase analyses were carried out using the same kaersutite 

standard as the hornblende analyses. Although differing considerably in 

chemical com osition from plagioclase, the hrnblende standard has very 

similar values of f(X) for Ca and K to members of the plagioclase series 

and corrections are therefore quite small. Flagioclases were analysed for 

Ca and K and corrections were made using a curve calculated by assuming 

plagioclase to be a t o-component system containing a very small amount of

K. Analyses are then expressed in terms of An and Or components.
Whole rock analyses of rocks from the Cloncurry region were

carried out by Dr. J.W. Sheraton on a Philips PW1210 automatic x-ray 

spectrometer. FeO determinations on whole rocks were made by Australian 

Mineral Development Laboratories. Approximate values of the average FeO 

contents of hornblendes were calculated where possible using the 

micrometric analyses.
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POSSIBLE REACTIONS LEADING TO THE FORMATION 

OF HORNBLENDE IN PLACE OF ACTINOLITE

Structural Formulae and Site Allocation

Amphibole compositions are expressed in terms of molecular 
formulae calculated on an anhydrous basis of 25 oxygens. Site allocation 

is made in the following order (after Shido, 1958)»

Site Species Total

Z (4 - fold) ( Si 
(
( A1

8

Y (6 - fold) ( Al, Fe3+
(
( Ti 
(
( Mg, Fe, Mn

5

X (6 - 8 - fold) ( Mg, Fe, Mn
' (

( Ca
(
( Na

2

A (8 - 10 - fold) ( Ca 
(
( Na 
(
( K

0 - 1
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C l a s s i f i c a t i o n  o f  c a l c i f e r o u s  am phibo les  i s  n o t  d i s c u s s e d  

h e r e ,  b u t  whore names a re  u sed ,  such as  t s c h e r m a k i t e ,. p a r g a s i t e ,  e t c . ,  

th ey  adhere  ap p ro x im a te ly  to  th e  scheme o f  Leake (1969)•

With a few e x c e p t io n s  th e  c o m p o s i t io n a l  changes ex p ec ted  

a re  e s s e n t i a l l y  th o se  t h a t  occu r  d u r in g  th e  t r a n s i t i o n  from a c t i n o l i t e  

to  h o rn b le n d e .  The most im p o r ta n t  changes a r e : -

VI VI1. In c re a s e  A1 and Fe

2 . I n c r e a s e  i n  a l k a l i s  i n  th e  A s i t e

3. I n c re a s e  in  T i 1̂

4. D ecrease  i n  S i  w i th  complementary in c r e a s e  in  A1 ^

In  a l l  th e s e ,c o u p le d  s u b s t i t u t i o n s  a r e  made, in  ore e r  to

m a in ta in  charge  n e u t r a l i t y .  In  g e n e ra l  (A l,  Fe^+ ) ^  seems to  be accompanied

IV Yl—V IIIby A1 a l th o u g h  i n  h igh  p r e s s u r e  t e r r a i n s  i t  may be coupled  w ith  Na

(Coleman and P a p ik e ,  1968). A lk a l i s  in  th e  A s i t e  a r e  g e n e r a l ly  b a lan ced  by

A1 and m  some c a se s  by IT a  . T i i s  g e n e r a l ly  b a lan ced  by A1

but i t  i s  p o s s i b l e  t h a t  i n  ro ck s  w i th  v e ry  s o d ic  p l a g i o c l a s e ,  i t  may be

b a lan ced  by TTâ   ̂ In  many c a s e s  a sm a l l  amount o f  (Fe, Kg, Tin) must be

a l l o c a t e d  to  th e  X s i t e  and i n  some c a se s  t h e r e  i s  an overflow  o f Ca from the

X s i t e  i n t o  th e  A s i t e .  However, such  sm all  v a lu e s  a r e  s u b je c t  to  v e ry

la rg e  p e rc e n ta g e  e r r o r  and a r e  t h e r e f o r e  d i f f i c u l t  to  u se .
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Increase in (Al, FeJ+)^^

In the reactions suggested below isochemical metamorp ism is

assumed.

To pi educe hornblende from actinolite by (Al, Fe^+ )^.

A l ^  substitution, reaction with (i) a Ca-bearing phase and (ii) a

(Fe, Mg)-bearing phase is necessary and at least one of these phases must

contain A1 (Fig. p).

The most commonly suggested reaction producing (Al, Fe^+ ) ^  in 

hornblende is

Ca2(Hg,Fe)5Si8022(0H)2+ 14(Mg,Fe)5(Al,Fe3+) AlSi 01Q(0H)8+ 24Ca2Al,Si,C>12(o h ) 

Actinolite + Al-poor Chlorite + epidote

+ 28Si02 - >  25Ca2 (Hg,Fe) Al4Sig022(0H)2 I- 44H20 ---- (l)

+ silica tschermakite + water

(after Shido, 1958)

OR, if chlorite is more aluminous

8Ca2(H g,Fe)5S i8022(0H)2 + M (M g,Fe)4( A l , F k P 2A l2S i2010(0H)8 

Actinolite + aluminous chlorite

+ 24Ca2Al̂ Sî 0.j 2(01l) + 28Si02 — >  ^Ca^MgjFe^Al^Si^O^^OH^ + 44H^O— (2)
+ epidote + silica tschermakite -t- water

Considering the abundance of relict(?) calcic plagioclase it is 

reasonable to expect the following reactions to have occurred in some rocks:

Ca2(Mg,Fe)5Sig022(OH)2+ 2(Mg,Fe)5(Al,Fe3+) AlSi 010(0H)g+ 8CaAl2Si208

Actinolite + Al-poor chlorite + anorthite

---s- 5 Ca2(flg,Fe)^Al4Si6022(0K)2 + 4H20 ----- (3)

tschermakite + water

Ca2(Eg,Fe)5Si8022(0H)2+ (Mg,Fe)4 (Al,Fe5+)2 Al2Si2°1O(0HV  4CaAl2Si20f: 

Actinolite + aluminous chlorite + anorthite

-> 5 Ca, + 2H20 --- (4)
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Epidote, and especially chlorite are not common in amphibolites 

from Soldiers Cap. Chlorite grace meta-dolerites from areas not covered 

in the traverse generally contain a small amount of epidote but very 

little chlorite. Relict (?) patches of calcic plagioclase are generally 

present instead of epidote which is only present in significant quantity in 

specimen So. It is unlikely that hornblende in the Cloncurry area has formed 

from relict ferromagnesian minerals because of their complete absence from 

even the lowest grade basic rocks. Ilmenite is the opaque oxide mineral in 

all the rocks studied in detail except specimens S1 and C1 which contain magnetite 

(coexisting with sphene). The rarity of chlorite, the ubiquity of opaque 

minerals and the sharp iron enrichment towards the outer zone of hornblendes 

suggests possible reactions by which (Al, Fe3*-)"^ may be entering the 

hornblende lattice. These involve opaque oxide minerals.

(a) Magnetite

Fe 04 + 2CaAl2Si208 + 2SiC>2 + H20 — > Ca2Fe_Al4Si6022(0H)2 + 0 — (5)

magnetite + anorthite + silica + water ferro-tschermakite + oxygen

5Fe 04 + 6CaAl2Si208 + 3Ca2(Mg, Fe)5 Si8022(0H)2 + 3 ^ 0  + 0 

magnetite + anorthite + actinolite + water + oxygen

— *■ 6Ca2 (Fe, Mg) Fe,f+ A g S i g O ^ O H g  — (6)

Ferri-tschermakite

14Fe,0„ + 12CaoAl7Si„0.o(0H) + 42Si0o + 6Ho0 3 4  2 3 3 12 2 2
magnetite + epidote + silica + water

— > 3Ca2Fe5Sig022(0H)2 + 9Ca2Fe Al^SigO^OH^ + 140 ---(7)

ferro-actinolite + ferro tschermakite + oxygen

1OFe^O^ + 6Ca2Al3Si5012(0H) + 3Ca2(Mg, Fe)^ Si802?(01l)2 4- 3H20 4 12Si02

magnetite 4 epidote 4 actinolite + water 4 silica

— >9Ca2(Mg, Fe)^ (Fe3+)2 Al2Si6022(0H)2 + 0 ---(8)

ferri-tschermakite 4 oxygen

CaTiSiO + 2Fe„0. 4 3Si0o + Ho0 4- CaAloSio0p 3 3 4 2 2  2 2 c
sphene + magnetite 4 silica 4 water + anorthite

— ^FeTiO^ + Ca2(Mg, Fe)^ (Fe3+)2 Al2Si6022(0H)2 + 0 -- (9)

ilmenite 4 ferri-tschermakite



(b) Ilmenite

6FeTiO + H C a A ^ S i ^  + 3 Ca2(Kg, Fe) Si80?2(0H)2 + 4-E^ 

ilmenite + anorthite + 'actinolite + water

— > 7Ca2(l-'Ig, Fe)^ Al^Si 022(OH) + 6CaTiSi05 + 4Si02 -- (10)

tschermakite + sphene + silica

5PeTiO + 7CaAl2Si208 + 6Ca2(l!g, Fe)5 S i g O ^  01i)2 + H20 + 70 

ilmenite + anorthite + actinolite + water -f oxygen

— ->- 7Ca2(Hg, Fe)^ Fe^+2 Al2Si6O22(01l)2 + 5CaTiSi05 + 15Si02 -- (ll)

ferri-tschermakite + sphene + silica

4FeTiO^ + 4Ca3Al2Si50.j2(0H) + Ca2 (Mg, Fe)^ Si80?2(01l)2 + 2Si02 

ilmenite + epidote + actinolite + silica

•--3- 3Ca2(Mg, Fe)^ Al4Si6022(0H)2 + 4CaTiSi05 — (lk)

tschermakite + sphene

20FeTi0 + 14Ca2Al3Si5012(OH) + 17Ca2 (Mg, Fe) Si8022(0E)2 + 110 

ilmenite + epidote + actinolite + oxygen

-- *-21Ca2(Mg, Fe)^ Fe3+2Al2Si6022(0Ii)2 + 20CaTiSi05 + 32Si02 + 3 ^ 0 --(1 3)

ferri-tschermakite + sphene + silica + water

Increase in Alkalis in the A-site

The only important reactions by which Na may enter the 

A-site of the hornblende lattice are -

Ca2(%, Fe)5Si8022 + NaAlSi^Og 

actinolite + albite

-^NaCa2(Mg, Fe)^ AlSi?022(0H)2 + 4Si02 ---(u)

edenite + silica

and

Ca2(llg, Fe)^ Si8022(0H)2 + NaAlSi^Og 

actinolite + albite

— ►Ha Ca (Mg, Pe) SigO 2(0H)? + CaAl2Si20{:, + 4Si0g -- (15)

1 5 .

richterite anorthite + silica
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In general, the amount of Na in the X site in both the Soldiers 
Cap and Petermann Ranges amphiboles is small and reaction (15) is of much- 

less importance. VJhen K is present in significant amounts it porbably enters 
the lattice by the following reactions:

KAlSi^Og + Ca2(lig, Fe)^ Si8022(0H)2— ^KCa2(l«Ig,Fe)5AlSi 022(0H)2 + 4Si02 — (16) 

Kspar + actinolite K-edenite + silica

K(Hg,Fe)3AlSi5010(0H)2 + 2CaAl2Si208 + Ca2(MgfFe) Si8022(0Il)2 
phlogopite-annite + anorthite + actinolite

— Ca2(;Ig,Fe)5 Al4Si6022(0H)2 + KCa2(Mg,Fe)5 AlSi?022(0H)2 + 2Si02 — (17)
tschermakite + K-edenite + silica

VIIncrease in Ti
The reactions by which Ti enters hornblende depend on the 

assemblage of Ti minerals. For example -
Rocks with sphene + magnetite (e.g. Cl, Si):

3CaTiSiO + 4Fev0. + 3CaAl Si f>Q + 93i0o + 3Eo0 p p 4 2 2 o 2 2
sphene + magnetite + anorthite + silica + water

---3Ca2(PetHg)4TiAl2Sig022(0H)2 ----(18)
titanoamphibole

3Ca2(Mg,Fe) S i g ^ 011̂  + ^CaA12Si2°8 + 6FeTi°3 + Ca^I'Ig^e^A^Si^^OH)., 
actinolite + anorthite + ilraenite + tschermakite

+2H20 ---^  6Ca2(Mg,Fe)4 TiAl2Si6022(on)2 ----(19)
+ water titanoamphibole

^CaTiSiO^ + 4Ca2(l'Ig, Fe)^ A^SigO^(0E)2 + Si02 
sphene + tschermakite + silica

— > 5CaAl2Si20ß -1- 3Ca2(Kg, Fe)4 Ti,Al9Si6022(OH)2 + H20 ---(20)
anorthite + titanoamphibole



Anorthite 

Epidote /

ACF diagram showing analysed amphibolites from the Soldier's

Cap area

AFM projection through anorthite onto the hornblende

plane
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iGsciiiPiioiT :.7J ,11::.lysis o? i :d i7ip p .,l 3.p .:l:::3

P e tro graphic n o t33 a re  g iven , she a n a ly t ic a l  l a t a  Tor 

each specim en a re  ta b u la te d  and th e  hornblende com positions a re  • 

p lo t t e d  on a diagram f i r s t  used by Hallimond (1 943) which is  s t i l l  

p ro b ab ly  the  l e a s t  in ad eq u a te  two dim ensional r e p re s e n ta t io n  of ho rn ­

b len d e  com position. The number o f s i l i c o n  atoms i s  p lo t te d  a g a in s t  

th e  number of atoms in  th e  A s i t e ,  v:ith  a res  a t  60 d e g re e s . horn­

b lende  com positions a re  approx im ate ly  con ta in ed  by a q u a d r i la te r a l  

T/ith th e  follov.’in g  "end members" a t  i t s  ap ices (c lockw ise  from 

a c t i n o l i t e ) .

T rem o lite  -  P e r r o - a c t in o l i t e  

Z d en ite  -  P e rro -e d e n ite  

P a rg a s i te  - P e r r o -p a r g a s i te -

Ca2 (::S, ? e ) 5 3 is0 22 (OH) 2 

(iIaCa2 (:%, Fe)_ (0H)2

;
) iIaCa2(;:g, l e )  . (A l, Fe3+) Al SigO 2(0H)

Llagnes i  o -has tin g s  i  t  e - Has tin g s  i t s )  

Tselleri.iakite  - P e rro - ts c h e rm a k ite -  

h e r r i - t s  cherm akite J)
Ca2(:.:S, Fe) (A l, F e3+) 2 112 SigP22(c a )2

The Hallim ond diagram has a number o f in adequac ies -

( i )  i t  does no t d is c r im in a te  between P e - r ic h  and h g - r ic h  ho rnb lendes,

( i i )  i t  does no t d is c r im in a te  betw een ha, IC or Ga in  th e  A s i t e ,

(iii) it does no t shorn th e  amount o f (he, hg) o r ha in  th e  a s ic e s ,

( iv )  i t  does nob show th e  account o f Ti o r hn p re se n t in  th e  Y s i t e s „

he.ple c t o f t r i v a l e n t  i ro n  causes an o v e re s tim a te  o f bhe number 

o f ..toms in  the  A s i t e  and i t s  e f f e c t  on th e  p o s i t io n  o f an a n a ly s is  on 

tn e  diagram i s  eeove, in  h i  . h (n ) .  Hallimond p lo ts  o f in d iv id u a l

am phiboles a re  shown in  F ig s . 5 and 6 .



P ig .  4  ( a ; . D isp lacem en t tow ards t s c h e r n a k i te  cn th e  H a ilin o n d  
d iag ram  o f  th r e e  t y p i c a l  h o rn b len d e  co m p o sitio n s  
a f t e r  0 .5  and 1 .0  atoms c f  t r i v a l e n t  i r o n  a re  ta k e n  
in t o  a c c o u n t.

.* .  • 9A*

. Soldier* Cap area  

• Peterm ann Rcnges 

« See text

F ig .  4 ( ’o ) . P lo t  o f a l l  h o rn b len d e  a n a ly se s  in  t h i s  s tu d y .
P o in ts  marked by a  c ro s s  a re  av e ra g es  o f  h o rn b len d e  
a n a ly se s  from S o l d i e r 's  Cap specim ens ’./here  a 'w h o le  
ro c k  a n a ly s is  was c a r r i e d  o u t .  Fed+ i s  in c lu d e d  and 
was c a lc u la te d  from  th e  w hole ro ck  a n a ly s i s .

&
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In  a d is c u ss io n  o f hornblende zoning, Fe i s  p lo t te d  a g a in s t ' .
Yj

A l' (F ig . 3) and th e  s lo p es  o f th e  tre n d s  a r : compared w ith  th e

th e o r e t ic a l  s lo p es  g iven  by equatio n s  in  th e  p rev ious s e c t io n . mew
VI

I s  p lo t te d  a g a in s t  A1 in  rocks w ith o u t or w ith  v e ry  l i t t l e  f r e e  q u a rtz  

(F ig . 9 ) . R eactions 14 and ip  l i b e r a t e  la rg e  amounts o f S i0o which 

must be accounted f o r  by s ilic a -co n su m in g  re a c t io n s  in  r e e ls  w ithou t 

o r w ith  v e ry  l i t t l e  f r e e  q u a rtz . The s lo p es  o f th e se  tre n d s  where 

r e a c t io n  14 and 15 a re  coupled w ith  th e  v .rious s ilic a -co n su m in g  re a c t io n s  

to  produce no f r e e  q u a r ts  a re  p lo t t e d  in  th e  in s e t .

Each roch  i s  d e a lt  w ith  s e p a ra te ly , and an a ttem p t has been 

made to  d iscu ss  the  most im portan t re a c t io n s  c o n tr o l l in g  hornblende 

com position  in  each in d iv id u a l case ,

(a) C loncurry a re a .

0_1 A lb ite  _+ a c t i n o l i t e  -r diow side + ca l c i t e  + '’u a r tz  + s d ene  -i- me. n e t i t  

a m c h ib d ic e  (from Camel h i l l ,  an o u t l i e r  of C o re lla  Form ation 20 km n o rth  

west o f S o ld ie rs  Cap)0

Very p a le  a c t i n o l i t e  w ith  s l i  j i t l y  d a rk e r p a tches i s  rimmed

by deep f ru s s ia n -b lu e  am phibole. The metamorphic 0ra d e  i s  uncertain,*

th e  p resence  o f d io p s id e  would in d ic a te  tem peratu res o f over pOO C i f

th e  P--, were above about 10 ]o o f th e  load  re s  su re  (k in k ie r , 19J7> n . 34) • 
"CO

however, f lu s h in g  of th e  system w ith  n e a r ly  pure  w ater would cause a

■drop in  P_ -veil below sk is  v a lu e , th u s  cau sin g  th e  r e a c t io n  - 
-‘-‘rvq 

"°2

3- (:: , - e) 3 i„0 „2 + 3'3aX + 2 3 1 0 .,____ > 52-  Sig05 + 3C0?

a c t i n o l i t e  + c .. l e i t e  -r s i l ic a .  diems ia e  + ca r bon d io r id e ,

go c  to  the r i  h t  a t  low er tem p era tu res  . I t  seems ro b ab le , however, 

t ’n .t  th i s  rock  was formed near th e  r e  n s c h is t - a  . / . i t e l i t e  be
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ÜJdeiiite s o l id  so lu tio n , vh ich  could occur by th e  r e a c t io n  14 

( a c t i n o l i t e  + a l o i t c  . e d en ite  + s i l i c a )

has no t occurred  to  any g re a t e ::te n t d e sp ite  th e  p resence  o f both  

r e a c ta n t s 0 A tre n d  tov;arns e d e n ite -p a ra g a s i te  s o l id  s o lu t io n . i s  

sh o rn  in  th e  Ila llin o n d  diagram ( f i g .  5) but i t  has stopped  f a r  sh o rt 

o f the  extent a t ta in e d  in  th e  hornblende fro n  specim en Sp3' vh ich  v;as

probab ly  s u b je c t to  s im ila r  tem p era tu res  but ra s  a b le  to  accep t a
3+

much g re a te r  am o n t o f A1 and p resu n ao ly  f e  oscause g re a te r  a v a i l ­

a b i l i t y  o f An in  th e  p la g io c la s e  enabled  re a c t io n s  such as 5» 6> 10, 

and 11 to  p roceed .
VIA s te e p  in c re a s e  in  f e  co n ten t v i t a  A1 in  th e  anph ibo le  

( f i g .  8) s tro n g ly  su g g ests  th a t  r e a c t io n  w ith  m ag n etite  i s  re sp o n s ib le  

f o r  th e  in tro d u c tio n  o f  A lvI by r e a c t io n  • 5 ( th e  l im ite d  ex ten t to  

nil ic h  th is  r e a c t io n  .roceedod even v;hen compared v.'ith r e a c t io n  14 

p robab ly  r e f l e c t s  th e  sm all amount of An component vh ich  vas a v a i la b le  

in  the  p la g io c la s e ) .  The s lo p e  o f th e  f e  v e rsu s  A1‘ tre n d  in  

amphibole fo r  r e a c t io n  5 i s  3/2 ( f i „ .  8 ) .  fh is  i s  le s s  th an  th e  

a c tu a l  tre n d  in  th e  amphibole from specimen C1. I t  i s  l ih e ly  th a t  

r e a c t io n s  such as -

30a2(::s , Fe) S i8022(CE)2 + 5?e 0(, + ÖCaAlgSigOg + 3 g 0  + 0

a c t i n o l i t e  ~f + m ag n etite  + a n o r th i te  + maser + oimgen

—>SCa2(:.:s , Fe) F e f  A I ,31,0 v ;(o:i)________________________________ (21)

• f e r r i - ts c h e rm a h ite

and

5feA ). + 6CaOO + 2 4 J i0 o + 3HA)— > 3Ca0f e . 3 i . 0 oo(C:i) _ + 600„ + pO (2d)

m agnetite  + c a l c i t e  + s i l i c a  + r a t e r  f e r ro -a c  ; i n d i t e  + carbon d iox ide

(vh ich  does no * consume she source  a n o r th i  te com_,onan« in  p la g io c la se )  

nay have occu rred .

file ..r-.- 52 Lan-ölue ... p h ib o le  (an .ly is e, g, 1 in  fa b le  3) i s
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su b c a lc ife ro u s  and much r ic h e r  in  me and a lk a l i s  and even po o re r 

in  aluminium th a n  th e  a c t i n o l i t e .  Vlien t o t a l  Re i s  c a lc u la te d  as 

ueO, th e  va lues dor Si a re  as h igh  as 8.21 and th e re  i s  a co rrespond ing  

d e fic ie n c y  in  charge o f  the  c a tio n s  occupying th e  X s i  be of h ic h  a

c o n sid e rab le  p ro p o r tio n  i s  ha . I t  i s  concluded th a t  th i s  e r ro r  is

3 +due la rg e ly  to  the n e g le c t o f the  p resen ce  o f Re which would occur 

as r ie b e c k i te  component. R eactions p roducing  r ie b e c k i te  component

in v o lv e  th e  in tro d u c tio n  o f he. w ithou t accompanying XI and a re  d i f f i c u l t  

to  u n d erstand  in  an isochem ical p ro cess  w ithout p o s tu la t in g  th e  b reak ­

down o f a lb i t e  to  more aluminous phases and th e  r e le a s e  o f Ha. A lL ite  

i s  th ic k ly  clouded w ith  R e -s ta in e d  c la y  m inera ls  and i t  may be p o s s ib le  

fo r  r i e b e c k i t i c  amphibole to  have formed a t  th e  same tim e as th e  b reak­

down o f  a l b i t e  by a r e a c t io n  such as -

ICITaAlSi 03 + 3 Ja (tig, Re) 3 i r0 22(0H),, + 121^0 + 600 r + 50 ----- >

a l b i t e  + a c t i n o l i t e  + w ater + carbon d iox ide  + o::ygen

5 :ia2 (::o, F g  p e ^ i g o g o n g  + 6CaÖ0 + 5Al2S i2O8 (0H)2 ( 23)

r ie b e c k i te  + c a l c i t e  + k a o l in i te

I f  t h i s  i s  th e  case , th en  i t  i s  p ro b ab le  th a t  th e  r i e b e c k i t i c  rim s formed 

a t  a l a t e  s ta  ;e aw low er tem p era tu re .

31 A c t in o l i t e + ol i  o c la s s  -i- a l b i t e  + ca l  c i t e  -f ma ns t i t e  -i- h em atite  

:d f- -onei + X -fe lds -ar -f c h lo r i te  s c h i s t .

A c t in o l i te  i s  p a le  g reen  (an a ly ses  a - e, h -  j ,  n: fa b le  4 ) 

w ith  some dark er green  rim s (an a ly ses  f ,  g, k-m: fa b le  4 )•  PlagLo- 

c la s e  i s  of two d i s t i n c t  com positions, An„ _ Or 0 (average  o f  9 a n a ly se s) 

and An Q Or , (av r a  .3 01 10 a n a ly s e s ) .  _he am phibole zoning shews a 

s te e p  tre n d  o f l im ite d  e x ten t tow ards e d e n ite -p a r  .a s i be com position in

th e  halliw ond  d ia  ram (mi. . 5)•  fh c re  i s  a lso  ra p id  in c re a se  in  me w ith
a

A1 1 (R ig. 8 ) ,  su rges t i n  ro a c tio i  ............. 1 . . b i te  and a n o r th i te
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L_

component of plagi'cclase as a means 'of introducing A1 . (reaction p).

As mith specimen C'l it is necessary to postulate an additional reaction

such as 22 in order to account fully for the steepness of the be versus 
71ill trend. A reaction such as 22 is also necessary to account for she 

absence of quartz mhich mould otherwise be*produced by the combination 

of’ reactions p and 14 in the proportion in mliich they ap_ ear to be 

occurring; (see big. 9).

Specimen S1 is the only lorn grade amphibolite mhich appears 

to have approached some decree of textural equilibrium, and in mhich no 

trace of igneous texture remainse The plagioclase compositions may lie- 

on either side of the peristerite solvus. because chlorite is rare 

the only possible may actinolite can be transformed into hornblende 

by isochemical means in a rock such as this is by reactions 5 and 6 

combined mith 14 and 1 p.

S2. bluish- reen hornblende + andesine + ilmsuite _+ 3-diene netadolerite.

Specimen 32 is moderately coarse-prained mith scattered patches

consisting of an aggregate of scapolite, clinozoisite and prehnite (mdich

may be secondary. Pale actinolitic patches (e.g., Table 5> analysis d)

are moderately common in the cores of the slightly ra . ed, sheaf-like

amphibole .rains. The fine needles projecting into plagioclase are

the most aluminous and alkali-rich (Table 5» analysis f). The pla_io-

clase composition is An, , Or^ (an average of 13 analyses varying from

Anon , ^  and Cr_ „ , _ _ The slagioclase is contact mith she horn-29 so o1 0,<z to 0.5.
blende mhose analysis (a) appears in Table p, i3 Ado Crc. 3. ±insuite

d. be in 1 . d. re, 1; ced by 3 he le a . 1 t ier 2 is little doubt A t i: 

from this source nom resides in the hornblende.

Zoning in h o m e  lend, involves only a no .mate increase in be

mith Al71 ( .1 . 8), anc mit: A l ' 1 (big. 9). The slope of ....
VTPc versus A1 trend is too sma for reaction mith i] lenite to accc nt
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VIentirely lor the introduction of A l ’ :.nd it seers nr oh able that some 

chlorite lias taken part* Loner grade rocks fror the area rith similar 

textures generally contain a variable but small amount of chlorite, 

some epidote and 3phene v/ith ilmenite, or in sore cases, magnetite*

Hot/ever, it is certain that any further iso chemical increase in
(Al, fe^') '*'■ vfiich mould occur v;ith increasing temperature could result

only from reactions 10 and 11.

S3• bluish-preen hornblende + albite + ilmenite -i- biotite c.etadolcrite.

Specimen 33 resembles 52 except for (i) the absence of sphene, 

(ii) absence of calcareous patches, (iii) coarse grain size ~nd better 

preserved dol..ritic texture, (iv) only rare actinolite cores in amphibole 

grains, (v) much more sodic plagioclase, (vi) the presence of red-broun 

biotite.

Of the hornblende analyses (fable 6), a - c are from a 

traverse from a pale actinolite core to a darker rim, f is of a pale 

actinolite patch, and d, e, g, h, and i are more or less blue-green. 

Plagioclase Ins an average composition of An. 0rr, . but ranges from
bL U o I

*m 1*8 00 12.8 anQ Cr0.1 to 0.3.
X-XIIfhe l!a * ' ̂  content of zoned amphibole increases at a greater 

VIrate v;ith respect so ml than m  Specimen 32. fhis is almost certainly

related to the more sodie plagioclase composition of S3* fhe absence

of sphene indicates that reactions 1 0 - 1 3  could not have taken place
VIana the modere.se increase in fe xith Al suggests a situation similar

to that of 32, rhere chlorite may have taken _,„rt in the introduction 

of tschermakite component. Hornblende analysis (a) is unusual in tlx 

it a ears : .. . .. 1 a e amount of cumingtonit com 0;:-..;.

hepeat analyses yield similar r suits.
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34 . Blue - r e  on hornblende + an d e s ine + -ua r tz  + i l n e n i t e  + J jt c t i t e  +

c h lo r i t e  r e t abas a l t .

S c a ro l i te  i s  noc.ere.tely common and a r r e a r s  to  be re p la c in g  

th e  o r ig in a l  m in era ls  in  p a tc h e s . Hot: ever, i l n e n i t e  appears u n a ffe c te d  

and i t s  te x tu re  m ith in  th e  s c a p o l i t e - r i c h  pa tch es  i s  id e n t ic a l  to  th a t  

in  r e s t  o f  th e  roch« A c t in o l i te  co res ( f a b le  rJ, a n a ly s is  a) occur 

in  only  a feu  la rg e  g ra in s  o f  an p h ib o le . C h lo rite  i s  p re se n t as 

v e ry  r a r e  f in e  v e in s  and e r tre is e ly  r a r e  f la k e s .  P la g io c lo se  com position

i s  An Or ( an average  o f 8 an a ly se s  vhich  v a ry  from An x /Q
j p  U  o <-f <nU o O  -j-O

and Or- _ , _ „ ) . fh e  s te e r  in c re a s e  in  zoned g ra in s  o f Fe v e rsu sO.p to  0 .7
A l’^ (Z ip . 8) i s  s im i la r  to  th a t  expected  from r e a c t io n  p> bu t le s s  

th an  th e  s lo p e  expected  from a com bination o f 5 and 6« I t  i s  p o s s ib le  

t h a t  sm all amounts o f c h lo r i te  o r b i o t i t e  may have ta k e n  p a r t  i n  r e ­

a c tio n s  such as 3 and 4 o r 17«

Zäh* H u e -f re o n  hornblende + b f o t l t e  + a i b l t e  i- ouar t z  i l n e n i t e  +

s; .hene amp h ib o l i te «

f p f » Deep b lu e- r een h o rn b lende _+ o i l  goclose + n lc ro c l in e  + c u a rtz  _ 

+ i l n e n i t e  + b io  s i t e  -r am asite  a :a .h ib o l i t e .

Both o f th e ce  rocks shoe; good evidence o f e q u i l ib r a t io n .  

A lthough Aie hornblende of specim en SpA has a s l i g h t l y  v - .r ia b le  com­

p o sitio n ;, th a t  o f opr i s  homoqeneous (h ip . 5> 3pA, 3p3)• Only a

t r a c e  o f r e l i c t  igneous te x tu re s  i s  p re s e n t in  specim en 3pA. fhe

p la g io c Z .se  i s  SpA  i s  An_ Or- _ (an av e ra  e o f  19 an a ly ses  v a ry in
o O'. 3

Iron Anrt ,  ̂ and O ij „ , - _}. fh e  n la /d o c lo se  from 553 i s  more2 to  6 '0 .1  to  0 .5 y*

c a lc ic  (-In,;- Or,. . —an average o f 12 an a lyses v a ry in g  from Aiî  0 ,.q .. n

c'n i  " C .1  to  C-.35 fhe ] on .enAe o f  -a -  c o n s is ts  a i t h  a . .ore

ml .jioc lc .se  th an  sh a t o f 3p3, y e t i t  i s  n o r  e r in  17a ( fa b le s  3, 9} • 

I t  a g. cars t i n t  U. lias seen unable  o e n te r  she " 1 s i t e s  o f th e  horn-
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blende in  33d because of th e  la c k  o f a n o r th i te  component in  th e  

c o -e x is t in g  p la g io c la s e  and e n try  o f auch 17a*“ ^  in to  th e  hornblende 

•would move i t  in to  she e d en ite  f i e ld ,  which i s  a p p a re n tly  fo rb id d en  

to  up_ e r  g re e n sc n is t low er am p h ib o lite  f a c ie s  am phiboles.

fh e  f i  co n ten t o f hornblende f ro a  specim en 35A i s  s l i j i t l y  

h ig h e r th an  th a t  f ro a  353 (Tables 8, 9)« This p robab ly  r e f l e c t s  th e  

f a c t  th a t  Spd co n ta in s  both  i l n e n i t e  and sphene, whereas 353 co n ta in s  

only i l n e n i t e .  In  o th e r  w ords, Ti i s  p robab ly  e n te r in g  hornblende 

by r e a c t io n  19 in  353 and bo th  19 and 2 0 'i n  35d.

S6. Green horn b lende  + andesine + ep id o te  -h i ln e n i te  + sphene metabas a l t .  

A nphibole g ra in s , which have re p la c e d  e a r l i e r  ferrom agnesian

m inera ls  h iv e  m odera tely  common a c t i n o l i t e  cores (T able 10, a n a ly s is  g ) .

P la g io c la se  com position  i s  An Or , an average o f 20 an a lyses which
j) I U • <L

v a ry  fro n  An0 0r^ to  An.,. Or 0.2» Hornblende zon inw invo lves a
C- I d/ • d I

VI
narked  in c re a se  in  He w ith  A1‘ b u t th e re  i s  no zonal r e la t io n s h ip  

YX / N
oetween ha and a l  “ ^Higs. 8, $'). In  g e n e ra l tn e  hornblende i s  

ts c h e m a k ib ic  and poor in  a lk a l i s  - p robab ly  r e f l e c t i n g  th e  c a lc ic  

p la g io c la s e  com position  and th e  p resen ce  o f e p id o te . The presence  

of 3p  sphene in d ic a te s  th a t  r e a c t io n s  such as 10-13 cou ld  have o ccu rred  

bu t about 8-j sphene would have been produced i f  they  were e n t i r e ly

re sp o n s ib le  fo r  th e  t r a n s i t i o n  from a c t i n o l i t e  to  hornb lende.

H ag u e tite  and a sm all amount o f c h lo r i t e  mould a lso  be needed as 

r e a c t a n t s .

5 .7 « h:ee . le n  e -t- ( o l i  o c lase -e  in e ) + q u a r tz + i ln e n i te  +

- -  C i O  — :  ~  "1 •!- _'J  V—. .. ' '  w C .  . . . .  S  %

dn avera.pe o f 20 an a ly ses  in  q u ite  c lo se  agreem ent in d ie  te s

tb  b bh a  .ocL j o com os . 0 i s  A n^f Cr .  Pie A oclase ne::t to
j a  • 3

ide ( b and f ,  Table 11, has a  com position  dci.r . Or,. 0.
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Hornblende is homojeneous (Hi.;. 5? 5?) but is a so cd deal richer

in total He than any of the lor jrade actinolites or relict actinolite

cores in moderate yra .e rocks. It has probably originated in a

similar manner to the hornblendes which shot' a history of iron
X-AII TIenrichment .luriny the introduction of 17a" and hi •

So. C-reen hornblen7e + oliyoclase + quarts + ilnenite + sphere rebadolsrlt

fhe playloclase is An^ g Or^  ̂ (an average of 11 analyses in

close agreement), One actinolite core (fehle 12, analyses, d, e) is
71present in the section and there is a sharp increase in He rieh nl

7-XII 71and a moderately sharp increase in 17a ' " with hi' towards the

hornblende rim (I’iys. 8 and 9)* fhe scarcity of sphene shows that

ilnenite could not have taken a major p_~rt in reactions leading; to 
3+\VI(hi, HeJ )" rich hornblende and majnetite appears to be a better 

choice as an important reactant.

S9h. Green hornblende + olippclise + quarts + ilmenite meta,pab7:ro.

S9"3» Green hornblende _+ oliyo clase -r -uart_s + ilnenite +_ srher.e a.hi edit

All traces of ijneous teiceure have been obliterated in

specimen 393 which also has the more calcic playioclase (hn0 ; Gr^
<L O o . ~j

compared with that of 39A (im̂  0ro ?lawio clase is homo jenes us

in both roclcs. Both hornblendes -.re homo eneous (fables 13, 14) •
'"-"IT ,Specimen SpA is poorer in inf' ' , ^if the analyses ere recalculated

takinj 7eJ‘ into account) as well as (hi 7e~,+)v̂  ana the pair is 

analojoas to 33 A and 3, (hip.. p, 3fA and- S$B) • fhe hi .her fi content

of the il ole co-eristin wit! ne . well a ilmenite is .7..:

observed.
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40.

310. Pro on hornblende + cummin tonite + cli poclase + -marts _+ tlnenite

ai-rhibolitc.

The _.re..enco of cum...ingboni te is ejected Iron the position

of this rock on the AC? diagram (?ig. 3)« Specimen 3pA v:hich plots

close to 310 on the AG? diagram, contains biotite instead because of

its nuch higher IC_0 content. Plagioclase is An,0 0r_ _ (an average^ 2  13 0.2 v
of 1 5 analyses in close agreement). Hornblende is homogeneous (fable 13)«

At loner grade Specimen 010 may have contained chlorite or, a large 

amount-of magnetite rith a magnesian actinolite«

311. Green hornblende + (oli, oclase-andesine) -f ilmenite + s diene anphibolit.:

Specimen 311 comes from a rock containing altermting layers of 

hornblende + ilmenite + sphene and hornblende + quarts + ilmenite + sphere 

vita a, little plagioclase. The homogeneous plagioclase is An^Q 0r„. 

Hornblende is homogeneous (fable 1 6). The ‘..hole rock is rich in normative 

pyroxenes, poor in normative albite and relatively magnesian. It may 

be a metamorphosed igneous cumulate .but its near mononineralic nature 

and prominent layering sugg est that its chemistry may have been affected 

by metamorphic differentiation*

(b) Petermann Hanges Area.

Specimens ?1 and 23 are amphibolites typical of their respective

grades, but P2A and 223 are tartly metamorphosed troctolitic gabbros,

nhich vere orobably metamorphosed under conditions of 2_ «  2 total,
*1i2o

Hornblendes from basic rocks from the Heiermann Hanges have been 

analysed so that amphibolites iron a moderately high pressure terrain 

..ay be compared vita those of lov;~interucdiate _ressure (Oloncurry).

Previous m I os .v . .mm that t a .mo it f 27a in the H sites to be 

higher in the lorn to medium rade hornblendes of high pressure terrains 

compared v;ith lie n . s of lover pressure origin, (e.g., Shi do Hyashiro, 

1*559)• Ho-.:ever, uncertainty in me^+ content of hornblende leads to very
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la rg e  r e l a t i v e  e r ro rs  in  th e  ar.or.nt o f  17ayx (which i s  g e n e ra lly
VI~VI~I

3 r a i l )  and p rec lu d es  a m eaningful com parison in  te rn s  o f 17a' v .

file hom ogeneity o f l o r  jrc .de hornblendes f r o r  th e  P etem arm  

Hanges i s  in  marked c o n tr a s t  to  th o se  in  th e  S o ld ie rs  Sap a m p h ib o lite s : 

th i s  ra y  r e f l e c t  th e  lo n g e r tim e a v a i la b le  fo r  e q u i l ib r a t io n  in  th e  

more deeply  b u rie d  P e termann Hanges a m p h ib o lite s .

P1 . Very r a l e  preen hornblende + e n id o te  + bio  t i t s  + o l i  c o in se  + i l r e r . i t  e

±  c h lo r i t e  e u n rtz  s c h i s t .

bo th  preen  and brown b i o t i t e  a re  p re s e n t. b p id o te  co n ta in s

3+about. 0 .45  -  o  ions p e r  form ula -u n it  and homogeneous p la g io c lo se  i s

x‘n23 ^O.f*
Specimen P1 i s  p robab ly  eq u iv a len t in  grade to  32 o r S3«

However, ehe hornblende combines a h ig h  v a lu e  o f I.7g(llg + He) w ith
VI f  Vf a i r l y  la rg e  amounts o f  A1 and Ha, and i s  a lso  homogeneous ( f a s le  17.7.

H e ith e r  o f th e se  c h a r a c te r i s t i c s  i s  observed  in  th e  S o ld ie rs  Cap horn­

b len d es . I t  i s  c le a r  th a t  r e a c t io n  w ith  iro n  o::i .os cannot have been 

re s p o n s ib le  fo r  th e  fo rm ation  o f th e  hornb lende . C h lo r ite  and e p id o te  

s t i l l  rem ain and a re  most l ik e ly  to  have been she p r in c ip a l  re a e s a n ts  

form ing tsch e rm ak ite  component.

P2. S p e d  lens P2A and ?2b co re  from a body o f metamorphosed o l iv in e

gabbro which occurs in  an u_ or g reen sc la is t o r low er am p h ib o lite  f a c ie s  

t e r r a i n .  fro  body i s  d is t in g u is h e d  fro ., cad.or b. s ic  in tr u s io n s  bp- i t s  

l a r  e r  size end the la c k  o f a l t e r a t i o n  a t  i t s  c e n tr e .  F2A which was 

c o l le c te d  c lo se  to  th e  c o n tac t w ith  g ra n i te ,  c o n ta in s  c h lo r i t e  and 

abundant o i o t i t e .  Specimen 722b which was c o l le c te d  from near s7:o c e n tre

o f the c ... i s  rucl lec  . . ;er: d a . so it   re ]  Let o liv in e*
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45

P2A. Hornblende cum sin toreite + biotlte -i- chlorite + andesine + h-leide sar

rseta- 'obbro.

Although some oi the plagioclase is primary, no st has been 

cade over bo so die andesine. A snail amount of id feldspar is present,

loth olivine and augite have completely given ray to hornblende, 

cummin gtonite and biotite. former olivine sites ere recognisable as

patches of pale tan biotite and moderately ooarse prismatic colourless 

cun.hn xonite, more or less surrounded by coarse and fine prismatic horn­

blende. Some anphibole prisms are made up of both hornblende and 

cunuingbonite proving in structural continuity.

As in P23 the hornblende is pale despite its aluminous com­

position (fable 13). because it contains components of broken-dorn 

augite, it is less aluminous and alkali-rich than bhe hornblende of 

P23. Chlorite occurs as scattered large flakes: it shov/s no signs
of disequilibrium v;ith other phases and in most places contains included 

euhedral prisms of both hornblende and cumaingtonite.

P23. Hornblende + almandine + 'da ioclsme + hycersthene _+ cummin tonite 

-h uj.netite meta. icr shooed troctolitic abbro.

Plagioclase (about An_Q0r.N ,) and especially augite ass ear to 

be largely unaltered but relict olivine is separated from, plagioclase, by 

rims, firstly of fine-grained eapnetite, then cummingtonite T/Iiich may 

contain scattered anliedral grains of hypersthene, and finally hornblende 

studded rith a fern small g. .net crystals. respite its pale colons (x = 

pale stram yellov, y- very pale a;., le .green, z= pale greenish blue) it is 

extreme!}' aluniiioi . and its vacant site is almost fill d rith alkali atoms 

)lc 19). It is notably oor in Ji and ma r be lor/ is Pe^+, fa rtors * 3 

are probably responsible for its pale colour. Hypersthene has a moderate
f;. ;ivo 27 and very si ] bly ink. It is pranular in habit, r:ith so 

si ;n o ' 0 >tic 1 x ;i mit . 1 idjac it ;; ins. It a ears that the
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47.

corona structures mere produced by the following r-action:

Olivine + rlapioclase + H O + 0 — ---> hornblende + yarnet + cumminpbonite

+ hyp ersehene + na_.net dee.

To test whether the coronas developed by such an isochemical 

reaction, a calculation of a CIPV7 norm of the reaction products res made. 

Hornblende, cumminytonite, hypersthene and 0arnet v:ere analysed, (Table 20), 

their proportions by volume, together rith magnetite v:ere measured by 

point count analysis and nole proportions v/ere calculated, usinp data 

estimated iron Hobie et al., (19^7)• de in napnetite ras recalculated

in the divalent state. The results ap'_ ear in Table 21. Olivine and

plapioclass make up about 9 7 of the norm. Hive constituents. Diopside

(3:/o) f and nepheline (only 0.2,1) remain. The measured olivine composition,

do_r corresponds v:ith the ‘normative composition, ?or , _• The measured po “ 240
plapioclase composition (Anro) is more sodic than the calculated composition 

(An̂ -j-) rhich is entirely determined by the composition of the hornblende 

in the corona# The hornblende probably contains the maximum possible 

Ha and abstraction of a small amount of An component from the surrounding 

plapioclase durinj the formation of the corona may have been necessary.

The persistence of relict olivine and the formation of aeta- 

morphic hypersthene in the loner amphibolite facies suypests that an 

extremely small amount of rater ras available duriiv mstamorphism.

Hornblende is poorer in Al and richer in Si, if and Ga at its contact 

v;ith cun. in ionise than as its contact v/ith pla ioclase.

Calculation of a GITA; norm of the corona structures shorn3 that

they have resulted from a very nearly isochemical reaction betre.n olivine

. id pla ioclase pith the addition c: . • limit id :.ou lps 01 rat er a .

oxygen.
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TABLE 20 : MICBGPPOBE AI ULYS ES OF REACTION KL: 3
IH SAPPLE P2B.

Hornblende (average Hypersthene (average Cummingt onit e
of 14 analyses) of 3 analyses) (average cf 3 analyses)

Si02 3 9 . 8 32.1 35.2

Ti02 0.04 - -

ai2o3 19.2 O . 3 8 O. 3 6

FeO 27.3 2 1 . 8

MnO 0.11 * - 0 . 2 8

KgO 9 .̂ 19.7 20.3
CaO 10.8 0 . 1 6 0.51

Na20 2.84 - 0.17
k2o 0.46 - 0.03

9 8 . 7 9 9 . 6 9 8 . 7

Structural formula calculated on an anhydrous basis
Si^+ 3.88 ) 0 . 9 9  ) 7 . 9 1 )
A1>IV

) 8 . 0 0 ) 1.00 ) 7 . 9 9
2.12 ) 0.01 ) 0.08 )

A1>V1 1.22 ) 0.00 ) 0.00 )

Ti^+
)

0.00 )
)
)

)
0.00 )

Fe2+
)

1 . 9 9  ) 
)

0.01 )

)
0.44 )

] 1.00

)
2 . 6 2  )

0 . 0 3  > 7 - 12Mn2+ 7.90

V  2  +hg
)

2.0 7 ) 
)

1.71 )

)
0 . 5 6  ) 

)
0 . 0 0  )

)
4 . 3 3  ) 

)
0 . 0 8  )Ca2 +

) ) )
Na+ 0 . 8 1 ) ) 0 . 0 5  )

) ) )
K+ 0 . 0 9  ) ) 0.01 )

0 (assumed value) 2 3 . 0 0  3*00
Semi-quantitative analyses.

Olivine: Fo^g
Garnet : Alm££, Pypo Gr^o Spess?,

23.00



Table 21 : COMPOSITION 05 REACTION RIM MATERIAL
AND RELATED DAT,, IN SAMPLE F2B

Vol./fc in corona 
structures

E s td Molar 
Volume 
(crrP)

Mole % CIPW norm of corona 
material

Hornblende 55.8 275 24.5 Ilm 0.02
Ab 12.6

Hypersthene 12.8 52.2 47.6 An 27.5 •41.5

Or 1.5
Cummingtonite 18.7 ' 272 8.2 Di 1.5

Hd 1.9 5.2

Garnet 8.7 115 9.1 Fo 20.2 [
F a 55.1 '55-5

Magnetite 4.1 44.5 11.0 Ne 0.2

Approximate Modes

Rock Original Gabbro Parent

Hornblende 21 Olivine 26
Cummingtonite 7 Plagioclase 64

Hypersthene 5 Augite 8

Olivine 5 Ilmenite 2

Garnet 5
Ilmenite 2
Biotite 1
Plagioclase 50
Augite 8
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? 3 . Dec ) r s o  n he m o l  ende -f H -fo lds a r  + o l icoclc .se  + c u e r tz  -f- s .Dene

s r in h ib o l i ie .

Iloilo peneons p la r ic c la s e  has th e  co n p o sitio n  A n ^  Cr^ .. 

H ornblende ( ta b le  22) i s  v e ry  r ic h  in  He and in  some re s p e c ts  i t  resem bles 

th e  hornblende o f specim en 353. Both a re  He and IC-rich and b o th  have 

2Y le s s  th an  2C°. Hornblende ?3 i s ,  hoc:ever, nucl r i c h e r  in  Hi d e s p ite  

th e  absence o f c o -e x is t in g  i l u e n i t e .  Analys s a  -  e a re  n ear a g ra in  

boundary r i t h  p la y io c la s e . A nalysis  f  cones from th e  i n t e r i o r  o f  a 

la rp e  p ra in .
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EI3GU35I01T

linn, ;o of Commositions Encountered

The hornblendes encountered fall along a broad trend fron 

t: enolite towards parasite (big. 4b). The hornblende fron specimen 

P2B, lies in the region beyond pargasite. The subcalcic riebeckitic

•actinolites iron the calc-silicate specimen 01 do not plot in the 

quadrilateral and their compositions are far removed from that of normal 

calciferous amphiboles.

There arc tv:o large regions in the quadrilateral -..'here no 

analyses fall. The most notable of these is the edenite region. It 

is reasonable to conclude that a large solid solution jap exists in the 

region of edenite in the greenschist and lov;er to middle amphibolite 

facies. Therefore'there nay in certain cases be very serious limits 

to the extent to vdiich the reaction:

Albite + Actinolite---- v  Edenite + 4310^ ---(14)
can proceed. In these cases, because of unsuitable host rock composition 

hornblende cannot obtain sufficient quantities of (Al, be*r<)’” to become 

pargasitic v;ith increasing grade. Consider samples SpA, 3pB, SpA, and 

S9B. SpA has a more sodic pla^ioclass and a less sodic hornblende 

despite the fact that it belongs to the s me grade as 3p3. 3pA and 3p3 

have a similar relationship. It ap; oars that hornblendes SpA and 3 S'A 

are unable to become more sodic by reactions 14 and Ip because unsuitable 

bulk composition prevents the hornblende obtaining sufficient amounts of
, 3-j.vVi(Al, be' ) for its composition to move in the direction of parasite.

The relationship between die hornblende and plagioclase compositions in 

samples SpA, 3pb and 39A, 393 is the opposite to that predicted by 

Perchuk (i960). he I e not bake into account the ossibility that the

amount of c a i m  or ri Ait arise co..*_ or.e.n is bop w-n-e*: 'o on the .oar j of

(hi, Ee'S Ti) in the Y-site in moderate r-.de amphiboles.

ho hornblende compositions fr. ... me '..resont study plot in ;he
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ts c h e n n a k ite  r  . io n . I t  i s  v e i l  known th a t  hornb lendes v;ith  com position  

c lo se  to  tsch erm ak ite  do no t occur.

Although no s o l id  s o lu t io n  wap m  obvious between a c t i n o l i t i c  

com positions and hornb lendes, th e re  i s  a s c a r c i ty  o f com positions v:ith  

about 7 b i  atoms p e r u n i t  c e llo  I t  i s  p o s s ib le  th a t  th e  few hornb lendes 

w ith  com positions in  th a t  re g io n  a re  out o f eq u ilib riu m , because a l l  o re 

found in  zoned g ra in s  v/ith  a c t i n o l i t e  cores and p a r p a s i t i c  rim s, fo re v e r , 

th e  sharp  boundaries found between a c t i n o l i t e  and hornblende in  b a s ic  

rocks from th e  H aast R iv e r, Her Zealand (Cooper <1 Hovering, 197C) , the  

Grampian H ighlands (Shido c; H yash iro , 1959)> C a l ifo rn ia  (Compton, 1958)? 

and from th e  Abukuma P la te a u  (lly ash iro , 1958; Shido, 158) and lanzav/a 

fo u n ta in s  ( Sugi, 1931) in  Japan do n o t occur.

In tro d u c tio n  o f (h i , fe ^ +) v^

In  am p h ibo lites  c o n ta in in g  only  hornblende + p la g io c la s e  + q u a rtz  

i  IC -feldspar the  amount o f (A l, ? e ' " ) ’^ in  hornblende i s  la rg e ly  determ ined 

by bu lk  com position . fhe f r a c t io n  o f tsch e rm a k ite  component can be 

approx im ate ly  e s tim ated  by p r o je c t in g  from a n o r th i te  through th e  bu lk  

com position  onto the  a c t in o l i te - t s c h e n n a k i te  l in e  in  an AC? diagram 

(? ig . 3)* Hot;ever, a lm ost a l l  th e  hornblende + p la  pLoclase + q u a r ts  +

H -fe ld sp a r  am p h ib o lite s  c o n ta in  i lm e n ite  + sphene and th e  amount of
•3, y j

(Al, ? e J ‘ ) i s  deter,;:inod p a r t ly  by re a c tio n s  8 and 9«

The (A l, co n ten t i s  always le s s  th a n  th a t  im p lied  by

th e  amount o f tsch e rm a k ite  component in d ic a te d  by th e  A ailinond  dim ram.

Ti in  th e  Y s i t e  and Ca in  th e  A s i t e  re q u ire  a d d i t io n a l  replacem ent o f  

Si by A l '“ over th a t  d ic ta te d  by (A l, ? e “) r ) in  th e  Y s i t e ,  cau sin g  th e  

com position  to  tre n d  in  ;ke d i r e c t io n  o f ts c k o ru a k ite  on th e  d ia  mm 

■without a d d it io n  o f (Al, .
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Introduction of ITâ 1
Y^rrjHa *■ J probably enters hornblende by reaction 14 and possibly

15, both ot which use albite component of plagioclase, in contrast with

reactions leading to the introduction of (Al, Fe^+) ^  which use anorthite

component. Therefore it is not surprising that hornblende in rocks

with sodic plagioclase trend towards edenite and those in rocks with

calcic plagioclase tend to be pargasitic. Pig. 7 shows a plot
total Pa in amuhibole

of ,„YI . . _ against the Ab content of plagioclase forAl in amphioole
homblende-plagioclase pairs. The extent to which edenite components 

enters hornblende is generally small compared with pargasite component.

In other words hornblende in a rock with sodic plagioclase generally 

remains more actinolitic.

Zoned Amrhiboles

(a) A l ^  and Pe
The compositional trends of zoned amphiboles with actinolitic 

cores that are relics of lower grade are mostly close to a straight 

line between tremolite-actinolite-and pargasite-ferro-pargasite com­

position on the Hallimond dia.gram, They do not curve upwards as
/ 3-k VImight be expected if reactants forming (Al, Pe ) were exhausted

and Na continued to enter the lattice by reactions 14 and 15« Trends 
X-XII VIof ha J versus Al in some zoned hornblendes appear in Fig. 9»

The magnitude of their slope depends largely on the albite content of

the reacting plagioclase.
VI f \An Fe versus Al diagram (Pig. 8; shows straight line trends

VIof varying slopes leading from magnesian composition at zero Al to
VImore iron-rich compositions where larger amounts of Al are present. 

The general trend of amphibole composition throughout the metamorphic 
sequence is from magnesian compositions.at low grade to more Pc-rich 

compositions at higher grade.
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2+ 3+An in c re a se  in  Fe and Fe co n ten t w ith  grade has been noted

by most au thors working on lor/ to  medium grade am phiboles. Wiseman

(1934) a t t r ib u te d  th e  in c re a se  in  i ro n  co n ten t o f hornblende in  th e

sou thw est H ighland e p id io r i te s  to  th e  breakdown o f c h lo r i t e  which he

was a b le  to  show was r ic h e r  in  Fe th an  th e  c o -e x is t in g  a c t i n o l i t e .

Shido (1959) a lso  m entions th e  more m agnesian com position  o f low -grade

a c t i n o l i t e s  from the  Abukuma P la te a u . Leake (1968) su g g es ts  th a t

iro n -o x id e  m inerals  c o -e x is t  w ith  m agnesian a c t i n o l i t e  in  low grade

b a s ic  rocks v/ith normal Fe c o n te n ts . I t  i s  ap p aren t from Leake’s

(1968) ca ta lo g u e  o f  c a lc ife ro u s  and su b c a lc ife ro u s  am phiboles th a t

a c t i n o l i t i c  amphiboles a re  r a r e ly  ab le  to  accomodate a la rg e  amount

o f Fe2+. Of a l l  th e  c a lc ife ro u s  am phiboles w ith  Si 7»25> 212 have

v a lu es  o f  l.lg/(llg + Fe^+ + Fe^+ + Lin) g re a te r  th an  0 .50  and only 9 le s s

th an  0 .50  (6 o f th e  l a t t e r  a re  co n sid e red  to  be poor a n a ly s e s ) . I t
2+would seem th a t  th e  Y s i t e s  a re  too sm all fo r  Fe u n le ss  th e  chains

a re  expanded by rep lacem ent o f some Si and A l.

The su g g es tio n  th a t  r e a c t io n s  such as 5 to  13 a re  la rg e ly
VIre sp o n s ib le  fo r  in tro d u c tio n  o f Al in to  hornblende in  specimens C1,

S1, S4, S6 and 38 and p robab ly  S7 and 393 re q u ire s  f u r th e r  e x p lan a tio n .
, VIC onsider an amphibole c o n ta in in g  50g hornblende w ith  0 .7  Al and 0 .4  

r 3+\VI(Fe ) as a ty p ic a l  example. U sing the  m olar volume d a ta  o f dob ie  

e t a l . ,  (196$) th e  modal amounts o f s e le c te d  re a c ta n ts  and products 

re q u ire d  by re a c tio n s  1-13 can be c a lc u la te d  from th e  m olar amounts 

re q u ire d  in  the  re a c t io n s  (Table 2 3 ).

The amounts o f  m ag n etite  and ilm e n ite  re q u ire d  by re a c tio n s  

5, 6, 9 and 10 a re  com paratively  sm all and q u ite  f e a s ib le  in  terms o f 

th e  modal amounts o f  th ese  phases found in  th e  low grade a c t i n o l i t e -  

b e a r in g  ro c k s . The amounts o f c h lo r i t e  and epidobe re q u ire d  by re a c t io n s  

1-4 a re  g en era lly - lar_,e compared w ith  th e  amounts p re se n t in  the  

low grade C lcncurry ro c k s . However, in  n e a r ly  a l l  cases in  th o se  rocks



TABLE 23: MODAL PERCENTAGES OP REACTANTS AND PRODUCTS

IN SOME HORNBLENDE-FORMING REACTIONS IN A TYPICAL 
AMPHIBOLITE

Phase Chlorite Epidote Magnetite Ileminite Sphene

Molar Vol (ml.) 200 (estd) 137 44.5 31.7 53.7

Reaction

1 11.2 13.1

2 8.4 9.8

3 8.0

4 6.0

5 2.8)
) 4.1

6 1.3)

7 15.5) 5.8)
)18.8 ) 7.5

8 3.3) 1.7)

9 3.2 1.2(+) 2.0)
) 6.4(+,

10 1.7) 4 .4 )
)2.5

11 0.8)

12 10.7) 2.7 ) 6 .7 )
)14.0 • )3.8 )8.6(+)

13 3.3 ) 1.1) 1.9)

The estimated partial molar volume of all components of hornblende

is 175 ml. (+) signifies product, while all others are reactants
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v;hich contain zoned hornblende shoeing narked Fe-enrichment, insufficient 

of the normative ilmenite has been consumed to account for all the (Al, 

Fe"̂ +)^. Magnetite must therefore be called upon in such cases as a 

reactant (as it certainly is in samples C1 and S1)• However, there is 

a possibility that some movement of Fe and or Mg has occurred during 

increasing grade, in response to the general preference of hornblende 

for Fe as it becomes more aluminous. Fig. 10 shows what may be a 

significant decrease in whole rock LIg/(lig + Total Fe) with increasing 

grade. The hornblende-producing reactions involving anorthite com­

ponent of plagioclase and iron oxide minerals are hydration reactions 

and water must be supplied from outside the system v/here other hydrous 

minerals are absent. Actinolitic amphiboles may persist in such cases 

when external water is unavailable.

0.) H a ™  and A1YI

The only probable reactions responsible for introduction of
' x-XIl

Na^ 1 produce 4 moles of SiO^ for every mole of Ha/ * introduced.

Despite this, specimens S1, S2, S3, S4 and S6 contain no modal quartz

and S8 only 5/°* Clearly, silica must have been consumed by other

reactions if the formation of hornblende is an isochemical process.
X-XII VINa ~ is plotted against Al in Fig. 9 and obvious sympathetic 

trends can be observed in all cases except So. The slopes of the

trends can be compared with the slopes produced by coupling the various
VI / \Al - producing reactions (and reactions 8, 9 and 22) with reactions 14

or 15 in such a proportion as to neither produce nor consume silica

(inset in Fig. 9)» The information in Figs. 8 and 9 has been used in
elucidating the most probable reactions producing hornblende in those

rocks with zoned amphiboles.
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Fig. 10. Possible decrease in Mg(Mg + Fe^ + Fe^+) 
for whole rocks with increasing grade.
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Behaviour ox Titanium  d u rin g  lie tamo rohism

Ilm en ite  does no t appear to  be s ta b le  in  th e  low est grade

am p h ib o lite s  (specim en 31), where th e  assem blage sphene-m agnetite  i s

s ta b le  bu t i t  i s  no t c e r ta in  w hether low tem pera tu re  o r h igh  fd i s
U2

re s p o n s ib le  fo r  i t s  absence. I lm e n ite  i s  th e  only opaque p re se n t in

a l l  th e  h ig h e r grade rocks from Solders Cap and i t  occurs w ith  o r

w ithou t sphene. I lm e n ite  i s  always ex trem ely  poor in  LIg, and

g e n e ra lly  c o n s is ts  o f agg reg ates  o f sm a ll, o p t ic a l ly  d iscon tinuous

g ra in s . I t  i s  th e re fo re  concluded th a t  ilm e n ite  i s  no t r e l i c t  but

has e q u i l ib r a te d  w ith  th e  metamorphic c o n d itio n s . The reason  why

sphene does o r does not occur depends on a la rg e  number o f f a c to r s ,

b u t in  g en era l i s  i s  l ik e ly  to  occur in  more c a lc iu m -ric h  ro ck s , bu t

may a lso  be favoured  by h igh  f  . The la rg e  number o f f a c to r s  c o n tr o l l in g
U2

th e  amount o f Ti which e n te rs  the  hornblende l a t t i c e  can  be a p p re c ia te d  

by in s p e c tio n  of eq u a tio n s  18, 19 and 20. I t  i s  th e  v a r ia t io n  o f th e  

eq u ilib riu m  co n stan t o f th ese  re a c t io n s  w ith  tem p era tu re  th a t  determ ines 

th e  amount o f Ti in  hornb lende. I t  i s  w e ll known th a t  hornblende i s  

a b le  to  accommodate l a r g e r  amounts of Ti a t  h igh  tem p era tu re  than  a t  

low tem p era tu re . F ig . 11 shows th e  in c re a s e  in  Ti co n ten t o f S o ld ie rs  

Gap hornblendes w ith metamorphic grade . At lo c a tio n s  S5 and S9> rocks 

c o n ta in in g  sphene have more t i t a n i f e r o u s  hornblendes th a n  do rocks o f  

id e n t ic a l  grade w ithou t sphene. This i s  alm ost c e r ta in ly  a consequence 

o f r e a c t io n  20 o c cu rrin g  as w e ll as 19.

C o -e x is tin g  hornblende and cu m ning ton ite .

Cummingtonite i s  found in  one sample from S o ld ie rs  Cap 

(specim en 510) and two from th e  P e t ermann Ranges (specim ens P2A and 

?2B ). Specimen SiO combines a low Z co n ten t w ith  a b a s ic  com position 

(F ig . 3 ) and would be expected  to  c o n ta in  a  (i.Ig, F e ) - r ic h  phase such as 

dim m ingbonite• " Samples P2A and P2B a re  metamorphosed c r o c to l i t i c  gabbros
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and would also be expected to contain cumningtonite anj. Si-poor

hornblende in the anphiboli i>e j-icieo.
Bims (1 9 6 5 ) noted that hornblende iron rocks with larre 

ratios of normative enstatite to normative diopside are more likely 

to have a 1arge excess over 5 of cations generally found in the Y 
site. One might expect such an excess of Y-type cations in hornblende 

from cummingtonite amphibolites. Hot?ever, the average number of

Y-type cations in the hornblende in specimen 10 is only 5*03 m e n  

Fe3+ is taken into account. This figure rises to 5*26 if total 

Fe as Fe^+ is used in the calculation, and there is a poosibili^y 

that the estimated Fe3+ content of the co-existing hornblende is 

excessively high.
In sample F23 there is further evidence that equilibrium 

v/ith cunmingtonite need not imply a larger excess of Y-type cations«

There is a distinct zoning of hornblende in the reaction rims from its 

contact T7ith plagioclase to its contact with cunmingtonite. If 
anything, the hornblende close to cunmingtonite has a smaller excess 

of Y-type cations than does the hornblende close to plagioclase (Fig. 1 2 ). 

In this case the high A1VI content of hornblende close to plagioclase 

seems to have more affect on the excess of Y-type cations than sa-uranon 

v/ith cunmingtonite component. It should oe remembered that 1 e Is

not taken into account in the analyses from sample P2B and tnat a 

decrease in the amount of ?e3+ fron the cunnrinytonite boundary to the 

plagioclase boundary would have a false effect, similar to that ooserveci, 

on the calculated Y cation excess. However, total Fe increases in that 

direction and it mould therefore seem unlikely that Fe3 would aecrease. 

The colour of the hornblende remains pale blue-green throughout, 

sug es ting that tue Fe3 content is 1 ow ctnd fairiy cons omc.
The distribution of LIg/(l.Ig + Fe” ) between hornblende and camming

r - h ,

tonite is affobbed significantly by neglect of FeJ+ in the microprobe 

analyses and meaningful comparisons with other authors are 0 1.fieri..
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F i g .  12. P2B: Zoning o f  2 h o rn b le n d e  r im s  from boundary  w i th
cum m ing ton i te  t o  boundary  w i th  p l a g i o c l a s e .  Note t h a t  
a l t h o u g h  Mg i n c r e a s e s  to w ard s  cum m ing ton i te  boun d a ry ,  
t h e  t o t a l  number o f  Y ty p e  c a t i o n s  a p p e a r s  t o  d e c r e a s e  
s l i g h t l y .

PLAGIOCLAS!
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Pla gi oc läse

The distribution of plagioclase compositions is shown in 

Fig. 13 together with the approximate position of the peristerite 

solvus found by Cooper (1971) in the Haast Fiver greenschists from 

Hew Zealand. A large proportion of plagioclase analyses in this 

study fall within Cooper’s solvus. The only specimen to contain 

plagioclase of two distinct compositions is specimen S1. The two 

types, An Or , and An 0ro are close to the compositions
I • j  U • c. c- « I

expected on either side of the peristerite solvus. The high K 

content in the more calcic phase is. notable and could be interpreted 

as indicating an igneous origin. nevertheless, specimen S1 is the 

only low temperature basic rock which has been thoroughly recrystallised 

and which does not contain plagioclase with any trace of relict igneous 

habit and twinning.
The plagioclase of the other low grade amphibolites may be 

quite calcic and is generally normally zoned. The zoning appears to 
have been caused by reaction of the plagioclase closest to amphibole 
during the formation of hornblende, (inspection of the equations of 

formation of hornblende from actinolite and plagioclase shows that more 

anorthite than albite is consumed). It is probable that the most 

calcic centres in plagioclase grains in specimens S2 and S6 have 

survived unaltered from their igneous beginning whereas compositions 

ranging down to more typical low grade metamorphic values represent 

various stages of incomplete albitization. whether a peristerite gap 

would appear under conditions so far from equilibrium is doubtful. 

Perhaps such plagloclases inherited a metastable disordered structure 

from the original igneous calcic plagioclase and formed out of equili­

brium without a peristerite gap. The necessity of an ordered state 

for the formation of the two separate compositions is discussed by frown

(1962).
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Approximate order of increasing grade plotted against An ooitent of plagioclase.
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Although some au th o rs  have found a gap in  p la g io c la s e  

com positions, o th e rs  have no ted  a continuous in c re a se  in  An co n ten t 

7/ith  grades in  th e  o l ig o c la s e  re g io n . Amongst them a re  Shido (1 953) 

and Liyashiro (1958) in  t h e i r  v;ork on th e  C en tra l Abukuma P la te a u  and 

Compton (1958) in  C a l ifo rn ia . However, James (1955) found a gap 

between Ama  ̂ and A n ^  in  rocks o f a metamorphic t e r r a i n  v e ry  s im ila r  

to  th e  S o ld ie r ’s Cap d i s t r i c t  ( a n d a lu s i t e - s t a u r o l i t e ) .



II03KBLSLTDS AS A PHTROGEHTExIC IllDICATOk

The following changes in hornblende composition are known 

to occur with increasing grade in the Soldiers Cap and Petermann 

Ranges areas:

(i) an increase in (Al, Fe^+ ) ^  (Soldiers Cap only) - 

Fe is estimated from the bulk composition,

(ii) an increase in Ua and K in the A site,

(iii) a decrease in Si (accompanying (i) and (ii)),

(iv) an increase in Ti.

There are many exceptions to these general rules. Before the com­

position of hornblende and its co-existing minerals can be used as an 

accurate petrogenetic indicator, parameters must be found which depend 

very largely on temperature and are independent of bulk composition.

The amount of (Al, Fe^+)Vi increases from very low values in 

the actinolites in specimens C1 and 31 to values which are largely 

determined by bulk composition in the hornblendes from the rest of the 

rocks of the Soldiers Cap area. A good estimate of (Al, Fe~̂ +) ̂  in 

hornblende in specimens S2-S11 can be made on an AC? diagram (Fig. 3) 

by projecting a line joining An and the bulk composition onto the line 

joining actinolite and tschermakite. There is no way in which the 

amount of (Al, Fe^+)'^ in hornblendes can be used as an indicator of 

metamorphic grade in such rocks.

The amount of Ua in the A site in hornblende a.gears to depend 

on the following factors:-
Y-'rTX(a) The albite content of the co-existing plagiocla.se (la^ 

enters the hornblende lattice by reaction with the albite in 

plagioclase).

(b) T emperaü ure.
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* t

(c) MsiO 5 v'hich is variable in rocks without free quartz
(Shido, -1958) • •

*

(d) The (Al, Fe^+, Ti)^ content of the hornblende. The 

proposed dependence of Na^ on the (Al, Fe^+ , Ti)^ content 

is a consequence of the existence of a solid solution gap in 

the edenite region. On the Hallimond diagram boundary slopes 

upwards from slightly edenitic actinolite to slightly edenitic

* pargasite.. The forbidden region prevents amphiboles poor in 

(Al, Fe )• 'from accepting much Na “ ' (e.g., the hornblende

in specimen S5A), whereas others (e.g., the hornblende in 

specimen S5B) can accept larger amounts of Na J under 

identical P-T conditions. Because the An component of plagio-
-\ n y y

clase is an important reactant in the introduction of (Al, Fe"5 )

into hornblende, amphibolites with An-poor plagioclase tend to

have hornblendes poor in both (Al, Fe^+) ^  and Ha^ This

appears to be the explanation for the apparent anomaly of the

alkali-rich hornblende of specimen S5A co-existing with An^ and

the less alkali-rich hornblende of specimen 35B co-existing with An

Perchuk (1966) has constructed a diagram in which in

hornblende is plotted against in plagioclase and in which the

temperature of formation of a hornblende-plagioclase pair is uniquely fixed.

He does not take into account the effect of (Al, F.ê +) ^  in hornblende on 
X—XIIthe amount of Na^ u which it can accept, and consequently there is sub­

stantial disagreement in the temperature at which the pair 3>A and 3pB and 

the pair 39A and S9B equilibrated (Fig. 14). It is therefore, concluded 

that bulk composition, through its effect on (Al, Fe^+) ^  has an important 

control on the amount of Ha in hornblende co-existing with plagioclase of 

a given composition.

It was hoped that the partitioning of K between hornblende and 

plagioclase would vary systematically enough to be a temperature indicator

3
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Fig. 14. Distribution of Ca/(Ca+Na+K) between plagioclase 
and Ca amphibole. Isotherms after Perchuk (1966) 
Note the poor temperature agreement between the 
pairs 5A, 5B and 9A, 9B. Amphibole-plagioclase 
pairs are from adjacent grains and less than 20 
microns apart.
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la r g e ly  independent o f bull: com position . The r e s u l t s  in  -tig . ^  0x10 ■' 

l i t t l e  more than  a general p re fe ren ce  o f  K fo r  hornblende a t  high 

te m p e ra tu re s . Sven amongst the  h ig h e r grade ro ck s , -h e re  eq u ilib riu m  

betw een hornblende and p la g io c la se  must have been v e ry  n e a r ly  ach ieved , 

th e re  i s  no smooth r e la t io n s h ip  between th e  d i s t r ib u t io n  c o - e f f ic ie n t  and

te m p e ra tu re .

The T i con ten t of hornblende in  e q u ilib riu m  w ith  ilm e n ite  in c re a se s  

w ith  tem p era tu re  but s t i l l  does n o t a f fo rd  a  r e l i a b l e  m easure o f tem p era tu re  

(P ig . 11 ). The eq u ilib riu m  m a in ta in in g  Ti in  hornblende in  rocks con­

ta in in g  i lm e n ite  d i f f e r s  from th a t  in  rocks c o n ta in in g  ilm e n ite  + sphene 

or sphene a lone  (a probable  e x p lan a tio n  fo r  th e  d i f f e r in g  Ti co n ten ts  o f 

th e  hornb lendes from specimens S5A and SpB, and S9A and 39b). In sp e c tio n  

o f eq u a tio n s  19 and 20 shows th a t  both  th e  An co n ten t o f p lag io c la .se  and 

th e  (A l, Fe^+)V]" con ten t of the  hornblende a re  l i k e ly  to  e x e r t an in f lu e n c e  

on th e  Ti co n ten t of hornblende.

The in flu en c e  of bulk  com position  on th e  Fe co n ten t oi nornolende 

i s  obvious and a lthough  Fe in  hornblende does te n d  to  in c re a s e  w rtn graue 

because o f r e a c t io n  w ith opaque m in e ra ls , i t  i s  obv iously  o f l i t t l e  o r no 

use as an in d ic a to r .

I t  appears , th e re fo re , th a t  even when eq u ilib riu m  has been very  

n e a r ly  a t ta in e d ,  the  in flu en ce  of whole ro ck  com position  on eq u ilib riu m  

betw een hornblende and c o -e x is tin g  phases i s  g re a t enough to  f r u s t r a t e  

a ttem p ts  to  o b ta in  any reasonab ly  a c c u ra te  measure ci tem p era tu re  oa^ed 

on th e  m ajor elem ent com position o f th e  c o -e x is t in g  phases in  th e  S o ld ie rs  

Cap and P e tem an n  Ranges am p h ib o lite s .
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Fig.15. Distribution of K between plagioclase and Ca amphibole.
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