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ABSTRACT

Electron probe analyses of calciferous amphibole, plagioclase and-
some other phases from greenschist to middle amphibolite:fadies basic rocks
of the €loncurry and Petermann Ranges arcas are presented. By plotting
amphibole compositions onto a diagram first used by Hallimond (1944),

a general trend with increasing grade from tfemolite—actinolite towards
pargasite-ferropargasite is observed. Hornblende analyses are absent from
regions near edenite and tschermakife 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,Fe3+) into.calciferous
amphibole. The feaéibility of some isqchemical reactions is tested by

VI

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

with the th=oretical slopes produced by the reactions. A further test

is obtained in quartz-~free rocks; a reaction introducing one mole of

X-XII
a

N liberates 4 moles of Si0 which,'under isochemical conditions,

2
. . . X-XITI .
must be accounted for by SlOé—consumlng reactions. Na is plotted
against A1VI and the slopes of the zoning trends are compared with those

generated when SiOZ—consuming, (Al,Fe3+) VI—producing reactions are

couples so that SiO2 is balanced.
With the possiblé exception of one specimen, a peristerite gap

is not developed and it seems protable that plagioclase rich in

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

7 — 3+) VI

hornblende has taken up (41, Fe seems to be determined by the amount

of anorthite component available from plagicclase. NaX—XII

enters
hornblende as edenite or richterite component during reaction with

albite component in pliqioclase. Although large amounts of albite component
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are generally available, anorthite may be in short supply. Under such
VI
)

conditions entry of (Al, Fe3+ 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 (A1, Fe3+)YI and

NaX—XII

compared with those that becqme'pargasitic by reactions
involving anorthite component in plagioclase.

The Ti content of hornblende increases with metamorphic grade but
it is not sufficieﬁtly pr:dictablé to be uséfﬁl as a petrogenetic indicator.
The distribution of K between hornblen@e,and plagioclase does not vary
systematically with metamorphic gfade but partitioning seems to favour
hornblende at higher temperature. The effect of bulk composition onrall -

aspects of hornblende composition is probably great enough to prevent its

use as an accurate petrogenetic indicator.



INTRODUCTION

The change in the composition and optical propertieé of calciferous
amphibole during progressive metamorphism is well known. The best-known of
the early systematic studieg of the mineralogy of basic focké 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 ﬁiscibility gap hetween actinolite and hornblende
vat low grade; their work also'shoﬁed that AlVI 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 amphibclite
facigs and atove and did not cover the major changes in calciferous amphibole
composition which occur at iower temperatures during the transition from
actinolite to hornblende. In a more recent study by Cooper & Lovering (1970)
of greenschists‘from the Haast ﬁiver area in New Zealand, electron probe
analyseé of>calciferous amphibole showed a sharp discontinuity between
actinolité and hornblende and probable exsolution éf one phase from the other.

"The use of hornblende and its relationship with o?her phases as a |
precise petrogenetic indicator has_beeh speculated upon by many authors
(e.g. Barth, Correns & Eskola, 1939) but few have proposed schemes in which
thé conditions of metamorphism can be deduced from the compo;itional relationship
between hornblende and co-existing pﬁases. However Perchuk (1966) in a
necessarily greatly oversimplified trecatment proposed the use of the
distribution Zf“EgiﬁEIi between amphibole and plagiociase as a temperature
indicator; He has shown that it works well for common amphibole compositions
at high temperatures but when applied to the amphibolites of the present
study, the results giVe oﬁly an approximate indication of the
temperatﬁre 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 Xostyuk (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 maihly 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, 1968).

Thelcompositions of minerals. in amphibolites from_progressive
metamorphié terrains in the Cloncdrry 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
.gradé and is largely independent of whole rock composition.. The
equilibrium relationships between calciferous amphibole and o%her phases are
complicated'ly variation of hornblende composition in response the variation in
whole>rock composition. However, diséquilibrium relationships yield
information about reactions leading to the formation of hornblende, In
aﬁphibolites from Cloncurry, zoning from magnesian actinolitic cones to Fe-
rich hornblende rims is a coﬁmon 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.



3.
GEOLOGICAL SETYING

(a) Cloncurry Area

Specimens C1 and S1 to S11 were collected By Dr. A.Y. Glikson
of the Bureau of Mineral Resources in'1969-during investizations of thé
Clohcurry 1:100,000 sheet area. Specimens S51-311 come from the middle
Proterozoic Soldiers' Cep Fofmation (Carter_gj_gl., 1961) which consists
of pelitic and psammitic sediments, basic volcanics and intrusive
dolerifes. Specimen C1 was collected from the Corella Formation,

a series of bedded, brecciated and méfamorphosed impure calcareous
and dolomitic rocks which unconformably overlies the soldiers' Cap
Formation (Carter et al., 1961);

Specimens from the Soldier's Cap area, S1-S11 (Fig. 1), are
numnbvered in probable order of increasing metaﬁorphic grade. S1 to S5
come from intrusive and extrusive rocks in the Tbole Créek Volcanics,
the uppermost of the three members of_the Soldier's Cap Formation;

S6 to S8 come from bésic intrusives and extrusives in the Weatherly
Creek Quartzite, the middle member of the Fcrmation and S9-S11 from

the Snake Creek Meta-~Turbidities, the lowermost meumber. TheAthree
divisions of the Soldier's Cap Formation are those of Glikson & Derrick
(1970). |

The mineral assemblages of the pelites interbedded with the basic
rocks indicate intermediate prescure metamorphism from low greenschist
to middle amphibolite facies. The important mineral assemblages'of all
the rocks collected including those pelités collected in the immediate.

vicinity of the specimens studies in detail, are listed in Table 1.
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, Table 1. :
Mineral Assemblages of Soldier's Cap Rocks
etamor- Number given BIR Registered s }
hic grade| in this study Number Mineral Assemblage
mlorite s1 69200026 Aetinolite + oligoclase + albite +
: calcite + magnetite + haematite +
sphene + Kspar + chlorite.
69200027 Quartz + albite
S2 69200030 " Hornblende + andesine + . Ilmenite +
sphene :
b3 otite S3 69200031 ngnplende + albite + ilmenite +
A biotite
sS4 692000107 Hornblende + andesine + quartz +
o ilmenite + biotite + chlorite
S54A 692000324 Hornblende + biotite + albite +
quartz + ilmenite + sphene
S5B 692000328 Hornblende + oligoclase + micro-
cline + quartz + ilmenite + biotite +
apatite . -
69200033 Biotite+muscovitet+quartz
' s6 69200028 Hornblende + andesine + epidote +
ilmenite + sphene '
87 692000354 Horpblende + oligoclase + endesine
: + quartz+ilmenite + sphene
 dalusite- 692000358 Garnet + staurolite + muscovite +
Lourolite biotite + quartz
‘ S8 ~ 69200036A Hornblende + oligoclase + quartz +
ilmenite + sphene
692000368 Carnet + staurolite + muscovite +
~biotite + quartz '
69200040 Carnet + staurolite + muscovite +
' biotite + gquartz
69200041 ‘ Andalusite + staurolite + muscovite +
biotite + quartz '
69200042 Carnet+biotite+muscoviterquartz
S9A,B 6920004 3A Hornblende + oligoclase + quartz +
ilmenite
6920004 3B Hornblende + oligoclase + quartz +
ilmenite + sphene ‘
692000444 rnet + gedrite + chlorite + plagio-
: clase + quartz
-69200044B Garnet + gedrite + staurolite + bioti
69200044C Garnet + staurolite + biotite
S10 . 69200045 Hornblende + cummingtonite + oligo-
clese + quartz + ilmenite
Silliman- S11 69200048 Sillimanite + garnet + biotite + qual
ite .
69200047 Hornblende + oligoclase + andesine +
: ilmenite + sphene
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Specimen C1 (regd. no. 692000634~ is from the Corella Formatiomr
'(Carter ét al., 1961) 20 km north west of Soldier's Cap. It has the
assemblage diopside + actinolite + albite + calcite + quartz without
wollastonite and probably belongs to the lower amphibolite facies. Fowever,
its grade could be lower if PEC02 was considerably lower th Pload’ which
would be the case if much water was availéble during metamérphism. |
Although the specimens of pelitic rocks to the east of sample
‘S7 do not contain assemblages diagnostic of the biotite zone, they
are knowvn to belong to that'éone 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'Quértzite
» (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 aresa maae with Dr. D.J.‘Formah in 1968. Typical pelites are rare, but
highly aluminous assemblages in the Dean Quartzite are good indicators
of metamorphic grade. They are, in ofder of increasing grade, (i)
pyrophyllite—quartz{ (ii) kyanite—pyrophyilite—quartz and (iii) kyanite-
quartz; The persistence of the apparently univariant assemblage kyanife—
pyrophyllite-quartz over some 20 km of outcrop is problematical (Eﬁgland,
1972). The amphibgl}te—greenschist facies boundary is thought tb be
slightly up-grade of the béginning of the kyanite-quartz zone.

Specimen P1 définitely belongs to the -upper. greenschist facies
and P3 is probably close to the greenschist-amphibolite bo:indary. (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

to and may be sligh%lyrlower than that of P3.
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METHOD OF SLEICTRON PROBE ALALYSIS

All analyses were made on a JEOL JXA-3A electron proﬁe using an
operating voltage of 20 KV and a specimen current close to 0.1 A. .
Corrections for absorptisn 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 resﬁlts from more modern instruments. Because of the inheréntly poor
. precision of the instrument, totals lying between 96 and 100% were
considered acceptable.

An analysed mineral standafd was used in order to minimize the
magnitude 6f qorrections. The hornblende chosen was a kaersutite from
Spring Mountains, Neﬁada, kindly supplied by Mr. N.G. Vare of the Australian
National University. Homogeneogs hornblendes are rare and are generally
of high temperature origin. For this réason they are'gsually more nagnesian
and aluminous and poorer in silica than hornblendes from émphibolites. A
previously analyséd kaersutitic‘hdrnblénde from Delegate, N.3.¥., supplied
‘ by Dr. A.J.R. White vas analysed on the JXA-3A microprobe in the same mannar
as the Hornblendes in‘Tables 3-20. The results appeaf in Table 2 and nay
be compared with the original énalysis.

The compositions of all the hornblendes in Tables 3-20 show more
variations from the.standard than the Delegatebhornblende therefore errors
are expectzad to be higher in them. Although statistical uncertainties can
be calculated, they are much 1ess‘important than errors brought about by
uncertainties in the correction method.

The analyses‘(Tébles 3—20) that are high in total iron have totals
around 98 snd 99% wheane,is calculated as FeO despite the fact that
most are bound to contain significant amouants of Fe203. The reason for
this lies in the correction method which, because it calculates all

Pe as Fe0O, underestimates the amount of oxygen in an analysis which

sh-uld contain a sféngficant amount. of Fe,0

3




TABLE 2 : MICROPROBE ACCURACY

Hornblende standard; Delegate Hornblende Delegate Hornblen:

wet chemical analysis XRF analysis Microprobe Anzlys
S0z 39.51 41.06 40.66

Ti0, ~ 5.6h : 4.87 k.37

AL05 14.26 14,58 ‘ 14;65

FeO (total Fe) 12.50 | 10. 84 10.95

MnO - 0.09 0.09 0.09

MgO | 11.36 | 13.16 12,97

Ca0 | 10.12 9.95 9.87
Na,0 2.80 . 2.86 , 2.98

K50 T 1.59 1.55 1.39

Total 97.87 98.96 97.93
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When the program recalculates the analysis to 100% before calculating f(X) it

arrives at a composition with excess of metals over oxygen. Values for fCX)spec

thus calculated zre therefore underestimated._The correction factor, which
() std
T )spec

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

1s very nearly equal to. is thzn overestimated, especially for light
because it causes an underestimate of the amopnt cf 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 baéis of 23 oxygens for

microprobe analyses). fhe method involves filling the smaller sites first and
the probleﬁ becomes acute in the case of Na which is assigned to‘either

-V -
the x or A sites. The amount of NaVI fIII is generally only small and is

underestimated by as nmuch as 100%. NaX;XII is overestimated by theb
same.absolute amount but is relatively more accurate because of its
larger absolute value.

Plagioclase analyses were carried out using the same kaersutite
lstandafd as the hornblende analyses._Aithough_differing considerably in
chemical comyosition from plagioclase, the hﬁrnblende 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 tio-component system containing a very sizll emount of

K. Analyses are then expressed in terms of An and Or comvonents.

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'detexminations on whole rocks were made by Australian
Mineral Development Laboratories. Appfoximate 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 HORNBLENDZ IN PLACE OF ACTINOLITE

Structural Formulae and Site Allocation

Amphibole compositions are expressed in terms of molecular
formulae calculated on an anhydrous basis of 23 oxygens. Site allocation

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

Site Species Total

. Z (4 - fo1a) - - - ( si 8

§A1

Y (6 - fold) 11, Feor 5

Ti

Mg, Fe, Mn

X (6 - 8 = £fold) Mg, Fe, Mn 2

Ca

Na

A (8 - 10 = fold)

Na

TNTNSTNSTNTN
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Classification of calciferous amphiboles is not discussed
here, but whore names are used, such as tschermakite, pergasite, etc.,
| they adhere apvroximately to the scheme of Leake (19€9).

With a few exceptions the compositioﬁal changes expected
are essentially those that occur during the transition from acfinolite

to hornblende. The most important changes are:-

1. Increase A1VI and Fe3+ VI
2. Increasg in alkalis'in the A site
3. Increase in Ti't
Iv

4. Decrease in Si with complementary increase in Al

In all these,coupled substitutions are made, in order to

maintain charge neutraiity. In general (Al, Fe3+)VI seems to be accompanied

Iv VI-VIII

by A17" although in high pressure terrains it may be coupled with Na

(Coleman and Papike, 1968). Alkélis in the A site are generally balanced by

v VI-VIIT VI Iv

Al"" and in some cases by Na Ti ™ is generally balanced by Al

but it is possible that in rocks with very sodic plagioclase, it may be

balanced by o 1-VIIT

. In many cases a small amount of (Fe, Mg, Mn) must be
allocated to the X site and in some cases there is an overflow of Ca from the

X site into the A site. However, such small values are subject to very

large percentage error and are therefore difficult to use.
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4
Increase in (Al, Fe)+)vI

In the reactions suggested below isochemical metamorp. .ism is

assumed.
To pioduce hornblende frow actinolite by (Al, Fe3+)VI,

AlVI 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 Al (Fig. 3).
e o ‘ . : . 34\VI .
The most commonly suzgested reaction producing (A1, Fe’™) in

hornblende is

e . B . .
Cag(hg,Fe)5818022(OH)2+ 14(Mg,Fe)5(A1,F§ ) A131301O(OH)8+ 24Ca2A13813012(OH)
Autinolite + Al-poor Chlorite + epidote
+ 28810,  —> 250a2(Mg,Fe)3A14Si6022(0H)2 + 44H,0 —(1)

+ silica tschermakite - + vater

(after Shido, 1958)
OR, if chlorite is more aluminous

{ il o . 4 b - -3+ ’ : T
8Ca2(ng,re)5318022(0H)2 +,.4(Mg,Fe)4(A1,Fe )2A1251201O(Oh)8

Actinolite ‘ + - aluminous chlorite

o+ 24Ca2A13Si3012(OH) + 28510, —> 520a2(Mg,Fe)3Al4Si6022(OH)2 + 44H20-—42)

+ epidote + silica tschermakite + water

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

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

y . e 3+ . .
Caz(ﬂg,Fe)5818022(OH)2+ 2(Mg,Fe)5(Al,Fe ) Als;301o(0H)8+ 8CaAl,Si 0
~ Actinolite + Al-poor chlorite + anorthite
—5 Caz(Mg,Fe)3Al4Si6022(OH)2 + 4H,0 - : —————(;)

tschernmakite +  water

- . . . ' 3+ . |
Caz(hg,Fe)5S180 (OH)2+ (dg,Fe)4(Al,Fe )2 A12812O1O(OH)8+ 4Cahl,

Abtinolite + aluminous chlorite + anorthite

22 51,0g

—>3 Caz(Eg,Fe)3A14Si6022(0H)2 + 2H50 _ . —(4)



Epidote, and especially chlorite are nét common in amphibolites
from Soldiers Cap. Chlorite grade meta—dolerites from areas not coveredv
in the traverse generally contain a small amoﬁnt of epidote but very
little chlorite. Relict (?) patches of calcic plagioclase are genérally
present instead of epidote which is only present in significant quantity in
specimen S6. It is unlikely that hornblende in the Cloncurry area has formed
from relict ferromagnesian minerals because of their complete ébsénce from
even the lowest grade basic rocks. Ilmenite is the opaqﬁe oxide mineral in
all the rocks studied in detail except specimens S1 and C1 which contain magnetife
(coexisting with sphene). The rarity of chlorite, fhe ubiquity of opaque
minerals and the sharp iron enrichmentvtowards thé outer zone of hornblendes

3+)VI may be entering the
y

suggests possible reactions by which (Al, FPe
hornbiende lattice. - - These involve opague oxide minerals.

(a) Magnetite

Fe 0, + 2CaAl,Si 0g + 2510, + H,0 — CazFe3A14Si6022(OH)2 + 0 —(5)
magnetite + anorthite + silica + water ferro-tschermakite + oxygen
-5Fe30 4 + 6Cakl,Si0g + 3Ca2(1~‘lg,' Fe)5 5ig0,,(0H), + 3H,0 + 0
magnetite + anorthite + actinolite ' 4+ water + oxygen

3+ . .
—> 6Ca, (Fe, Hg); Fe,” A1,8i.0,,(0H), | —(6)

" Ferri-tschermakite

. ?c. o~ ~
14Fe 0, + 12Ca2A13S13012(0H) + 42810, + 6H,0

374
magnetite + epidote _' 4+ silica + water
— BCaZFe5818022(OH)2 + 9Ca,Fe 41,510, (OH)2 + 140 : —{7)

ferro-actinolite + ferro tschermakite + oxygen

ey

10Fe,0, + 6Ca,A1,51-0,,(0H) + 3Ca,(Mg, Pe)y Sig0,,(0H), + 3H,0 + 12510,
magnetite. + epidote + actinolité : + water;+ silica

. ' 5+ . _ ’
——->9Ca2(hg, Fe)3 (Fe )2 A1,81.0,,(0H), + 0O —(8)

ferri-tschermakite + oxygen

CaT18105 + 2Fe304 + 33102 + H2

sphene + magnetite + silica + water + anorthite

5+ 0 —(9)

0+ CaAl281208

. o (Vo 3+ .
——e-Fe$103 + Cd2(h6, Fe)3 (Fe )2 A12816022(OH)

ilmenite + ferri-tschermakite
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(v) Ilmenite

- - Tr[ - ' I
6FeTlo3 + 14Cahl 8104 + 3 Ca2(-g, E§)5 318022(01)2 + 4H,0
ilmenite + anorthite + actinolite + water
~%>7CaZ(Mg, Fe)3 A14816022(0H) + 6CaTiSi0; + 4Si0,
tschermakite + sphene + silica
5PeTi0; + 7CaAl,Si,0g + 6Ca2(mg, Fe)5 81g0,,(0H), + H,0 + 70
ilmenite + anorthite + actinolite + water + oxygen
,' 3+ . - s ' .
— 7Ca2(Hg, Fe)3 Fe’, A12516022(OH)2 + 5CaliSi0; + 15510,
ferri-tschermakite " 4+ - sphene + silica
. . . N . .
4FeTi0y + 4Ca3A12813012(OH) + Ca, (Mg, Fe)5 818022(OH)2 + 2810,
ilmenite + epidote + actinolite + silica

—_— BCaZ(Mg, Fe)3 A14Si6022(

tschermakite + sphene

OH)2 + 4CaTisi05

20FeTi0, + 14Ca,Al,Siz0 (oH) + 17Ca, (vg, Fe)5 Si

5 5515045 (OH)2 + 110

g%

—10)

—11)

: —{(12) .

ilmenite + epidote +. actiholite + oxygen

2772776722

—> 21Ca (g, Fe), Peot A1 84 0 (o), + 200211810,

+ 32810, + 3H2o-——(13)

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 horanblende lattice are -

.CaZ(Mg, Fe)5818022 + NaAlgi,Og

actinolite + albite

-—>-Na0a2(Mg, Fe)5 AlSi7022(OH)2 + 4510

2»
edenite + silica
and
CaZ(Mg, Fe)5 818022(0H)2 + NaAlSiz0g
actinolite  + albite
-—e-Nazca.(Mg, Fe)5 518022(0H)2 + CaA1281208Af 4510,
richterite + anorthite + silica

—(14)

—(15)
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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. Jhen K is present in significant amounts it porbably enters

the lattice by the following reactions:

i Mo. T i
KA181308 + Ca2(nb, Pe)5 Si

Kspar + actinolite . . K-edenite + silica

8022(0}1)2-—>-I(Ca2(111g,Fe)5AlSi7022(OH)2 + 4510, —(16)

1<:(1~1g,Fe)3A1s:1301 O(OH)2 + 2Cahl,Si,0g + Caz(Mg,Fe)S Si8022(OH)

phlogopite-annite + anorthite + actinolite

2

—+Ca2(3-zg,§e)3 A14Si6022(0H)2

tschermakite S+ Kfedenite + .+ silica

+ KCaZ(P!Ig,Fe)5 AlSi7022(OH)2 + 2510, —{(17)

Increase in TiVI

The reactions by which Ti enters hornblende depend on the
assenblage of Ti minerals. For example -

Rocks with sphene + magnetite (e.g. C1l, S1):

BCaT18105,+ 4Fe304 + BCaA12812O8 + 98102

sphene + magnetite + anorthite + silica + water

+ 3H20

—_ 3(?a2(Fe,_I-Ig)4TiAIZSi6O22(OH)2 | . —18)
titanoamphibole
3Ca2(ng,}3‘e)5 Si8022(OH)2 + 4Cahl, 81,00 +»61?eT103 + Caz(Hg,Fe)BAl 4516022(011)2.
| actinolite + anorthite + ilmenite + tschermakite

+2H,0 — 6Ca2(r-1g,Fe)4 Tl‘A125i6022(OH)2 —(19)
+ water titanoamphibole
3CaT18;05 + 4Ca2(mg, Fe)3 A14816O22(OH)2 + Si02

sphone + tschermakite + . silica
—> 5CaAl,8i,04 + SCaZ(I;;g, Fe) 4 Ti,A12816022(OH)2 + H,0 —(20)

anorthite + titanoamphibole



Anorthite

ACF diagram showing analysed amphibolites from the So_ldigr‘s

Cap area

At

Ftsch /e e e e . U1
7‘ 09811
43
| 4o 2. . ,
F F. act frmbmideelmesimcassem| . b \Trem M

AFM projection through anorthite onto the hornblende

plane

FIG. 3



18.

DESCRIPTION .o MIALYSIS OF LiDIVIZTT:L 5. PLIS

3

Petromashic notes are given, the analyticzl date for

each specimen are tapvulated and the horndlende conositions ere-

h

plotted on 2 disgranm first used by Hallinond (1943) which is
N

o]
<

'ill
vrobably the least inadeguate two dimensional represent ?tioh‘of horn~-
blende composition. The nuaber of silicon etons is plotted ageinst
the number of atoms in the A site, with axes at 60 degrees. Horn-
bleﬁde compositions are anaro‘lmauelv contained by a guadrilateral
with the following '"end members® at its esices (cloc;r¢se from

‘actinolite).

Trexolite - Ferro-actinolite ua2 (lig, Fé)5 Si8022 (OH)2
Zdenite - Ferrzo-edenite (waCaz (g, Fe)5 Albl7022 (On)2

Pargasite - ﬁerro"“ gesite- ,
HaCaz(Hg, Fe)4 (41, Fe’M) Al, Si‘OZO(
llagnesio-hastingsite - Hastingsitg) , <

e

Tschermakite - reLro—ﬁschernakluv~2

Ca, (5, Fe)3 (a1, Fe3+)2

Ferri-tschermakite

—

The Hallimond diagram has a nwiper of insdeguecies -
(1) it does not discriminate between Fe-rica and ug-rich hornblendes
(ii) it does not discriminate between ¥z, K or Ca in fhe 4 site,
(i1d) it doss not show the amount of (Fe, llg) or Ja in the X siles,

WL

(iv) it does not show the armount of Ti or in =zresent in the Y sitos.

dezlect of trivalent iron czuses an overesting

U] R B, Aoem en Ty A T L. 1 s 3 3
the Clagres is shovn in Pis. {a). Hallimond plots of individual

amphiboles are shown in Figs. 5 and 6.

Al, sl,ogz(cu)

H




Tr's = 6Ts

Fig. 2(a). Disviacenent towerds tschermaliite on the Hailimond
’ ' diagrem oi three typica: hornblende comrositions
ofter 0.5 tnd 1.C ztoms cof trivelent iron ere taken
into account.

sTs

« Soldiers Cap arec

» Petermann Ranges

x See text

Fig. 4(b). Plot of all hornblende enzlyses in this study.

' Foints marked by a cross ore avereges of hornblende
analyses from Soldier's Cap sypecimens vhere a iwhole
rock analysis was carried out. Fe3* is included and
vas calculated from the whole rock analrsis.
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In a discussion of hornblende zoniag, Fe is nlotted aiainst

I .. - - ' - s .
(Fiz. 8) and the sloves of the trends erc compared with the

(]

theoretical sloses given by eguations in the srevious section. Hee

"N
o]

olotte in rocks without or with very little free quartz

s

(@7
t{.
&
i)
&
=

(Fig. 9). Reactions 14 and 15 liberate larze anounts of SiO which
for by silica-consuning rsactions in rocks without

£,

or with very little free quirtz. -The slopes of these trends where
reaction 14vand 15 ere coupled with the verious silica-consuning reactions
to produce no free guartz are plotted in the inset.

Fach rock is dealt ;ith geparately, and an attempt has been

nede to discuss the most important reactions controlling hornblende

1 individual case.

o

composition in eac

(2) Cloncurry area.

Cl Albite + actinolite + dionzside + calcite + cuartz 4+ sshene + no netits

~amphibolite (from Camel Hill, an outlier of Corella Pormatlon 20 kn ao::-‘
vest of Soldiers Cap).

Very =wale actinolite with sli htly darier patches is riwmed
by decp Prussisn-blue éggﬁiboieo. The metamorphic sre ie is uncsrtain;

o

» ) , . _ 0 ..
the wresence of dionside would indicese teuneraturss of over 500 C if

N 5 5 - ~ 5 - -
the P, were above about 10% of the load .ressure (ulnkler, 1957, p.34)o
o
dfovever,  flusning of the system wilth nearly pure waser would ceuse a
dron in P vell below tids velue, thwus causing the reection -
“C0
2
Ce, (iig, Pe)_ £1.0., (&), + 3Cal0, + 2810 5Ca Lz 81,0, + 3C
2 5 78722 2 3 2 > 2 2

actinolite + colceive + silica dlosslee + corvon Cionlle,

to” o %o The »i v et lower teunoraitires. IV seczuws rovable, howeviz,

KRN B i ; R e - TS - 1 [, QR
st thds wocik oz fowaed ncer the reonschizt-a.nhibolite boundcoiy.
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Sdendve solid solution, which could occur by vhe reaction 14

(actinolite + albite __ edenite + silica)
hes not occurred to egny jrez=t enxtent desoite the sresence of Totl

shown in %he Hellinond diagraa (Fige. 5) but it has stozned far short

-

of the extent attained in the hornblende from snecimen $53 which was

N

probably subject to similar temperctures but wes able to accent a

nuch greeter emount of Al and presumably Fe pecause sreater aveil-
ability of An in the plagioclase enabled rsactions such as 5, 6, 10,
and 11 to proceed.
A steen increcse in Te content with A1~ in the amshibole
Fig. 8) strongly suzzests that reaction with meznetite is ressonsible
5 (&4 < =
e s » VI s ;
for the introduction of Al Dy Treaction the 11m1tea exvent to
J
vhich this reaction roceeded even vhen compered vith reaction 14
probably reflects the small emount of in component Thich was aveilable
. . ; P VI -
in the plagioclase). ~The slope of the Fe versus Al & trend in
amphibole for reaction 5 is 3/2 (Fis. 8). This is less than the

actual trend in the'amphibole fron specimen C1. It is likely that

resctions such as -

Ce (iiz, Te) or = S =
3 az(ho, ﬂe/5 318022( ) + 5% e3O4 + GCual 1208 + 33 ﬁO + 0

actinolite . ~ + magnetite + anorthite + weter + OxXy._en -

50 (Gl T ~3+ 5
—> 6Ca, (il e)3 ; Al »310,,(03) ‘ (21)

. ferri-tschernaliiite

and ’

P fnt . . A~ I — 4
EFe 0, + 60200, + 243i0. + 3L.0—>302, Fe 31 0..(03) . + 800. + 50
5F 3 4 9133 3 i ) 3 ) 3 2" F577g, 22( ) 2 VYo N
nognetite + caleite + silica 4+ vzter Tarmo-cosinolite + onmlon, Atos

[N O RGeS

(vhich does nob coasume the scerce caovtlive comLonead in vicioclase)
Loy have occuzred.

Mhe Srussien-vlue anshibole {(enslyses e, o, 1 in Table 3) is

~.~

(22
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subcelciferovs and much richer in Fe and alkelis and even poorer

N

in slunminiuvs then the acsinolite. “ihen votal Fe is calculated as

?e0, the velues Zor 3i aire a8 high as 8.21 2ad there is a corresionding
deficiency in cherze of the cations occunying the { site of which a
considerable proportion is ila. It iz concluded thet this erroxr is

'due largely to the neglect of the presence of Fe3+ vhich would occur
as riebeclkite comnonent. Reactions producing riebeckite component
involve the introduction of Qa without accompanying Al and are difficult
to understand in an isochemical pr ocess‘without sostulating the break-
dgown of alvite to more aluminous phaseé and the release of Na. Albite
is thicl ly clouded with Fe-stained clay mincrals and it nay de wossible
for riebecidivic ammhibole To have LO;QG& at the sanme time as the break-

down of aloite by a reaction sucn as -

Saliig, ¥ Si E I 6
107 an1313o + 3%a(ilg, e)5 8022(01) + 121L,0 + 600, + 50 —
elbite +. achinolitd + ‘water + carbon dioxide + oxygen

5 e, (g, Fe),Tedtsi 0 55 (0), + 6CaC0, + 541,810, (Oﬁ) (23)

3% 3
riebeckite. + : celeite + kaolinite
If this is the case, then it is probable shat the riebeckitic rims formed

lower temperature.

ot

at a late stare a

©

31 Actinolite + oli. oclase + aloite + colceite + ma mnetite + henatite

ot
.

+ smhene 4+ K-feldsnar + chlorite schis

Actinolite is wvale ;reen (anzlyses a - e, h - J, n: Table 4)

with soue durier zreen rins (anclyses f, 3, k-m: Table 4)9 ¥Flaio-

claze is of two {istines ccuncsitions, An, . COr (averese of 9 anslyscs)
1.5 0.2
cnd an., Or. ; (av_.re e of 10 anslycses). fhe awniivole zoning shows &
S5

steep wrend of limited ewtent tovarts edenive-nar. asise composition in

the Zzllimond dio o (Zis. 5)° There is also rejid increase in Fe with

o3 sin riucsion

L
.
8
.
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~—
[éa]
<
o
(V)
©
<
(o)
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o
=]
( 0
<
E1'
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e
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-

VI
as of introducinz Al . (reaction 5).

®
=
®
o

component of 1

is with specinen €1 i

fl

cry to vostulate an additional rezctiion

[N
w
=]

ecez

[
[9]

such as 22 in orier o account fully for the steepness of the Fe varsus

AlVI trend. 4 reaction such as 22 is also necessary to accouns for the
absence of quartz waich would ofherﬁise be*produced by the combinztion
of reactions 5 and 14 in the pro?ortiﬁn in which they anscear to ve
occurring (see Fiz. 9).

Snecipen 31 is the only low grade amphiboiite which‘a;;ears
to have gproached sone degree of texvural egquilibrium, end in which no
trace of igneous texture renains. The plagioclese compositions.may lie

on either side of the peristerite solvus,. Because chlorite is rax

the oanly possible way actinolite can be transformed into hornblende
by isochemical neans in a rock such es this is by reactions 5 and 6

combined with 14 aad 15.

S2. Bluish--reen hornblende andesine + ilmenite + sohene netacdolerite.

Specimen S2 is noderately coarse-grained with scattered natcaes
consisting of an angrescte of scapolite, clinozoisite and prehnite (wiich

ney te seconiary. Pale actinolitic wotches (e.z., Teble 5, anal

)
ek

are molicrotely conmon in the coxes o:

anphibole rains. The fine needles wnrojecting into plezioclase ore

i RN
o ) &)

N . - . . {ey . . o
the wost aluaninous and alkeli-rich (Tabdle 5, analysis f).. - The »nla dio-
clase composition is AnAA Oro 3 (an avsrage of 18 anzlyses vorying Iron
v ° .

) nd Or The wle~ioclase i Soet ith She hown-
an . ana U , - LAC U S0CLlase 1S convact LT Tile norm
29 o 61 0.2 %0 0.5. HTe wT '

blende whose anclysis (a) azpears in Jable 5, is An,. Oz Iincaite

‘TO \1030
haos vuers iz Little cdoubt Chint iren

fron this source now resides in the hornblende,

Zoning in hornblend: involves only a nmo.cxote increase in e
B S N a=IT

17
. . Y e Nl PR ) .[ . :
with al Tige 8), and wa cith ALTT (Fis. 9). Dhe

- . ' -

/4 1 ] ~ 4y N g - do2 N .gy o) S ,
rond iz too smalil for recaction with ila
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. . V1 . \ ;
envirely Zor the insroduction of A1'" -nd it seen zrobable thot some

A,

chlorite has taken pert. Lower jrade wrociks Irom the area with siniler
textures penerelly contain a veriable but small znount of chloxrite,
sone e¢picote end sshene with ilmenite, or in some czses, maznetite.

Hoviever, it i certain thot any further isochemiczal increase in

-

+\ VI .
(a1, Fe3 ) n31ch would occur with increesing tenperature could result

only from rcactions 10 and 11.

S3. Bluish-zresn hornblende + albitec + ilmenite + piotite nevadolerite.

I

Specimen S3 resembles SZ excent for (i) the ebsence of sphene,
J & ) & y

(11) absence of calcareous patches, (111) coerse srain size znd better

RN

reserved doleritic texsure, (iv) only rere octinolite cores in aumphibole

grains, (v) much more sodic plagioclese, (vi) the vresence of red-brown
biotite, '

of thé hornblende analyse (Table 6), & - ¢ ere frou a
traverse 1ro§ é pale actinolite core to a dexiter rim, £ is of a pale
ectinolite patch, and d, e, g, L, ;nd i are more or lessg vlue-green.
Plagioclase hes an average commnosition of nn4 Oro°1 bﬁt ranges fron

f . ;
Ang g %0 45 g and Ory 4 06 3,

X-A{IT .

The Ila content of zoned amphihole increcses at & sroater
. . VI | L - e ., .
rete with reszect to AL than in Specimen 52. This is almozt ceboinly
Pl - (%

relecitced to the more sodic wnlajioclose conmposition of S3. The absence

0]

of sphene indicates that rcactions 10 - 13 could not heve. taken »loce

VI

and the modercte increase in Fe vith Al ™ suggests & situation sinilor

U)

1
i

to that of 32, where chlorite umey have saken nort in the introduciion

(ad 4 bl -y L I - - - \ . . ’ o
ol tscherusiive counponent. dornb slenie anelysis (a) is unusuel in thot

- : ~

Y LT T [P T
L0 Ol S0 SOOI G LD 8 SLOUNTT 0L CLAILILILUSONLST COLI0NCit .

Repeat analyses yield siniler rozulis.
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29.

Dlus- reen nhornblenie + andesine + ~uartz + ilmenite + viovite +

l [ 93]
L]

chlorite metabasali.

Scanolite is moderately conmon and ansers to be replacing

.

the origiral minsrals in potche 5. H wever, ilmenite aspears unaifected

and its texture within the sca;olite—rich navches is icdentical to t

in rest of the rock, Actinolite cores (Taole 7, en2lysis a) occur

in only a few large grains of amphiboles, Chlorise is present as

rery rare fine velns and extremely rare flakes, Flegioclase composition

is An._. Or an averaze of 8 analyse hich very from An,
< 39 O°4 ( o clogy g 7 F J 20 %o 48
and Or ). The steep increase in zoned zreins of Fe versus

o thaet expected from reaction 5, but lezs

ks
=

'
R
@

~~

i.J
U
[]
tl.
E
H
l._J
[
2]
cl

than the slope exmected iron a combination of 5 and 6. It is »nossible
1~

that small amounts of chlorite oxr biotite may have take

actions such as 3 and 4 or 17.

[0
+

S54. Blue-grecn hornbleande + biotite + alvite + gucxrtz + ilueniy

353, Deen blue- zreen hormblende + oliroclase + microcline 4+ cuaxtz

Both of theze rocks show good evidence of equilibretion.

Although the horntlende of shecimen 3554 hes e slig JUWy viriable con-

wosition, that of 353 is homogeneous (Fig. 5, 354, 353). Only &
trace of relict ilgneous textures is wnresent in specimen S54. The
plegioclese is SHA is AnB O“O 3 (an avera e of 19 anzlyses verying
L]
from An and Or , ) The plogioclase from S53 is nore
2 to 6 0.1 %o o.g) SIS ?

calcic (4n, . Oro —an avera_e of 12 angliyses vorying from An, . .
<

S . 3\ [ TN T i IR o~ L R Y . P
end Con , oy . a)e e norpnlence of 354 consiste ULt a .owe sodllc
o1 to O, b)
. N . oo B S T o N popes e n P N
1l o sdoclesze then vthat of 355, yot it iz Hoorer in = (xaoles 3, 9.
T aaspmec BTyeds 0y e oA v1ne ] T T e G LR Ta i
L0 alUCLEYS w.Ale ol NOE Cen unLoele 0 LNl Gaie 1 Tl 01 ULE L0
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310

blenie in 354 becauce of the lack of anorthite comjonent in the
. : 5 , . R : -
co-zrigtving nlagioclase and entry ol nuch Ia into the hornblende

would move it into the edenite field, vhich is aparvently forbidden
to wsver greenschist lover amshibolive facies amphiboles.

The Ti content of hornblende from sneciren SHA is slightly
higher than that froa 353 (Tables 8, 9). This probably reflecis the

fact that S5H4 contains both ilmenite and sphene, whereas 553 contains
i b

.

only ilmenite. In other words, Ti is probably entering hormblende

oy

.

by reaction 19 in $5B and both 19 and 20’in S5A.

S6. Green hormblende + endesine + enidote + ilmenite + svhene netabasals.

—

-

Amphibole grains, which héve replaced earlier ferromegnesian
ninerels hove moderately common actinolite cores (T ble 10, anzlysis g).
Plagioclase composition is Aa . Oz, .,
31 0.2

Or 0.2. Hormblende zoning involves a

an average of 20 analees which
vary from &n, ., Or to 4n
BET 2 21 0.2 4
- . . VI .
narked increcse in Fe witlh A1 but there is no zonal relationship
s - S a PRSI A
between Fa and AL~ (Figs. 8, 9). In general the hornblende is
tschiernakitic and poor in alkelis - probably rsflecting the calcic
plagicclase consosition and the presence of enidote. The presence
A e a4
of 2% sphene indicsctes thet reactions such as 10-13 could have occurred

- PR

but cbout 8% suhene would have been srcduced if they were entirely

=
(0]
6]
L)’
Q
3]
2
=t
—
]
-
@]
2]
ct
it
(i
ot
b
0]
£3
[ ]
1
d-
-
@]
|}
.
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©

ctinolite to hornblende.
ite and & snall anount of chloxite would also be needed a3

reac Jw}.l S

~ ~ N
De e (SIS IO NN
e e EEA
LDl u, ‘.)N.... Ve
Ay apeona o ey RS lose arr A3 At am
Al LVCE e G311 gultve c.Lose & eeﬂ'lefl’t narc..tes
L s Tt A aamaR A e Sy O Dlorioclagse Aottt G
G.il.u Uil CAagT0CLle COANOoSLTION 18 a4 L 3. SLLgrocLase el wo
U Ue

horablende Gualynes b and £, Teble 11) hes a composition Al CrQ o*
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Tormblende is horozeneous (Fig. 5, 57) but is a sood deal wicher

in total Te then any of the low zrade actinolivtes or relict actinolite
cores in noderate graie rocks, It has »robably originated in &

o the hoz noleqdeb which show 2 history of iron

e L X-XITI . VI
WCTion o na ant a .

S8. Green hormblenie 4 olizoclese + guarsz + ilnenite + sphene ne a;o’c"it

The plagioclase is An1, Gro > (an averagze of 11 analyses in
A\ .

close areenent), One actinolite core (Table 12, analyses, d, e) is ~

R . . ’ . . . VI
vresent in the section and there is a sharp increase in Fe with Al

: Sronr b
. . L =TT VI -
and a moderately sharp increase in Ha™ ° with A1l ™ tovards the
hornblende rim (Fizs. 8 and 2). The scarcity of sphene shows thoev
ilmenite could not have taken a major paxrt dn resactions leading to
3+)VI

(41, Fe - rich hornblende and magnetite ancecrs to be a beviex

choice as an important reactant.

S9A. reen hornovlende 4+ olizoclazse + guoxsz + ilnenite wztamabbro.

LIS iy

S93. Green hormplende + oligoclase + suartz + ilmenite + szihens anninibolid
A11 traces of igneous texiture hove been obliterated in

snecimen 393 which also has the more calcic nlagiocclase (41

25 0.5
compored with that of S94 (An1, Oro 2_): ¥le docloze is howmozenects
5 . ‘

in boith rocis. Zoth hornblendes &re homo eneous (Zables 13, 14).

Specimen 294 is poorer in Hui XIT, (if the analyses are recalculcoted
teling ?e3f into cccount) as vell as (&1 Fe3+)VI and the »eir is

.
enclozous So 354 and 3, (Fiz. 5, 594 and  $9B). Mhe hnizher 71 coatent
ol the cirnhivole co~eniztin s with oohione oo 21 oo iiumenide iz 2lszo

otzerved.
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40.

S10. Green horrblenic + cumain tonite + 011 oclese + cuerts + ilnenite

exmhibolite.

The wrecence of cumuin tonite is eijectsd fron the posivion
of this rock on the ACF diagren (Fig. 3). Svecinen 354 which olots

4

cloze to 310 on the ACHF diagran, contains biotite instead oechue of

=

its muech higher KZO content. rlegzioclase is Anja Oro 5 (en avera:
.

in close agreenent).  Hornblende is homogzeneous (Table 15).

U\
-

of 15 analyse
At lower grade Specimen 10 noy have contained chloxite or, a larze

amount "of saimetite vith a mesnesian actinolite,

Lo dd

S11. reen horndlende + (olicoclase-andesine) + ilmenite + suhene-am2hibolite
Specimen 311 comes from a roci confaining alternating layers of
hornblende + ilmenite + snhene and horablende + gquarvz + ilmenite + szhene

mlta a little plagioclase. The homogeneous plagioclese is An.,. Or_.

Hornblende is homogeneous (nabWO 16) The vhole rock is rich in normctive
pyroxenes, poor in normative albite and relutively iiaznesian. It ney

be a metanorphosed igneous cunuleste but its near monouineralic naiur
end proninent layering suﬁfast that its chenistzry L°y have been effected

O

by metenorvhic differcatiation.

(v) Peterrinnn Rancses

. Specimens F1 and P3 are civnhibolites tynice T their resn 3
Specimens P1 and 23 e cimhibolites Tynical their rective

credes, but P2A end P23 are partly metenorshosed vroctolitic gabiros,

-

which were vprobably mevanorphoscd under conditions of P << P ioial,
D :
0

. J.L
1 Ade Lonminy Tyea s —a Yrm Loamy A Dot arrie e DA~ - 2 e ! ~e
Hornblendes from besic rocls fronm the Fetermomm Zlanzes -~ have beea
analysed so that aumphibolites fron a noderately high nressure terrain
niey be comuared with those of low-inbtermiciicie pressuve (Cloacuryy
Thamanrt metal miaa d et Tamss s mtamem Rlyead S - P P L ST PRI N .
SXCVIOUS SUN . Las AW ES Z.L0Vn TAOTU Gle ZLIouUAT L Lo A UAg w B3LUes Yo oe

- -

hizher in the low To mediwn rode hornblendes of high sressure terrcing

SRS TP T NSRRI S RGN DT i ea - 3. - T mread
coupLed Wit nornvlendces of lover iregsure OJ..._QI_.\.’ (G e ey Saido - W’ZA..,.:_O,
oo L, DO A 3+ TR N U S D A
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42.

L VI-VIIT

large relative errors in the amount of la (which is generally
ey
. o n . . ~ - VI-VIIT
small) and wrecludes a meaninzful comparison in terus of la .

>

The homojeneity of low jrade nornblendes Ifron the Petermann

—~L

Renges is in nerited controst to those in the Soldiers Cap asuphibolites

a2

this nmay reflect the longer time evaileble for eguilibration in the

termann Ranges amphibolites.

£
[e]
3
(0]
o8
]__J
<
=
» <
F
}_)
o)
o
td
(0]

+ chlorite + quartz schist.

Both green and brown biotite are wresent. Epidote contains

- + . g )
about 0.45 Fe3 ions per formula-unit and homoreneous nligioclase is

Anyy 950.5'

Specimen P1 is probably equivalent in grade to 52 or S3.

'

Hovever, the hornblendc combines a hizh volue of 1z(llz + Fe) with

-

, R N 2 -
feirly lerge emounts of 417 and a, and is 2lso homoseneous (Madle 17).
Yeither of these characteristics is obzerved in the Soldiers Can horn-

-~

blendes. It iz clear that reaction with iron oxilss carnnot have Heen

3

re 1onplole for the fornavion of the hornblende. Calorite and ericote
still rewadin and are most likely to have besn the priacipal “euuqaats

.

forming tschermalkite comuonent.

e, Specimens P24 and P23 cone from a “ody of metanorsiosed olivine

d

terrain, The body
P24 which wes

“

chlorite and

collected close %o the contact

ntre

O nesx T.ig Cf

(o)

chundont biovitve, Speeimen 228 which was collceted
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45.

P2, Horablende + cumainssonite 4+ piotite + chlorite + andesine + I-Taldor

neta-0bbro.
e e e e . e et et S
Llthoush some of the nlajdoclese is wrimary, nost has bveen
nmade over (o sodic andesine. A small anount of K feldsvar is vresent.

Botn olivine and

£
wl

ite have completely given way to hornblende,

tonite and blotite. Former olivine sives are recognizable as
petches of nale ten biotite znd noderately ooarse prismetic colourless
cunuingtonite, more or less surroﬁnded by coarse and fine prismatic horn-
blende, Soue amphibole‘prismsvare nade up of both hornblendeband
cumﬁinotonite Srowing in struc%ural continuity.

As in P23 the hornblende is pale despite its aiuminous con-
vosition (Table 18). Because it contains components of broken-dowmn
augite, it is less aluminous and alkali-rich than the hornblende of
P23, Chlorite occurs as soﬁ“verea large flekes: it shows no signs
of ais equilibrium with other »hases and in most places contgins included

euhedral vrisms of both hornblende end cumnin_tonite.

P28, Hornblende + elmandine + nladioclase + hysersthene + cumninstonite

+ nasmetite nétanorphosad troctolitic ;aooroﬂ
Elag;oclase_(about nn,9 0. A> and especially augite aznear to
be lergely uwnaliered but relictolivine is senarsted from nlagioclese by
rims,.firstly of fine-;rainel. aa:metite, then cummingtonite which may

S

convalin scotte ﬂsi anhedrel eins of hyzersthene, and ;1nallJ hornblend

;

studded with a few suall onet crystals. Despite its pale colowr (x =
~el 3

nale stwew yellow, y= vary nale avsle jreen, z= pale :reenish Dlue) it is
extrenely clunirous end its vacant 2ite 1s alnest filled with alkeli ztoms
R PR S ;";‘\ TA a4 R U a4 - D T R | Y 3+ TN P ST I T
Sfoele 19). <% 13 0vasly 00X I L1 4l L&y De lovw ia Ze L2005 TLILC

ere srowadly resuonsitle Jor 1ts pale colour.  Iypersthene las o wolsreie

[CPRVE )

vauler in habis, with no

It aears
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47.

corona structures were producad by vhe folloving roaction:

Olivine + plezioclase + H,0 + 0 ~—% horndlende + zarnet + cumnin-tonite

;2
+ hypersthene + nagnevite.

To test vhether t1e coronzs develosed by such an isochenical
reaction, & czlculation of a CIFT norm of 1o reaction sroducts was nade.
Hornblende, cumninztonite, hjvars thene and zarnet were snslysed, (Teble 20),
their.proportions by volume, together with nagmetite were measured by
point count anslysis and mole proportions were calculeted, using dete
estivated fron RoBie et al., (1967). Fe in mezmetite was recalculated‘.
in the divalent svate. The S.T s ajveer in Teble 21. Clivine and
"plagioclase nake up aboutb 975 of the norm:.bive constituents. Dionside
(3%), and nepheline (only 0.2%) re4algf_ The measured olivine composition,
F056 corresponds with the ho:mativa composition, F054‘5. The neasured
vlagioclase composition (in_ ) is more sodic than the calculated conposivion

. 59 7
(An65) vhich is entirely detirmined by the combosition of the horanblende
in the corona. The hornblenle probably conteins the maximun possible
¥a end abstraction of a si a11 anount of An component Zrom the surrounding
vlagioclase durinz the formation of “he corona ey ave Deen NecessSar.

v
u

The persistence of relict olivine and the Zformetion of n

(‘)

morphic hypersthene in the lower amphibolite facies sugzesis that an

ot

extrenely snall zuount of water was aveilable durin: nstamorpiisn.

JOrnolcq‘e is pooxrer in Al end richer in Si, iz and Ca at its convzced
with cuwandngtonite than at its cowseact with nlazioclese.
Calculevion of a COIFT norn of the coronz sitructures shovs thaat

they have resulited fron a very ncerly isochenicel reaction botwzin olivine
cnd nlasioclase it e addivion of ver

ReIRNcy
0Ky e
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TABLE 20 MICRCPKROBE ANALYSLS OF REACTION RIS

IN SAKMFLL P2B.

Hornblende (average

Hypersthene (average
of 14 analyses)

_ Cummingtonite
of 3 analyses)

(average cf 3 analyses)

8i0, %9.8 52.1 55.2
Ti0, 0.0k4 - -
A1,03 19.2 0;38 - 0.26
FeO 16.1 27.3 21.8
MnO 0.11 .o 0.28
MgO 9.4 19.7 20.3
Ca0 10.8 0.16 0.51
Nas0 2.84 - 0.17
K,0 0.46 - 0.0%
98.7 99.6 98.7
Structural formula calculated on an anhydrous basis
siftt- 5.88 ) 0.99 ) 7.9 ;
' ) 8.00 ) 1.00 7.99 .
INEatd 2.12 ) 0.01 ) 0.08 )
JREald 1.22 ) 0.00 ) 0.00 )
by ) ) )
Ti 0.00 ) - ) 0.00 )
or ) , ) )
Fe© 1.99 ; 0.4k % 2.62 %
Mp2t 0.01 ) 7+99 - ) 0.03 ) 712
5 ) ) )
Mg=* 2.07 «g 0.56 ; 4,33 ;
ca2t 1.7 _g 0.00 ; 0.08 ;
Na* 0.81 ) - ) 0.05 )
) ) ' )
K 0.09 ) - ) 0.01 )
0 (assumed value) 23.00 3,00 2%.00
Semi-quantitative analyses.
Qlivine: F°56
Garnet : Almgg Pypo Grqp Spés53_



TABLE 24

COMPOSITICH OF REACTICHN RIM MATLRIAL

AND KeLaThD DAT. IN SAMPLE F2B

Vol.% in corona  Estd Molar Mole % CIPW norm of corona
structures Volume material
(cm?)
Hornblende 55.8 275 2h,3 Ilm 0.02
Ab 12.6
Hypersthene 12.8 32.2 L7.6 An 27.3  41.3}
) Or 1.5
Cummingtonite 18.7 8.2 Di 1.3 _
Hd 1.9 3.2
Garnet 8.7 15 9.1 Fo 20.2
Fa 35.1 ]55.3
Magnetite k.1 Lk,5 1.0 Ne 0.2 ,
Approximate Modes
Rock Original Gabbro Parent
Hornblende 21 ‘Olivine 26
Cummingtonite 7 Plagioclase 6k
Hypersthene 5 Augite 8
Olivine 3 Ilmenite . 2
. Garnet 3
Ilmenite 2
Biotite 1
Plagioclase 50
Augite 8
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52.

P3. Deen rxeen hornblende + H-rcldsvar + olisoclese + cUoTTZ 4 SThen

0

Tomogeneous vlagloclase has the composition An r .

- - 22 1'4
Hornblende (Teble 22) is very rich in Fe and in some respects it resembles

¥ e
the hornblende of svecinen S53. Both are Fe and {-rich and both heve
o) . vy s e . . .

2V less than 207, Hornblende P3 is, however, much richer in 71 deszite
the absence of co-existing ilmenite. Analysis a - e are near a grain
boundaxry with plegioclase. Analysis f cones from the interior of a

larze zrein.
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Ranze of Comwnositions “mcountaored

©
lon
3
O
)
o
d
H
[©]
3
[af)
b
H
O
I3

The hornblendes encountered fzll a2lonz
toemolite towcrds pargasite (Fig. 4b).  The hornblende from specinen
P28, lies in the region beyond parzesite. The subcalcic riebeckitic
vactinolltﬁs from the calc~siliccte specimen C1 do not slot in the
quadrilateral end their compositions are far removed iron thet of normal

glciferous emphiboles.

There arz two large regzions in the gquadrilateral vhere no
analyses fall. The nost notable o; these is the edenite re“lon. It
is reasonsble to conclude that é lerge solia éolution sap exists in the
" region of edenite in the greenschist and lover to niddle amphibolite
facies; Therzafore there mey in certfin cases ve veryiserious limits
to the extent to which the resction:

ilbite + Actinolite ———> Edenite + 4510, —{12)
can nroceed. ‘iIn these oaseé, becauée of unasuisable host rock couvosition

O s Cfer o3RI
hornblende caniot obtain sufficient quantities of (41, Fe” )

H

pargesitic wi:a increesing grade.  Consider samsles S54, 358, S%94, an

(

S9B. SHA has a nora sodic Dla”lo lase and a less sodic hornblente
daéspite the fact that it belonzs To the sime jrale a5 353, 394 and 393
have a sinilar relationshiv. It apcesrs thet hornblendes 3554 and S94

buik conposition pkeveats the hornvblende odieininy sulficient enounsis of

C o 3 VI . C s - . e - L
(A1, Fe ) for its courogition %o nmove in the directiosn of sorsesite.

q

The relationsiii» betwezn che hornblende end zlaoioclase comuositions in

sauples 554, 358 and 394, 3938 iz the onsosite to thet oredicted by

- [T ~NL 7 - - st - . o e _ P PR o o

Perchuk (1963). e does not %oz indo accouns the nossibility thod the
ey o R S T R N e mte ey el i aae PN PR

anount ol e caite o riLaterite CO.LL0ilZiiy L0 L ENLSly 01 B CUouWiis 0X

. S b I -
(21, Ees, i) in vhe ¥-site in wmodsrate .rude ampiiboles.

1o hornuleade compositions [row e sressat study slot in the
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56.

tschermalcite ro don. It is well knovn “nrﬂL hornblendes with composision
close to tescherneizite Co not occur. i

Althoush no solid solution zap i: obvious between actinolitic
comositions and hornblendes, thore is a scareity 65 conpositions with
about T 3i atoms -per unit cell, It is nogsible that the few hornblendes
with conpositions in that region are out of eguilibriun, because all are
found in zoned zrains with actinolite.cores and parzasitic rims. However
the shaxrp boundaries found between actlnollue and hornblende in basic
rocks fron the Heast River, liew ueulund (Cooner & Lovering, 197u), the
Grampien Highlends (Shido & liyashiro, 1959), CaliZornie (Compton, 1958);w
‘and from the Abukune Fleteau (iiyashiro, 1958; Shido, 158) and Tanzava
i.ountains (btgl, 1931) in Japan do not occur.

e, +VI
Introduction of(4Al, 763 )

In emphibolites containing only hormblende + plagioclase + qua

. . +\VI . . . .
+ K-feldswar she amount of (41, Fe3 ) in hornblende is laxr;ely deserni

£,
T

by bulk composition. The fraction of tschermakite component can te

-

aporoximately estimnted by projeciting from enorthite through the bull
" composition onto the actinolite-tschezrmalite line in an ACF diagran

(Fig. 3). Hovever, alnmost all the hornblende + pla;ioél ase + quortz +
ites contadin ilmenite + svhene and the azount of.

is cevernined partly by reactions 8 and 9.

content is l'_Js less than that imnlied by
the coount of Tschermaiite component indicateﬁ by the Hallimond 6'af:a2.
ne Y site and Ca in the A site rejuire additioncl replecenent of
as a4 VI o Lamdk A akmtad vl AT BadTY S tle T oed 4 ‘o i

81 by 4177 over that dictated by(al, Te ) in the T site, causing the
conposition to twend in th§ Zirection ol tsclicimiciice on the dic. »al

without addition of (41, Fe”") ™.

b

2.
02

nea
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Introduction of HaXGXII
X-X1 p .
Na probably enters hornblende by reaction 14 and possibly

15, both of which use albite component of plagioclase, in contrast with
‘reactions leading to the introduction of (Al, Fe3+)VI which use anorthite
component. Theréfore it is not surprising that hornblendes in rYocks

with sodic plagioclase trend towards edenite and those in rocks with

caleic plagioclase tend to be pargasitice = .  Fig. T shows a plot
total Na in amphibole '
. : . -
of é]VI in amphibole against the Ab content of plagioclase for

hornblende-plagioclase pairs. The extent to which edenite components
enters hormblende is generally small compared with pargasite component.
In other words hornblende in a rock with sodic plagioclase generally

remains more actinolitic.

" Zoned Amphiboles

{a) AT and Fe

The éompositional trends of éohéd aﬁphiboles with actinolitic
cores that are relics of lower grade‘are mostly close to-a straight
}ine between tremolité—actinolite.and pargasite-ferro—pérgaSite com-
position on the Hallimond diagram. They do not curve upwards as
3+)VI |

might be expected if reactants forming (A1, Fe vere exhausted

“and Na continued to enter the lattice by reactions 14 and 15. Trends
of WX T yersus 41T in some zoned hormblendes appear in Fig. 9.

The magnitude of their slope depends largely on the albite content of
the reacting plagioclase.

An Fe versus AlVI diagram (Fig. 8) shows straight line trends
of varying slopes leading from magnesian composition at zero AiVI to
more iron-rich compositions where lar;er amounts of AiVI are present.
The general'tfend-of amphibole composition throughout the metamorphic‘

seguence is from nagnesian compositions.at low grade to more Fe-rich

compositions at higher grade. -
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Fig., 8. Increase in Fe with Alv in zone@ICa amphiboles.
Inset shows the calculated Fe/Al slopes produced

in zoned amphiboles by reactions referred to in text.
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60‘

3+

An increase in Fe2+ and Fe~” content with grade has been noted
by most authors working on low to medium grade amphiboles, Wiseman
(1934) attributed the increase in iron content of hornblende in the
southwest Highland epidiorites to the breakdown of chlorite which he
was able to show was richer in Fe than the co-existing actinolitef
Shido (1959) also mentions the more magnesian composition of low-grade
actinolites from the Abukuma Plateau. Leake (1968) sugzests that
iron-oxide minerals co-exist with ﬁagnesian actinolite in low grade
basic rocks with normal Fe'contents. It is_appafent from Leake's
(1968) catalogue of calciferous and subcaloiferoﬁs amphiboles that
actinolitic amphiboles are rarely able to accomodate a large amount
of Fe2+. 0f all the calciferous amphiboles with Si 7.25, 212 have
values of Hg/(lig + Fe?t 4 Tt 4 Mn) greater than 0.50 and only 9 less
than 0.50 (6 of the latter are considered to be poor analyses). It
‘would seem that the Y sites are‘too small for Fez+ unless the chains
are expanded by replacement of some Si and Al.

The*sug;estiop that reactions such as 5 to 13 are 1argely‘
responsible for introduction of AIVI into hornblende in specimens C1,
>S1, S4, S6 and 38 and probably ST and S9B requires further explanation.
Consider an amphibole containing 50% hornblende with 0.7 AL'T and 0.4
(Fe3+)VI as a typical example. TUsing the molar volume data of Robie
et al., (196%) the modal amounts of selected reactants and products
required by reactions 1-13 can be calculated from the molaf amounts
required inifhe reactions (Table 23).

"~ The amounfs of magnetite and ilmenite required by reactions
5, 6, 9 and 10 are comparatively small and quite feasible in terms of
the‘aodal anounts of these phases found in the low gzrade actinolite-
bearing rocks. The amounts of chlorite and‘epidote required by reactions

1—4 are generafixﬁlar;e éompa:ed with the amounts present in the !

low grade Cloncurry Tocks. Hoviever, in nearly all cases in those Trocks



TABLE 23: MODAL PERCENTAGES OF REACTANTS AND PRODUCTS

IN SOME HORNBLENDE~FORMING REACTIONS IN A TYPICAL

AMPHIBOLITE
Phase Chlorite Ebidote Magnetite Ileminite - Sphene
Molar Vol (ml.) 200 (estd) 137 44.5 31.7 55,7
Reaction
1 11,2 13,1
2 ’ 8.4 9.8
3 8.0
4 6.0
5 2;sg
4.1
6 | 1.3)
7 15.5; 5.e§ ‘
18.8 7.5
8 3.3) 7 1.7
9 3,2 C1.2(+) 2.0)
‘ ) 6.4(+)
10 1.7; 4.4)
: . . 2.5
11 0.8)
12 10.73 2.7; 6.72 :
. 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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vhich contain zoned hornblende showing marked Fe-enrichment, insufficient
" of the normative ilmenite has been consumed to account for all the (Al,
Fe3+)VI. Hagnetite must therefore be called upon in such cases as a
reactant (as it certainly is in samples C1 and S1). However, there is
a pOSSlbllltj that some movement of Fe and or lig has occurred during
increasing grade, in response to the general preference of hornblende
for FPe as it becomes more aluminous. Flg. 10 shows what may be a
significant decrease in whole'rock Hé/(Mg + Total Fe) with increasing
grade. The hornblende-ﬁroducing feactions invqlving anorthite com-
ponent of plagioclase and iron oxide minerals are hydration reactions
and water must be suppliedlfrom outside the system where other hydrous
minerals zre absent. Actinolitic amphiboles may persist in such ﬁases
when external water is unavailable,

(v) NaX'XII and A1'T

The only probable reactions resPonplble for introduction of
Na X-X11 produce 4 moles of SlO for every mole of NaxﬁXII introduced. -
Despite thlu, specimens S1, S2, S3, S84 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.
Nl T g plotted azpinst a7t in Fig. 9 and obvious sympéthetic
trends can be observed.in all cases except S6. The slopes of the
trends can be compared with the slopes produced by coupling the various
Alv¥-producing,reuctions (end réactions 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 informetion in Fizs. 8 and 9 has been used in

elucidating the most probable resctions producing hornblende in those

rocks with zoned amphiboles.
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Fig., 9. Trends of NaX—XIIversus AlVI in zoned amphiboles from quartz-
free rocks and S8 which contains only a few percent quartz.




Sillimanite

Fig. 10. Possible decrease in Mg(Mg + Fe + Fe

2+ '
for whole rocks with increasing grade.
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Behaviour of Titenium durings lletamorphism

Ilmenite does not appear to be stable in the lowest grade
azphibolites (specimen S1), where the assemblage sphene-magnetite is

stable but it is not certain whether low temperature or high f, is

%2

responsible for its absence. Ilmenite is the only opaque present in
all the higher grade rocks from Solders Cap and it occurs with or
without sphene., Ilmenite is élﬁays extremely poor in lig, and
~generally consists of aggregates of small, optically discontinuous
greins., It is therefore concluded that ilmenite is not relict But
has equilibrated with the metaﬁorphic conditions. The reason Why
sphene does or does not ocourvdepends'on a large number of factors,

but in general it is likely to occur in more calcium-rich rocks, but

may also be favoured by high fo + The large number ofbfactors controlling

2
the amount of Ti which enters the hormblende lattice can be appreciated

by inspection of equations 18, 19 and 20. It is the variation of the
.equilibrium constant of these resctions:with temperature that determines
the amount of Ti in hornbiende. It is'well known that hornblende is
able to accomﬁodate larger amounts'of Ti at high temperature than‘at'
low temperature. Fig. 11 shows the increase in Ti contént of Soldiers
Cep hornblendes with metamorphic grade. At locations S5 and 59, rocks
containing sphene have more titaniferous hornblendes than do rocks of
identical grade without sphene. This is almost certainly a consequence

of reaction 20 occurring as well as 19.

Co-existinz hornblende and cumingtonite.

Cunmingtonite is found in one sample from Soldiers Cap

(specimen $10) and two from the Petermamn Ranzes (specimens P24 and

O

T

PZB). Specimen 310 combines a low X content with a basic coumposition

¥iz. 3) and would be erpected to contain a (lig, Fe)-rich phase such as

o2

I

cumminsionite,.

U Semples P2A and P2B are metumorpnosed troctolitic gabbros

aF
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and would also be expectéd to contain cunminzgtonite and Si-poor
hornblende in the amphibolite facies.

Binns (1965) noted that hornblende from rocks with large
ratios of normative enstatite to normative diopside are more likely
to have a lerge excess over 5 of cationsvgenerally found in the Y
site. One might expect such an excess of Y-type cations in hornblende
from cumningtonite amphibolites.. However, the average number of
Y-type cations in the hormblende in specimen 10 1is only 5.03 when
Fe3+Ais taken into account. This figure rises to 5.26 if total
Fe.as Fez+ is used in the calculation, and there is a possibility

<

that the estimated Fe3+ content of the co-existing hornbiende is
excessively high.

In sample P2B there is further evidence that equilibrium
with cummingtonite need not imply a larger excess of YQtype cationss,
There is a distinct zoning of hornblende in the reaction rims from its
éontact vith plagioclase to its contacf with cummingtonite. If
anything, the hornblende close to cunmingtonite has a smaller excess
of Y-type cations than does the.hornblenée élbse to plagioclaée (Fig. 12).
In this case the high AlVI content of hornblende close to plagioclase
seems to hove more affect on the excess of Y-type cations than saturation
with cumningtonite component. It should be remembered that Fe3+ is
not taken into account in’the analyses from sample P2B and that a
decrease in the amoynt of Fe3+ from the cummingtonite boundary to the
plagioclase boundary would have a false effect, similar fo that observed,
on the calculated Y cation excess. However, total Fe increases in that
direction‘and it would therefore seem unlikely that Fe3+ would decrease.
he colour of tie hornblende remeins pale blue-green throughout,

- 3+

sug_esting that the e content is low and fairly counstant.

. . o e . PN . . ~ + . .
tonite is afletted significantly by neglect ol Fe3 in the microprobe

analyses and neaningful coupurisons with other authors are difficult.
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Plazioclase

The distribution of plazioclase compositions is shown in

Fig. 13 together with the approximate position of the peristerite

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

New Zealand. A large propoftion of plagioclase'analyses in this

study fall withih Cooper's solvus. The only specimen to .contain
plagioclase of two distinct compositions is specimen Si. The two
types, An1.5 OrO.Z’ and An29 Orz.i are close to the oompositions
expected on either side of the peristerite solvus. The high K

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

as indicéting an igneous origin. Neverthelezs, specimen S1 is the

only low temperature basic rock which has been thoroughly recfystaliized

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
gquite celcic and is generally normally zoned. The goning appears to
have been caused bj reaction of the plagioclase closest to amphibole-
during the formetion of hornblende. (Inspeotion of the equations of
formation of hornblende from actinolite and plagioclase shows that nmoxre
anorthite than albite is consumed). It is probable that the most
caleic centres.in plagioclese grains in specimens $2 and S6 have
survived unaltered from their igneous beginning vherecs éompoSitions
ranging dovn to more typical low grade metamorphic values reﬁresent

various sbtages of incomplete albitization. Vhether a peristerite gep

a

-would appear unler conditions so far from equilibrium is doubtful.

Perhaps such plagioclases inherited a netastable disordiered structure
from the orizinzl igneous calcic plagioclaéo and formed out of eguili-
brium without a peristefite gaps The necessity of an ordered state

for the formafiqg of the tvio serarate compositions is discussed by Irown

(1962).
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Although some authors have found a gap in plagioclase
compositions, others have noted a conbtinuous increase in An content
with grades in the oligoclese rezion.  Amongst them are Shido- (1958)
and lLiyashiro (1958) in their work on the Central Abukuma Plateau and
Compton (1958) in California. However, James (1955) found a gap
between An2 and An. . in rocks of a metamorphic terrain very similar

0 30

to the Soldier's Cap district (andalusite-staurolite).
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HORVBLETDE AS A PETROGENETIC INDICATOR

The following changes in hornblende composition are known
to occur with increasing grade in the Soldiers Cap and Petermann
Ranges areas:

. . . 3+\VI N
(i) an increase in (Al, Fe”")'~ (Soldiers Cap only) -

Fe3+ is estimated from the bulk composition,

(ii) an increase in Na and K in the A site,
(iid) 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.
m - I+ VI e .
The amount of (A1, Fe”") increases from very low values in
the actinolites in specimens C1 and 51 to values which are largely
determined by bulk composition in the hornblendes from the rest of the
, 2 a4 A o - n 3V
rocks of the Soldiers Cap area. A good estimete of (Al, Fe’") '~ in
hornblende in specimens S2-S11 can be made on an ACF diagram (Fig. 3)
by projecting a line Jjoining An and the bulk composition onto the line
joining actinolite and tschermalkite. There is no way in which the
A VI ., : P
amount of (41, Fe” ) = in hornblendes can be used as an indicator of
metamorphic grade in such rocks.
The amount of Na in the A site in hornblende a:nears to depend
on the following factors:-
) . s . Al
(a) The albite content of *he co-existing plagioclese (lla
enters the hornblende lattice by reacition with the albite in

plagioclese).

(b) Temperature.



K

T3

(c) Msio,s which is veriable in rocks without free quartz
(Shido, -1958).

*

(@) The (41, Fe3+, Ti)VI content of the hornblende. The

X-XII

proposed dependeﬁce of Na on the (A1, Fe3+, Ti)v; content

is a consequence of the existénce of a solid solution gap in
the edenite region. On the Hallimond diagram boundary slopes
upwards from slightly edenitic actinolite to slightly edenitic

‘ pargesite.. The forbidden rezion prevents amphiboles pcor in

X-XTT (e

(Al, Fe )YI'from,acceptiné-much Na~ g+ the hornblende

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

specimen S5B) can accept larger amounts of.NaX-XII under

l

identical P-T conditions. Because the Ah component of plagio=

clase is an important reactant in the introduction of (Al, Fe3+)VI

into hornblende, amphibolites with An-poor plagioclase tend to

3+)VI X~XII.

have hornblendes poor in both (Al, Fe and Ng This

appears to be the explanation for the apparent anomaly of the

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

15

the less alkali-rich hornblende of specimen S5B co-existing with An_|

Ca,
Ca+Na+K

in plagidclase and in which the

' Perchuk.(1966) has constructed a diagram in which in

A . 2
hornblende is plotted against Carliatk

i

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

He does not take into account the effect of (Al, F.e3+)VI in hornblende on
the amount of'Na&-Alivwhich it can accept, and consequently there is sub-

stantial disagreement in the temperature at which the pair S5A and S5B and

the pair S9A and S9B equilibrated (Fig. 14). It is therefore, concluded

3+)VI has an important

that bulk composition, through its effect on (41, Fe
control on the amount of Na in hornblende co-existing with plagioclase of
a given composition.

It was ﬁoped that the partitioning of X between hornblende and

plagioclase.would vary systematically enough to be a temperviure indicator

i
|
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lergely independent of bulk compositione. The results in Fig. 15 show
1ittle more than a géneral preference of K for hornblende at high
temperatures. BEven anongst the higher grade rocks, where equilibrium
between hornblende and plagioclase must have been very neérly achieved,

_ tﬁere is no smooth relationship between the distribution co-efficieﬁt and

 temperature.

The Ti content of hormblende in equilibrium with ilmenite increases

with temperature but still does not afford a reliable measure of temperature;

(Fig. 11).  The equilibrium mainteining Ti in hornblende in rocks con-
taining ilmenite differs from that in rocks conjaining ilmenite + sphen;
or sphene alone (a probable explanatibn for the differing Ti contents of
the hornblendes from specimens SS5A and S5B, and S9A and S9B); Inspection

of equations 19 and 20 shows that both the An content of plagioclase and

the (A1, Fe3+)VI content of the hornmblende are likely to exert an influence é

6n the Ti content of hornblende.

The influence 6f bulk composition on the Fe content of hornblende
is obvious and although Fe in hornblende does fend to increase with'grade
because of reéction vith opaque minerals, it is obviously of little or no
use as an indicator.

It appears, therefore, that even when equilibrium has been very
nearly a{tained, the influence of whole rock composition on equilibrium
between hornblende and co-existing phases is great enough to frustrate
» attempts to obtain any reasonably accurate measure of teﬁper&ture based
on the major element composition of the co—existing'phases in the Soldiers

Cap and Pstermann Ranges amphibolites.

i
1
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