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SUMMARY

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 comﬁositions onto a diagram first used by Hallimond (1944)? a
general trend with increasing grade from tremolite-actinolite towards
pargasite-fefropargasite ig observed, Hornblende analyses are absent from
regions near edenite and tschermakite, but there is no obvious solid-
solution gap between tremolite-actinolite and pargasite. 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 feasibility of some isochemical reactions is tested by
plotting total Fe against AlVI 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 Nax_XII
liberates 4 moles of 8102 which, under isochemical conditions, must be
accounted for by Sioz-consuming reactions. NaX-XII is plotted against
AlVI and the slopes of the zoning trends are compared with those generated

when Si0,-consuming, (a1, Fe3+) L

~producing reactions are coupled so that
SiO2 is balanced. -

With the possible eiception of one specimen, a peristerite gap
is not developed and it seems probable that plagioclase rich in anorthite
component is of relict igneous origin?v The extent to which hornblende
has taken up (A1, Fe3+) VI seems to be determined by the amount of
X-X11

anorthite component available from plagioclase. Na enters hornblende

as edenite or richterite component during reaction with albite component
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in plagioclase., Although large amounts of albite component are generally
available, anorthite may be in short supply. Under such conditions entry
of (Al, Fe3+)VI 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

3+) VI ang ma*X1 compared with those

amphibole remains poor in both (Al, Fe
that become pargasitic by reactions involving anorthite component in
plagioclase,

The Ti content of hornblende increases with metamorphic grade but
it is not sufficiently predicfable 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,
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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 systemafic studies of the mineralogy of basic rocks in metamorphic
terrains is that of Wiseman (1934) in his work on the South-west Highlands

'epidiorites's 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

I .
does not necessarily increase

at low grade; their work also showed that Alv
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 showed 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 & Eskola, 1939), but few have proposed schemes in which
the conditions Qf metamorphism can be deduced from the compositional
relationships between hornblende and co-existing phases. However, Perchuk
(1966) in a necessarily greatly oversimplified treatment proposed the use of

Ca
the distribution of Ca+Na+K between amphibole and plagioclase as a temperature

" indicator., He has shown that it works well for common amphibole compogitions

at high temperatures, but when applied to the amphibolites of the present
study, the results give only an approximate indication of the temperature
range over which they crystallized and give widely differing temperatures

for rocks known to be of identical grade. Statistical studies like those
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of Kostyuk (1970) and Saxena & Ekstrom (1970) give useful generalizations
about amphiboles from different P - T .environments and parageneses. They
iﬁdicate'thé coupled substitutions most likely to take place, but do not
enable us to arrive - at very precise conclusions about the F.T. environment_
of a particular caleiferous amphibole-bearing rock., Experimental work to
date has been mainly concerned with the P - T range of stabiiity of various
" individual amphibole phases out of the context in whiéh they are normﬁlly
foiind in nature (see Frnst, 1968), |

* The compbsitions‘of minerals in amphibolites from progreseive
metamorphic terrains in thb:CJOncurry region-of northwest Queensland and -
- the Petermann Ranges'in :Ceritral Australia have been studied., A purpose of
" the study was to search for some parametef of equilibrium between amphibole
. and plagioclase which changes systematically with metamofph;c grade and is
largely independent of whole rock composition. The equilibrium relationships
between baIciferoug amphibole and other phases arée complicated by variation
of - hornblende composition in response td the variation in whole rock
cbmposition;f-prever, disequilibrium relationshipa'&ield information about
reactions leading to the formation of hormblende. - In‘amﬁhibolites from |
Cloncurry, zoning from magnesian actinolitic cores to Fe~rich hornblende
rimg is a common feature. Iﬁ one example from the Petermann Ranges (P2B),
hornblende forms in reaction rims between plagioclase and oli;ine. In such
‘cases it is possible-to make meaningful guesses at the reactions

responsible for the formation of hornblende.

A N BN B IS BN D D B B BE BN B Bl e B B B e
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GEOLOGICAL SETTING

(a) Cloncurry Area

Specimens C1 and S1 to S11 were collected by Dr A3Y° Glikson of
the Bureau of Mineral Resources in 1969 during'investigétions of the
Cloncurry 1:100 000 Sheet area. Specimens S1-511 come from the Middle
Proterozoic Soldiers Cap Formation (Carter et al., 1961), which consists
of pelitic and psammitic sediments, basic volcanics, and intrusive doleriteso
Specimen C1 was collected from the Corella Formation, a series of bedded,
brecciated, and metamorphosed impure calcareous and &olomitic rocks which
unconformably overlies the Soldiers Cap Formation (Cagter et al., 1961),

Specimens from the Soldiers Cap area, S1-S11 (Fig. 1), are
numbered in probable order of increasing metamorphic grade. S1 to S5
come from intrusive and extrusive rocks in the Toole Creek volcanics, the
uppermost of the three members of the Soldiers Cap Formation. S6 to S8
come from basic intrusives and extrusives in the Mount Norna quartzite,
the middle member of the Formation, and S9-S11 from the Snake Creek
meta-turbidities, the. lowermost member. The three divisions of the
Soldiers Cap Formation are those of Glikson & Derrick (1970),

The mineral assemblages of the pelites interbedded with the basic
rocks indicate intermediate pressure metamorphism from low greenschist
to middle amphibolite facies, The important mineral assemblages of all
the rocks collected, including those pelites collected in the immediate
vicinity of the specimens studied in detail, are listed in Table 1,

Specimen C1 (regd. no. 69200063A) is from the Corella Formation
20 km north west of Soldiers Cap. It has the assemblage diopside +
actinolite + albite + calcite + quartz without wollastonite and probably
belongs to the lower amphibolite facies. Hywever, its grade could be
which would be the case

lower if P_ was considerably lower than P

BCO

if much water was available during metamorphism,

load’
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Table 1.

Mineral Assemblages of

Soldier's Cap Rocks

Metamor-

Number given

BIMR Registered

Mineral Assemblage

l phic grade

in this study Number
Chlorite 'S1 69200026 Actinolite + oligoclase + albite +
calcite + magnetite + haematite +
sphene + Kspar + chlorite.
69200027 Quartz + albite
52 69200030 Hornblende + andesine + .. Ilmenite +
sphene ’
Biotite S3 69200031 ngnplende + albite + ilmenite +
l biotite
sS4 692000107 Hornblende + andesine + quurtz +
ilmenite + biotite + chlorite
l S54 692000324 Hornblende + biotite + alhite +
quartz + ilmenite + sphene
l S5B 692000 32B Hornblende + oligoclase + micro-
cline + quartz + ilmenite + biotite +
apatite
I 69200033 Biotite+muscovite+quartz
S6 69200028 Hornblende + andesine + epidote +
ilmenite + sphene
l a7 692000354 Hornblende + oligoclase + andesine
+ quartz+ilmenite + sphene
I Aol T - 692000358 Garnet + staurolite + muscovite +
Staurolite biotite + quartz
. S8 692000364 Hornblende + oligoclase + quartz +
l ilmenite + sphene
; 692000368 Garnet + staurolite + muscovite +
biotite + quartsz
l 69200040 Garnet + staurolite + muscovite +
biotite + quartz
l 69200041 Andalusite + staurolite + muscovite +
biotite + quartz
l 69200042 Garnet+biotite+muséovite+quartz
S94,B 6920004 34 Hornblende + oligoclase + quartz +
i ilmenite
l 6920004 3B Hornblende + oligoclase + quartz +
ilmenite + sphene
l 692000444 Garnet + gedrite + chlorite + plagio-
A clase + quartz
69200044B Garnet + gedrite + staurolite + biotif
' 69200044C Garnet + staurolite + biotite
510 69200045 Hormblende + cummingtonite + oligo-
l clase + quartz + ilmenite
Silliman- S11 69200048 Sillimanite + garnet + biotite + quari
i 62200047 Hornblende + oligoclase + andesine +
. ilmenite + sphene
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Although the specimens of pelitic rocks to the east of sample
37 do not contéﬁn assemblages diagnostic of the biotite zone, they are
known to belong to that zone because of the presencerof biotite in thbse of
suitable qompo;;tion 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 Froterozoic Dean Quartzite
the basal unit in the South-western Amadeus Basin, ﬁverliea older granite
and minor basic intrusives of the Fottoyu Granite Cobplex (Forman, 1966),
The épecimens-studied were collécted during a visit to the area made with
Dr-D.J. Fdfﬁan in 1968, Typical pelites are rare, but highly aluminous

assemblages in the Dean Quartzite are good indicators of metamorphic grade.

They ‘are, in ordef_of'iﬁcreasing grade, (i) py;ophyllite-quartz, (i1) kyanite-.

-pyfophyliite—quéftz and (iii)'kyanite—quartz. The persistence of the
appafently univariaht éésemblage kyanite~-pyrophyllite-quartz over some 20 km
of outcrop ie problematical (England, 1972), The amphibolite~-greenschist
facies;Béuﬁdary is thought to be slightly up-grade of the beginning of the
kyahite-quartz Zone.

| ']Specimen P1 definitely belongs to the upper greenschiét facies
and PBVis‘probafly close to the greenschist-amphibolite boundary (Fig._?).
The metamorphic grade.of P2 i8 less well known becausé of the large distance _
separating it from the Dean Quartzite. It is probably'glose to and may

be slightly lower than that of P3.
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MSTHOD OF ELECTRON PROBE ANALYSIS

All analyses were made on a JEOL JXA-3A electron probe using an
operafing voltage of 20 kV and a specimen current close to 0.1 A, Corrections
fof absorption and fluorescence were made using a program develope& by
Frazer, Fitzgerald, & 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 cémpared with the results
from more modern instruments. Because of the inherently.poor precision
of the instrument, totals lying between 96 and 100% were considered acceptable.

An analysed mineral standard was used in order to minimize the
magnitude of corrections. The hornblende chosen was a kaersutite from
Spring Mountainsg, Nevada, kindly supplied by Mr N.G. Ware of the Australian
National University. Homogeneous hornblendes are rare and are generally
of high-temperature érigin. For this reason they are usually more magnesian
and aluminous and poorer in silica than hornblendes from amphibolites. A
previously analysed kaersutitic hornblgnde from Delegate, NSW, supplied
by Dr A.J;R. White was anslysed on the JXA-3A microprobe in the same manner -
as the hornblendes in Tables 3-20, The results appear in Table 2 and
compare well 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 exﬁected 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 calculatéd as FeO despite the fact that most
are bound to contain significant gmounts of F92°3' The reason for this
lies in the correction method, which, because it calculates all Fe as FeO,
underestimates fhe amount of oxygen in an analysis which should contain a

significant amoﬁnt of Fe203. When the program recalculates the analysis




TiBLE 2 ¢ MICKOPRCBL ACCURACY

Hornblende standard;
wet chemical analysis

Delegate Hornblende
XRF analysis

Delegate Hornblende
Microprobe Analysis

5105
Ti0,
M0
FeO (total Fe)
MnO
MgO
Ca0
Na20

K50

Total

39.51 b1.06 bo.66
5.64 .87 4,37
14.26 14,58 14,65
12.50 10, 84 10.95
0.09 0.09 0.09
11.36 13.16 12,97
10.12 9.95 9.87
2.80 2.86 2.98
1.59 1.55 1.39
97.87 98.96 97.93

e b oa 1 a
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to 100% hefore calculating £(X ) it arrives at a composition with excess
of metals over oxygen. Values for fcx)spec thus calculated are therefore

underestimated, The correction factor, which is very nearly equal to
£(%)std '
ff}Cispec

high total for the analysis. Neglect of trivalent Fe, because it causes

, is then overestimated, especially for light elements, giving a

an underestimate of the amount of oxygen, is responsible for an overestimate
of all thé othér elements when they are calculated with respect to a certain
number of oxygens (an anhydrous basis of 23 oxygens for microprope'analyses).
The method involves filling the smaller sites firat qnd the problem becomes

" acute in the case of Na, which is assigned to eifher the x of A sites.-

VI-VIII

The amount of Na ie generally only, small and .is underestimated by as

much as 100%. Nax_XII

is overestimated by the.same absolute amount but 1is
" relatively mére.accurate because of its largeé absolute value.

o Plagiociase analyses were carried out using the same kaerautite
standard as the hornblende analyses. Althbugh.differing qonsiderably in
chemical composition from plagioclase, the hornblende standard has very
similar values of £{X) for Ca and X to members of the plagioclase series
and‘corrections are therefore quite small, Plagioclaées'were analysed for
Ca and K and corrections were made.using a curve calculated by assuming
plégioclase to be a two-component system containing a fery small amount of
"K, Analyses are then expressed in terms of An and Or components,

Whole rock'analysea of rocks from the Cloncurry region were
carried out by Dr J.w.-Shefaton on a Philips PW1210 automatic x-ray
spectrometer. FeO determinations on whole rocks were made by Australian
Mineral Devélopment.Laboratories. Approximate values of the average Fe0

contents 'of hornblendes were calculated where posgible using the

micrometric -analyses.
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- POSSIBLE REACTIONS LEADING -ro THE

 FORMATION OF HORNBLENDE IN PLACE OF ACTINOLITE

BT

-rétrucfurél Forﬂﬁlaé and Slte Allocation

Amphibole compositions are ezpreased 'in terms of molecular
formulae calculated on an anhydroue baaia of 23 oxygens. Site allooation

is made in the following order (after Shido, 1958).
Site ‘ 'Speclea o |  Total
z (4 - fold) st . . 8
Y (6 = l‘dld)‘_ a1, reot s
™
| Mg, Fe, Mo’ |
X (6 - 8 = fold) Mg, Fe, Mn 2
o o

PPN P~~~ P~

Ta
4 (10- 12 = £01d) Ca o 0 -1
Na
K
CIaahlfieatian of oalélfé:ou; amphlboles is not discussed here,
but where nﬁméé are'uaed,'nuoh as taohﬁrmékite, parpasite, eto., they
adhere approximately to the soheme of Leake (1969).
| With a few exceptions the compositional ohangas expected are
essentially those that ocour during the transition from actinolite to
hornblende. The most important changes are:
1. Inorease A1'F and Fe’* Vi
2, Inorease in alkalis in the A site
5;- Inorease in Tivx
4. Deorease in Si with complementary inorease in AlIv.
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In ali these;-cbupled.gubstitutioqs are.mada,-in order to

7

maintain charge neutrality. In general (Al, Fe

-?éhcébpanied_By'AIIv; éifhdﬁgh in high-pressure terrains it may be coupled

with Na' 1V (Coleman & Papike, 1968). Alkalis in'the A site are. '

genefally bélancéd By AlI and in some cases by NaVI VIII Tl Vi ie

generally balanced by 2117 but it is possible that in rocks with very'sodic

plagioclase it may be balanced Ey NaVI-VIII. 'In'ﬁéhy'caééa'a small+ amount

seems_to be

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 subjéct to very large perééntgge error and are therefore

difficult to ,use.

Increase in LAI Fe 3+)VI

In the reactions suggested below 1scchemlcal metamorphism is

assumed.,
' ' e vial ' 34\ VI
To produce hornblende from actinolite by (Al, Fe” ) ~.
VI

A1"? substitution, reaction with (i) a Ca-bearing phase and (ii) a (Fe, Mg)-

bearing phase is necessary, and at least one of“these'phases'hust contain

Al (Fig. 3). ' N
' . - B VI,
The most commonly suggested reaction producing (al, Fe” ) in
- .hornblende is ~ - ' o oo _ —_— S - jf
. . : Y (A1.Fe t) A1Si
Ca, (Mg,Fe)s5140,,(01),+ 14(Mg, Fe )5 (A1;Fe”) AlSlBOTdDH)8+24Ca2A13313012(OH)
Actinolite -+ + “Al-poor Chlorite * - + .. epidote.
428510, —> 3 - 25Ca, (Mg, Fe) A14516 25(0H), + 44H,0 —{1)

+ dilica - -0 % . tschermakite S T4 - water: o
(after Shido, 1958)

| .

or, if chlorite is more aluminoﬁé N
. ) . . + . -

BCa, (g, Fe ) (51g0,,(0R),, + 14(Mg,Fe)4(A1,Eeéﬁ)2§12812010(QH)B

Actinolite ' + aluminous' chlorite . | _

+ 24Ca A13o15012(OH)'+'285102-—>2 32Ca2(mg;re)3A14516022(0H)2 + 44E,0 f-(z)

+ epidote o+ silica tschermakite + water
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Considering the abundance of relict(?) calcic plagioclase it is

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

Ca (Mg, Pe) 140, (OH) o+ 2(Mg,Fe)5(A1,Fe3+) A18150,(OR) 4+ 8CaAl,S1,0¢

Actinolite + Al-poor chlorite + anorthite
—> 5 Caz(Mg,Fe) 316 22(OH)2 + 4H,0 —(3)
tschermakite + water

4 + 5 &
Ca, (Mg, Pe) sSig0,, (0H) + (Mg,Fe) 4(A1,Fe3 ), A1,55,0,(0H) g+ 4Cakl,Si 0q

Actinolite + aluminous chlorite + anorthite
—> 3 Caz(Iv'ig,Fe)3A1 4516022(014)2 + 2H,0 —(4)
tschermakite + water

Epidote, and especially chlorite, are not common in amphibolites
from Soldiers Cap. Chlorite-grade metadolerites 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 S6., 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, Jlmenite 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
3+)VI

of hornblendes suggest possible reactions by whith (Al, Fe may be

entering the hbrnblende lattice., These involve opaque oxide minerals.

(a) Magnetite
Fe,0, + 2CaAl,Si,04 + 2810, + H)0 —> Ca Fe3A14Si6022(0H)2 + 0 —5)

374 8
magnetite + anorthite + silica + water ferro-tschermakite + oxygen
5Fe304 + 6CaAl, Si0g + BCaz(mg,Fe)S 818022(01{)2 + 3H,0 + 0
magnetite + anorthite + actinolite + water + oxygen _
—> 60a, (Fe, Mg)Brez A12816022(OH)2 —Ai6)

Ferri-tschermakite
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141’-‘930 + 12Ca,Al,Si,0 2(OH) + 425i0, +. 6H,0

4 2737731
magnetite + epidote + silica + water
-—%bBCaQFe5SiBO22(OH)2 + 9Ca2Fe3A14816022(OH)2 + 140 ' —(7)

.ferro-actinolite + ferro-tschermakite + oxygen -

10F3304 + 6Ca.2A_13815012(OH) + 3Ca2(mg,Fe)5 518022(0H)2 + 3E,0 + 12510,

magnetite + epidote - + actinolite + water + s8ilica
+ : )
—> 9Ca, (Mg, Fe), (Fe*), A1,51,0,,(0R), + 0 —(8)
ferri~tschermakite + oxygen

gaTiSiO5 + 238394 + 5Si02 + H20 + Ca..A125i208

sphene + magnetite + silica + water + anofthite

| —> FeTi0, + Cay(Mg,Fe)s (Fe3+)2 MLS10,,(0E), + 0, —)

ilmenite % ferri-tschermakite

(b) Ilmenite-

6FeTiOy + 14CaAl,S1,04 + 3 Ca,(Mg,Fe) g 'Sig0,,(0H), + 4H,0

ilmenite + anorthite + actinolite _ + water
.o ot
—>70a2(1~1g,Fe)3 A14Si6022(0H) + 6CaTJT5105 + 4510, _ _—_(10)
. tschermakite = + _ aphene + gilica

SFeliO; + TCaAl,Si,04 + 6Ca.2(Mg,Fe)5 518022(0}{)2 + B0 + 70

3 278

ilmenite + anorthite + actinolite +,  water + oxygen

—> T0a,y(Mg,Te)y Fe3+é A1,51.0,,(0H), + 50aTiSi0g + 15510, —{(11)

ferri-tschermakite + sphene + silica
4Fefrio3 + 4CA3A12513012(0H) + Ca, (Mg,Fe)5 518022(01{)2 + 2510,
ilmenite + epidote + actinolite + silica
.——>30a2(r-1g, Fe)5 A14SJ.6022(0H)2 + 4CaT18105 . ~—{12)
tschermakite + sphene

20FeTily + 14Ca2A13513o12(0H) * 17Ca, (M, Fe)5 318022(03)2 + 110
ilmenite + epildote _ + actinclite + oxXygen

iled i .1 3+ 1 ICa 3 .
.—)21Ca2(HD, r‘e)3 Fe “ 21\12516022(01{)2 .+ 2QCaT18105 + 32810, + 3H,0 —(13)

Ferri-tschermakite + sphene + silica + water

.

re
L
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Increase in Alkalis in the A-site

The only important reactions by which Na may enter the A-site

of the hornblende lattice are -

Caz(Mg, Fe)58i8022 + Na.A181308
actinolite + albite
—)NaCaz(Mg, Fe)5 A1817022(OH)2 + 4810, —(14)
edenite + silica

and

Caz(Mg, Fe)5 518022(01{)2 + NaAlSi O

378
. actinolite + albite
—>Na,,Ca (Mg, Fe)5 Si8022(0H)2 + Carl,Si 0g + 4510, —15)
richterite + anorthite + silica

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. When K is present in significant amounts it probably
enters the lattice by the following reactions:
KA181308 + c.—iz(mg,m:,-)5 S18022(0H)2—> KCa2(Mg,Fe)5A1s17022(0H)2 # 43102—(16)

Kspar + actinolite K-edenite + silica

277278

phlogopite-annite + anorthite + actinolite

K(Mg,Fe)3A1815010(0H)2 + 2CaAl,.Si. 0, + Caz(l‘lg,Fe)s 818022(OH)2

——)CaQ(Mg,Fe)3 A14816022(OH)2 +KCa2(Mg,Fe)5 AlSi7022(OH)2 + 2510, —17)

tschermakite + EKmedenite + silica

Increase in TiVI

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

Rocks with sphene + magnetite (e.g. C1, S1):
3O4 + BCaA1281208 + 9Si02 + 3H20

sphene + magnetite + anorthite + silica + water

3CaTiSiO5 + 4Fe

ey .. —>3Ca (Fe,Mg)., .TiAl,Si 0, (OH), + 40 ... . .. - ... ... =——=A{18) .
LRGN AT R8T 2202 o e e b s . e o Tt

T R

titanoamphibole + oxygen
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3Ca2(Mg,Fé)5 51g0,,(CH), + 4Cahl,S1i,04 + 6FeTi03 + Caz(Mg,Fé)3A14SiGO22(OH)2

actinolite + anorthite + ilmenite + tschermakite

2

+ water titanoamphibole

+2E,0 —> §Ca2(mg,9e)4 TiA12816022(0H)2

BCaTiSiOS + 4_Ca2(1v1g,Fe)3 Al 816022(0H)2 + 510,

4

sphene +  tschermakite + - silica

—>5CaAl,Si,0, + 3ca2(Mg,Fe)4 Ti,A12516022(OH)2 + B0

2

anorthite + titanoamphibole

_ i

—(20)
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DESCRIPTION AND ANALYSIS OF INDIVIDUAL SAMPLES

Petrographic notes are given, the analytical data for each
specimen are tabulated,\and the hornblende compositions are plotted on a
diagram first used by Hallimond (1943), which is still probably the least
inadequate two-dimensional representation of hornblende composition. The
number of silicon atoms is plotted against the number of atoms in:the A
site, with axes at 60 degrees, Hornblende compositions are approximately
contained by a quadrilateral with the following 'end membefs' at its apices
(clockwise froﬁ actinolite).
Tremolite - Ferro-actinolite Ca, (Mg, Fe)5 8140, (OH)2

Edenite - Ferro-edenite (NaCa2 (Mg, Fe)5 Al1Si OH)2

7922

Pargasite - Ferro-pargasite -

Magnesio-hastingsite - NaCa,(Mg,Fe), (Al Fe3+) A1,Si,0,,(0H)
> P AL | ’ 256722 2

Tschermakite - Ferro-

Ca (Mg,Fe)3 (A1, Fe5*)2 Al, 816022(OH)2

tschermakite - Ferri- 2

3

- )
Hastingsite )
3

)

)

tschermakite

The Hallimond diagram has a number of inadequacies -
(i) it does not discriminate between Fe-rich and Mg-rich hornblendes,
(ii) it does not discriminate between Na, K or Ca in the A site,
(iii) it does not. show the amount of (Fe? Mg) or Na in the X sites,

(iv) it does not show the amount of Ti or Mn present in the Y sites.

Neglect of trivalent iron causes an underestimate of the amount
of oxygen, hence aﬁ overestimate of the number of atoms per 23 oxygens in
the A site, and its effect on the position of an analysis on the diagram
is shown in Fig. 4(a). Hallimond plots of individual amphiboles are

shown in Figs. 5 and 6.
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ACF diagram showing analysed amphibolites from the Soldier’s

Cap area
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AFM projection through anorthite onto the hornblende

plane

FIG. 3



Tr sTs

Tig. 4(a). Disviaceuert tovwerds tschermaliite on the Hallimond
diagr=m of three typice. hornblende compositions
after 0.5 cnd 1.C 2toms cf trivilent iron cre taken
into acc-unt. '

Tr

\

Fig. 4(b). Plot of all hornblende analyses in this study.
Yoints marked by a cross u=re averages of hornblende
anaiyses from Soldier's Cap specimens vhere a whole
rock analysis was carried out., Fe3* is included end
vas calculated from the whole rock analysis.
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In a discussion of hornblende zoning, Fe is plotted against
A1VI (Fig. 8) and the slopes of the trends are compared with the
theorefical slopes given by equations in the previous section. Na is
plotted againét'A1v1 in rocks without or with very iittle free -quartz
(Fig. 9). Reactions 14 and 15 liberate large amounts of Si0, which must be
accounted for by silica-~consuming reactions in rocks without or with very
little free guartz. The slopes of thesertrends where reaction 14 and 15
are coupled with the varicus sllica-consuming reactions to produce no free
quartz are plotted in the inset.

Each rock is dealt with separatély[ and an attempt has been made
to discusé the most important reactions cbﬁtfolling hornblendd compoaitibn

in each individual case.

(a) Cloncurry area

C1 Albite + actinolite + diopside + calcite + quartz + sphene + magnetite

amphibolite (from Camel Hill, an outlier of Corella Formation.20 km
northwest of Soldiers Cap).

Very pale actinolite with slightly darker patches is rimmed by
deep Prussian-blue amphibole. The metamorphic grade is uncertain; the
presente of diopside would indicate temperatures of over 500°C if the

PEC, were above about 10%'of the load pressure (Winkler, 1967, p. 54).

0> .
However, flushing of the system with nearly pure water would cause a

drop in PECO well below this value, thus causing the reaction
2

Caz(Mg, Fe)5 5150,, (CH), + BCa:003 + 2510, —>5Ca Mg 51,0, + 300, -
actinolite + caleite + siliea diopside + carbon dioxide,
to 7o to the right at lower temperatures. .It geems probable, however,

that this rock was formed near the gréenschist-amphibolite boundary.
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Edenite solid solution, which could occur by reaction 14
(actinolite + albite —— edenite + silica)

has not occurred to'any great extent despite the presence of both reactants.
A trend towards edenité-pargasite solid sqlution is shown in the Hallimond
diagram (Fig. 5) but it has stopped far short of the extent attained in
the hornblende from specimen SSB, which was probably subject to similar
temperatures but was able to accept a much greater amount of Al and
presumably Fe3+ because greater availability of An in the plagioclase enabled
reactions such as 5, 6, 10, and 11 to proceed.

A steep increase in Fe content with A1"% in the amphibole (Fig. 8)
strongly suggests that reaction with magnetite is responsible.for the

I

introduction of Alv by reaction 5 (the limited extent to which this reaction

proceeded even when compared with reaction 14 probably reflects the small
amount of An component which was available in the plagioclase)., The slope

L tvend in amphibole for reaction 5 is 3/2 (Fig. 8),

of the Fe versus'AlV
This is less than the actual trend in the amphibole from specimen C1, It
is likely that reactions such as

BCaZ(Mg, Fe)5 818022(OH)2 + 5Fe304 + 6Cafl,Si,05 + 3H,0 + O

" actinolite + magnetite + anorthite + water + oxygen
3+
—> 6Ca,, (Mg, Fe)3 Fe’", A12816022(0H) —A(21)

ferri-tschermakite

and
5Fe;0, + 6Ca.oo3 + 24810, + 3H,0 —> 3Ca2Fe5818022(0H)2 + 6C0, + 50 —(22)
magnetite + calcite + silica + water ferro-actinolite + carbon dioxide

(which does not consume the scarce anorthite component in plagioclase)
may have occurreds

The Prussian-blue amphibole (analyses e, g, 3 in Table 3) is
subcalciferous and much richer in Fe and alkalis and even poorer in

aluminium than the actinolite. When total Fe is calculated as FeO, the
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values for Si are as high as 8.21 and there is a corresponding deficiency
in charge of the cations occupying the X site, of which a considerable
proportion is Na., It is concluded that this error is due largely to the

3+

neglect of the presence of Fe” , which would occur as riebeckite component.
Reactions producing riebeckite componént involve the introduction of Na
without accompanying Al and are difficult to understand in an isochemical
proceés without postulating the breakdown of albite to more aluminous phases
and the release of Na. Albite is thickly clouded with Fe-stained clay
minerdls and it may be possible for riebeckitic amphibole to have formed

at the same time as the breakdown of albite by a reaction such as -

2 NaAlSi, O, + Ca(Mg,Fe)5 318022(011)2 + 2H0 + 2c0, + 20—

378 2

albite + actinolite + . water + carbon dioxide + oxygen

kR w 3+ g n 3 {
Naz(Mg,be)Bre 5 318022(011)2 + 2uaco3 + A1281205(OH)4 (23)
riebeckite + calcite + kaolinite
If this is the case, then it is probable that the riebeckitic rims formed

at a late stage at lower temperature.

51. Actinolite + oligoclase + albite + calcite + magnetite + hematite

+ sphene + K-feldspar + chlorite schist

Actinolite is pale green (analyses a - e, h - j, n: Table 4)
with some darker green rims (analyses, f, g, k-m: Table 4). Plagioclase
is of two distinct compositions, An1.5 Oy 5 (average of 9 analyses)
and An29 Orz.1 (average of 10 analyses). The amphibole zoning shows a
steep trend of limited extent towards edenite-pargasite composition on
the Hallimond diagram (Fige. 5). There is also rapid increase in Fe with
Alv_I (Fig. 8), suggesting reaction between magnetite and anorthite
component of plagioclase as a means of introducing Al (reaction 5),

As with specimen C1 it is necessary to postulate an additional reaction

such as 22 in order to account fully for the steepness of the Fe versus
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AlVI trend. A reaction such as 22 is also necessary to account for the

absence of quartz which would otherwise be produced by the combination of
reactions 5 and 14 in the proportion in which they appear to be occurring
(see Fige 9).

Specimen S1 is the only low-grade amphibolite which appears to
have approached some degree of textural equilibrium, and in which no trace
of igneous texture remains. The plagioclase compositions may lie on either
side of the peristerite solvus. Because chlorite is rare the only possible
way actinolite can be transformed into hornblende by isochemical means in

a rock such as this is by reactions 5 and 6 combined with 14 and 15,

S2. Bluish-green hornblende + andesine + ilmenite + sphene metadolerite

Specimen S2 is moderately coarse-grained, with scattered patches
consisting of an aggregate of scapolite, clinozoisite, and prehnite (which
may be of later origin). Pale actinolitic patches (e.g., Table 5, analysys d)
are moderately common in the cores of the slightly ragged, sheaf-like
amphibole grains. The fine needles projecting into plagioclase are the
most aluminous and alkali-rich (Table 5, analysis f). The plagioclase
composition is An44 OrO°3 (an average of 18 analyses varying from An29 to 61

and Or The plagioclase in contact with the hornblende whose

0.2 to 0.5)°
analysis (a) appears in Table 5, is An40 Or, 3 Ilmenite has been largely

replaced by sphene and there is little doubt that iron from this source now
resides in the hornblende,

Zoning in hornblende involves only a moderate increase in Fe with

X-XII

m'l (Fig. 8), and Na with AL'T (Fig. 9). The slope of the Fe versus

W trend is too small for reaction with ilmenite to account entirely for

I

Al
the introduction of AlV and it seems probable that some chlorite has taken
part. Lower grade rocks from the area with similar textures generally

contain a variable but small amount of chlorite, some epidote and sphene
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with ilmenite, or in some cases magnetite., However, it is certain that

any further isochemical increase in (41, Fes+)VI which would occur with

increasing temperature could result only from reactions 10 and 11.

53, Bluish~-green hornblende + albite + ilmenite + biotite metadolerite

Specimen S} resembles S2 except for (i) the absence of sphene,
(ii) absence of calcareous patches, (iii) coarse grainsize and better
preserved doleritic texture, (iv) only rare actinolite cores in amphibole
grains, (v) much more sodic plagioclase, (vi) the presence of red-brown
biotite.

Of the hornblende analyses (Table 6), a - ¢ 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 has

an average composition of An4 OrO.1 but ranges from An1.8 to 12.8 and
Oro.1 to 05"
X-XII . .
The Na content of zoned amphibole increases at a greater

: than in Specimen 52, This is almost certainly

rate with respect fo AlV
related to the more sodic plagioclase composition of S3. The absence of
sphene indicates fhat reactions 10 - 13 could not have taken place and the
moderate increase in Fe with AIVI suggests a situation similar to that of
52, where chlorite may have taken part in the introduction of tschermakite
component. Hornblende analysis (a) is unusual in that it appears to

contain a large amount of cummingtonite component. Repeat analyses yield

similar results,

54, Blue-green hornblende + andesine + quartz + ilmenite + biotite +

chlorite metabasalt

Scapolite is moderately common and appears to be replacing the
original minerals in patches. However, ilmenite appears unaffected and
its texture within the scapolite-rich patches is identical with that in

the rest of the rock, Actinolite cores (Table 7, analysis a) occur in only



TABLE 5, SPECIMEN S2, ARALYTICAL DATA
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Or 5.85 Mn .. .021" . .022 - .023 025 . .021 - 025 022 .022
Pleg 53.75 . Mg 2.550  2.434 2,448 2.576 2.415  1.720 2.358 2.240
(% an) 69 S Ca . 1.995  1.955  1.969 2,050  2.070 2.031.  2.011  1.995
Fa 239271 2k 196 238 390 .262 .260
K - .05 .0b3 ©.036 0b2 L0l8 083 - .0okg LOlbg

Asite +378 363 252 .288 356 +505 <353 304
ng .56 .55 5 .57 .55 Wbb .5k .59

© U7 Micrométrie Analysis - Hba

* B

“Anﬂ_lyst ,. J .- Sheraton.



TAELE 6., SPRCIMEL S3, AKALYTICAL DATA -

Amphiboles’
Whole* . Average
Rock - a b c d T e f g 1 i Averagze ¥witk Fe G,
510, £1.56 50.33 46,35  ha.3h b6z 47.85  US.64  bA.E7  BBLS L3,k 46.51  kE.5T
150, a9 .07 .34 17 42 .25 .33 27 20w .27 (27
8,0, 12,57 7.50  2.97  12.85  10.55 6.0 5.57  11.05 6.11  13.56 8.50 £.50
Fe_0, 5.40 = & = S - - - - - 7.61
- 12.90 20,10 23.36  21.08 20,25 20,36 17,73 21.C5  19.83 . 21.90  20.63 3.7
1in0 0,20 05 .27 N - - - - - -
¥g0 2.79 1.7 10.16 7459 357 10.06  13.05 d.64 11,23 6.87 9.56 5.86
G 8.78 2.15 11,37 10090 1121 10.60. 11.62 10.90  11.46  11.77  10.89  10.29
Nay0 2.89 B9 22 W 109 .99 .05 .31 .13 .30 .20. .20
£,0 059 - 99 .21 .33 .22 .17 ©5 . 31 a3 .30 .20 .20
P,0 0.28 97.79 95.06 56.21 25 ; < ; Z Ao
205 . 9. 99.35  96.27  97.66  98.89  98.35  99.81 ¢8.02 .78
Total Ey0 0.26 . i
7.377 7.269  6.427  6.533  7.281  7.236  6.709 © 7.207  6.bk3  6.977  6.8L9
co. = . ;
2 .625 2550 1.573 1,67 719 764 1.290 \793 1557 1,023 1.157
Total §9.21 . '
.717 -000 <725 -£64 360 .207 659 .278 531 J4&o 324
ng .393 s
007 .041 .019 047,028 .037 030 .022 .ou2 .031 0%
(witk total .
Fe < Fe0) .321 - = > - = = = 2 = - -oh3
P NORK 2.461  3.061  2.677  2.497 2,591 2.196  2.633  2.486  2.73h  2.535  1.697
otz 1.29 .006 .035 .016 - = = = - - = =
or 3.45 2.556  2.379  1.741 2,086 2,082 2.881 1.926 2.492  1.527  2.205  2.16h
Flag 24.03 T1.122 0 1.876 0 1.937  1.767  1.728 1.877 .77 1.826  1.883 1.750  1.718
ke oo “ 39 .37 W512 31 290 080 .57 .26 W59 .33 L33
. BT -016 .00 062 0% L032  .005  .057 . .C25  .057 0% .037
By 17.72 025 W768 630 276 311 .287 576 .386  .62%  Jh2E .1kh
Mag 7.83 <51 43 <39 45 47 D7 42 50 36 46 .56
pet. _ 5.49
Ap _ 0.66
# I ) - Micropetric Analysis EHbd Plag Ilm
Anelyet, J. Skeraton. G i m . 46 5@ 4



TARIE 7. SPECIMEN S4, ANATYTICAL DATA

Whole* Apphiboles ' Average
~ Rock a b ¢ d Average with szo3
§i0, 47.67 49.21  43.55  41.54  42.72  44.27 44.27
TiCs 1.16 .19 43 .48 «45 -39 -39
81,0, 13.79 6.02  14.01  15.41  13.23  12.17 12.17
e Fe,0, 2.13 = - - - - 3.79
Fel 10.40 14.46 18.59 20.75 18.03 17.96 14.65
o W .18 .18 .19 A7 .18 .18
Mg0 7.02 13.19 '9.15 6.86  8.87 9.52 9.52
- - 12.48 1.9 12,07  12.47  12.25 12.25
Nay0 2.08 42 119 190 1.23 .99 .99
K0 6.3 .15 .53 90 .89 .62 .62
P,0g 0.13  Total 96.34  99.59  99.28  98.05  98.35 98.83
UelRl Tyt e 7.300  6.411 6,230  6.415  6.591 6.527
e’ s P ol .700 1,589  1.710  1.585 1.409 1.473
S B2 gvE 9 43 954 758 .72 .642
"B A .20  .047  .054 .05t .044 .043
(‘%itil;%’éﬁ‘% .500 et & = - = - -421
— worw  PeST 1792 2,288 2.604  2.265  2.236 1.806
or 2,09 M 023 022 .024 .021 .022 .022
Hies gy e 2.915  2.008  1.534  1.987  2.113 2.093
s ek ¢ Ca 1.982 1.892  1.940 2,007  1.954 1.935
- . 6.8 D8 120 41 .30 357 .285 .283
B Vg T 027 L0988 aT3 T .18 .16
o g.0c Asite o229 539 .603 617 .499 361
o oo ™ .62 YR AT .48 .53
hat. 3.20
Ap 0.3 ‘
Microametric ,Analyéis Hbd + Plag Qz TIlm Sph Biot Chlor Seap

’ - 60 2 4 2 1 1 1 13
* Analyst, J. Sheraton, : :
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a few large grains of -amphibole. Chlorite is present as very rare fine
veins and extremely rare flakes. Ilagioclase cgmposition in An33 OrO°4
(an average of 8 analyses which range from Any, 4o 48 204 OrO.} to 0.7).
The steep increase in zoned grains of Fe versus Al (Fig. 8) is similar
to that expected from reaction 5, but less than the slope expected from a
combination of Sland 6. It is possibie that small amounts of chlorite or

biotite may have taken part in reactions such as 3 and 4 or 17,

S5A. Blue-green hornblende + biotite + albite + quartz + ilmenite +

sphene amphibolite

S5B. Deep blue-green hornblende + oligoclase + microcline + quartz +

ilmenite + biotite + apatite amphibolite

Both of these rocks show good evidence of equilibration.
Although the hornblende of specimen S5A has a slightly variable composition,
that of S5B is homogeneous (Fig.IS, S5A, S5B). Only a trace of relict
igneous texture is present in specimen S5A. The plagioclase is S5A is
An3 Oro03 (an average of 19 analyses ranging from An, . g and Org . . 005).
The plagioclase from S5B is more calcic (An15 0.2 ~ an average of 12
analyses ranging from An,, . 17 and Ory 4 .o 003). The hornblende of S5A
coexists with a more sodic plagioclase than that of 55B, yet it is poorer
in Na (Tables 8, 9). It appears that Al has been unable to enter the
Y sites of the hornblende in S5A because of the lack of anorthite component
in the co-existing plagioclase and entry of much NaX—XI into the hornblende
would move it into the edenite field, which is apparently forbidden to
upper greenschist/lower amphibolite facies amphiboles (see Fig. 4B),

The Ti content of hornblende from specimen S5A is slightly higher
than that from S5B (Tables ¢, 9). This probably reflects the fact that
S5A contains both ilmenite and sphene, whereas S5B contains only ilmenite.

In other words, Ti is probably entering hornblende by reaction 19 in S5B

and both 19 and 20 in S5A.



.

S6. Green hornblende + andesine + epidote + ilmenite + sphene metabasalt

Amphibole grains which have replaced earlier ferromagnesian
minerals have moderately common actinolite cores (Table 10, analysis g).
Plagiéclase composition is An31 Oro.z, an average of 20 analyses which range
from An21 01'0.2 to An41 Or0.2. Hornblende zoning involves a marked increase
in Fe with AIVI, but there is no zonal relationship between Na and A1VI
(Figs. 8, 9). In general the hornblende is tschermakitic and poor in
alkalis -~ probably reflecting the calcic plagioclase coﬁposition and the
presence of epidote. The presence of 3% sphene indicates that reactions
such as 10-13 could have occurred, but about 8% sphene would have been
produced if they were entirely responsible for the transition from actinolite
to hornblende, "It is unlikely that the extra 5% sphene could occur as
“ fine clouding. Magnetite and a small amount of chlorite would also be

needed as reactants.

S7. Green hornblende + (oligoclase-andesine) + quartz + ilmenite +

sphene meta-basalt

An average of 20 analyses in quite close agreement indicates that
the plagioclase composition is An30 Or0 3¢ Plagioclase next to hornblende

(analyses b and f, Table 11) has a composition An,, Or Hornblende is

28 "T0.2°
homogeneous (Fig. 5, 57) but is a good deal richer in total Fe than any

of the low-grade actinolites or relict actinolite cores in moderate grade

rocks. It has probably originated in a similar manner to the hornblendes

wh:ich show a history of iron enrichment during the introduction of NaXFXII

and AlVI.

S8. Green hornblende + oligoclase + quartz + ilmenite + sphene metadolerite

The plagioclase is An16 Oro > (an average of 11 analyses in close
agreerent ). One actinolite core (Table 12, analyses, d, e) is present in

the section and there is a sharp increase in Fe with AIVI and a moderately

shzrp increase in NaX 31 yith A1) towards the hornblende rim (Figs. 8 and 9).



TABLE 8. SPECIMEN SSA¢ ARALYTICAL DATA

Rock a b c d e i 4 Average
Si0; 46.10 46.89  46.22  47.12  46.73  44.94  43.49  45.90
710, 2,64 .45 .40 .39 40 .54 .54 .45
1,0, 12.06 8.25 7.22 6.22 6.40 9.73 8.42 7.7
Fez0, 4.22 - o - - - - -
FeO 13.50 21,42 21,10 20.28  20.67  21.93  22.52  21.32
0 0.33 .28 32 31 .28 «31 «28 «30
; ¥e0 4.92 8.17 8.67 - 9.14 9.1 7.74 7.27 8.35
Ced 7.16 © 11,68 11.91 12,19 12,17 12.28  12.26 12,08
Fa 0 X 1.25 1.05 1.05 1.07 1.51 1.58 1.25
-0 2,57 67 .41 .33 .33 .61 .69 .51
P20, 0.26 Total 99.05  97.27  96.99  97.16  99.59  97.06  97.87
Total Hy0 "0.49
si 7.026  7.055  7.181  7.127  6.754  6.773  6.986
CO: 1.25° iv
ey Al 974 . .945 .819 873 1.246  1.227  1.014
Total 97.66 vi !
A .484 <354 297 277 477 .318 +369
ng .388 . j )
o1 .050 .045 .043 045 .061 <064 .050
(with total :
Fe as FeO) . .332 P> - - - - - i &
— sk Pe®*  2.685  2.695 2.584  2.657  2.75% .2.934  2.713
r 15.18 Mn +036 .041 -040 .036 .039 .037 .038
' e 33.89 Mg 1.823  1.972  2.074  2.072  1.732  1.688  1.894
fig eomtecs] 48 Ca 1.877  1.949  1.991  1.990  1.976 2.045  1.970
- 15.24° Fa 364 .308 31 .316 <443 479 .369
By 13.27 K 2130 .079 .063 .063 T 135 099
01 .81 Asite  .449 444 403 <437 . .603 +700 .502
Mag 612 ng .40 .42 .44 .44 .38 .36 .41
On 5.01
Ap 0,62
' Micravetric Analysis Hbd. Plag = Qtz Tin Biot
' C ' 33 40 10 2 15

- Aﬁe.'[ys_x_t{ J. Sheraton.



TARLE 9.  SPECIMEE SSE; ARALYTIGRL DATA Ui oL
Amphiboles .
s b e @ e o Average -
Si0,  41.39  41.02  38.95  40.49  39.70. 39:97  40.25 .
mo, .39 .30 .4 .33 42 .42 57
0, 13.20 1384 1342 13.50  13.35  13.57  13.48
i T - - - - Fa -
PeO  25.14  24.67  26.39  24.47 26,02 25.03  25.29
" M0 20 .24 2 .2 26 .23 .23
Me0  3.42  3.93 267 3.50 278 . 3.25  3.26

Cad  11.37  11.35 1134 1143 11.66 1152 11.45
Fa,0 .03  2.09 2.3  1.95 2,01 2:07  2.05

E.O .90 .12 .98 .82 1.33 1.22 1,00

. Total 98.03  98.17  96.38  96.70  97.52  97.30  97.38

si 6.442  6.361  6.254  6.386  6.295  6.309  6.341
AYY 1558 16390 1.746  1.614  1.705  1.691  1.659
a 867 .892 .79 .894 .789 834 .845
Ti .046 .03 .042 .039 .051 .051 .044
Pe}" - - - - - - -

PeZ* 3271 3,201 3.546  3.227  3.450  3.304  3.266
[ .027 032 029 .029 .03 .03 .030
g 792 .910 L6368 .822 656 .765 764
ca 1.896  1.885  1.953  1.930 . 1.981  1.949  1.932
Fa 613 623 662 .59 616 634  .624
K .180 L143 199 .165 269 .246 .200
Asite  .693  .723  .865 702 .866 812 .705
g .9 .22 .15 .20 .16 .19 .19

Micrometric Arnzlysis Hbd Plag Kspar Qté Ilm Biot Apatite
' 45 1 15 25 1 4 z



TiTIE 1C, SFECILLIN S6, ARALYTICAL DATA

Thole* #nihitoles Average
Rock a b c a e f g Average with Fe203
510, 25.16 42.67 41.92 46.56 44.82 43.05 44.78 51.92 45.10 45.10
7iCp 1,28 3T .44 .29 W37 W31 .42 .08 .33 .33
£1505 13.7€ 12,07 14.67 10.22 13.09 12.85 13.42  2.52 11.55 11.55
Fe, 0, 2.€7 - - - - - - - - 5.98
FeO 41.76 19,05 19.40 16.94 19.36 19.12 18.73 19,51 16.87 15.29
0 0.23 - - - - - - - - -
Lel 6.77 7.71  7.43 10.03 7.87 7.61 7.92 13.43 8.86 8.86
Ce0 1,58 12.18 12.12 12.40 11.89 12.25 12.50 12.17 12.19 12,19
a0 1.29 1.07 .87 1.20 .46 1,22 1,20 .14 .88 .88
E.0 .28 .26 .19 0.33 .09 .32 .29 .01 .21 .21
F,0; C.12 Total 97.37 97.03 97.95 97.95 96.77 99.05 99.78 97.99 98.39
Totsl E30 0,48 si 6.439 6.355 6.691 6.671 6.549 6.605 7.559 6.729  6.664
ce; - 2137 10561 1,645 1,109 1.329 1.451 1.395  .433 1.271 1.336
Total 95,10 A" 940 .975  .673  .969  .853  .941 - 761 .676
ng .503 Ti .041  ,049 .031 .041 .041 .046 .009 .037 .0%6
(witk total rT - - - - - - - - -442
Fe as FeQ) 457 o4 : R
Fe 2.404 2,460 2.097 2.410 2.432 2.312 2.376 2.354 1.889
CIPF NCRI: '
¥n - - - - - - - - -
or 1.54 '
: Mg 1,735 1.681 2.213 1,746 1.727 1.740 2.915 1.971 1.952
Flag 414,68 . .
Ca 1.968 1.967 1.969 1.897 1.996 1.942 1.898 1.949 1.930
(&n contert) 62
Na 2312 .255  .345  J131  .358  .340 .038  .255 .252
Di 23.75
K .048  ,037  .061 . .016 .060 .054 .002 .040 .040
Hy 20,C7 .
Asite  L450  .424  .388 148 46T  .375  .238 . .366 .222
01 1.79 .
ng 42 41 .51 42 42 W43 .55 .46 .51
lag 3.87
Ilm 2.62
AL 0.23
Micrometric Aralysis Hbd Pleg Im Srh Ep Ap
63 24 1 3 7 2

*Anzlyst, J. Sheraton
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Total Hy0
COp
Total
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Apelyst, J. Sherszton.
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[IABLE 11, SPECIMEN S7, AFATYTICAL DATA'
Fhole AmphibéleS.
. Whole* e o : R P Av '
Boick al b e o 4. o f - average ATPTAES
STt T e S T SRR itk Fej0,
49,40 §1.26. 520187 4068 41.26  B1.1% - Wib9. B33 44,33 52
2.18 A N I B - R
13.54 W55 13016 M AB320 W76 12.91  Thi02 14,02
4.81 - - - - - = 727
13.20 21.79  21.62° 22.28 22,80 21.33  21.48 © 1.0 15.36
0.41 35 .33 .33 33 W35 32 Wk L3k
3.98 5.7 643 5.59  5.77 5058 6u43 . 5.55  5.35
8.69 164 1187 4175 1173 1179 1175 G175 1196
2,09 1.80 °° 1.67 1.87 1.82 1.25 1:569 1,78 1,78
0.38 3h 28 .35 .30 2 .23 .30 W30
0.20 Total  98.10  97.36 97.78  93.35  $7.95 96.63 97.80  98.53
0.57 5i 6.297  6.435  £.261  6.299  6.292 6.421 6,335 A.1i2
- Al 1703 1562 1735 10701 1,708 579 1.855. 1.E1E
99.45 Al o210 LE75 W77 WSSH W776 LEE7 .75
-503 Ti (053 L0350 - .05h  .0uE L0305  LO47 .Gl LCW
. “e3+ - - - - - - - 818
457 5 .
ORK: T 2,77 2756 2.857  2.861 24793 2,700 2.537 1.5t
7.2 ia QU5 JGh3 L0l 7043 o5 Lom2 .oqak o3
225 g 1,335 1464 1,253 1.316 .27k 1.485 1,339 1.326
412 Ca 1,504 1.940  1.942  1.979  1.933  4.550  1.931  1.ézz
w Ga S53h LBGh L5509 | 333 .547  .306 .53 .316
, K 055 W05h L0569 .039 .06k .045  .080 058
12,95 )
o260 aeite 50 LBOh Stk S5 L 630 86 .35
&g .32 S35 .31 .31 3 W34 W32 .
6.97 .
RV,
0.47
Micrometric Analysis Hbd Flag Qtz Ilm Sth
' 56 29 10 4
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TABLE 12, SPECIMEN S8, ANALYTICAL DATA
_Amphiboles
a b c d e f Average
510, 40.32 42.37 42,49 47.18 47.87 43,77 44,00
Ti0, .57 73 .83 45 .35 .61 .59
AL05  12.98 12,03 1.b4k 6.56 b7 9.98 9.62
FeZO3 - - - - - - -
Fe0 25.38  20.41 20.29  18.65  17.88 19.71 20.39
Mno .23 .22 .21 .19 22 22 22
lig0 5.77 7.17 7.23 9.53  11.18 £.06 - 8.16
Ca0 11.90 12.17  12.20  12.17  12.52 12.37 12.22
a0 1.04 1.36 1.88 1.30 1.02 1.55 1.58
K50 .75 .75 69 .37 .30 .52 .57
Total  9S.77 97.71 97.2¢ 96.40 96.07 9€.81 97.35
51 6,194 6.481 6.525  7.177 7.292 6.715  6.737
at’ 1.506 1.519  1.471 &23 708 1,284 1.253
A" sk Leks 602 .353 L1365 521 7k
Ti 065 .0c3 .095 .052 Nell'o! .070 068
r e:‘+ - - - - - - -
¥e2t 3,262 2.611  2.606  2.37h  2.27¢  2.528 2.6
tn 030 .029 .027 .025 .025 .029 ,Czc
g 1.323 1.634  1.657  2.16z  2.339 1.046 1.882
Ca 1.957 1.5 2.008 1 .605 2.045 2.037 2.005
na ;541 554 559 32z .30C 457 RIS
i .155 YRS L3k .07G .059 .100 .11
~site e ? 697 701 438 426 .595 .605
oe .25 L3 .39 47 .52 b2 o4
Micrometric Anelysis Hba Plag Qtz Ilm
52 39 5
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The scarcity of sphene shows that ilmenite could not have taken a major

)VI

part in reactions leading to hornblende rich in (Al, Fe3+ , and magnetite

appears to be a better choice as an importaﬁt reactant.

S9A. Green hornblende + oligoclase + quartz + ilmenite metagabbro

S9B. Green hornblende + oligoclase + quartz + ilmenite + sphene amphibolite

All traces of igneous texture have been obliterated in specimen
89B, which also has the more calcic plagioclase (An26 Or0 5) compared with

that of S9A (An15 0 Plagioclase 1is homogeneous in both rocks, Both

r9.25)‘
hornblendes are homofeneous (Tables 13, 14). SpecimenAS9A is poorer in

aX-XII (if the analyses are recalculated taking Fe3+ into account) as well

5+)VI

N
as (Al Fe and the pair is analogous to SSA and B, (Fig. 5, S9A and S9B).
A higher Ti content of the amphibole co-existing with sphene as well as

ilmenite is also observed,

510, Green hornblende + cummingtonite + oligoclase + quartz + ilmenite

amvhibolite
The presence of cummingtonite is expected from the position of
this rock on the ACF diagram (Fig. 3). Specimen S5A, which plots close
to 510 on the ACF diagram, contains biotite instead because of its much
higher K20 content. Plagioclase is An18 O:c'o'2 (an average of 15 analyses
in close agreement). Hornblende is homogeneous (Table 15), At lower grade
Specimen S10 may haye contained chlorite or a large amount of magnetite with

a magnesian actinolite.

S11. Green hornblende + (oligoclaseéandesine) + ilmenite + sphene amphibolite

Specimen S11 comes from a rock containing alternating layers of
hornblende + ilmenite + sphene and hornblehde + quartz + ilmenite + sphene
with a little plagioclase, The homogeneous plagioclase is AnBO Or5.
Hornblende is homogeneous (Table 16). The whole rock is high in normative

pyroxenes, poor in normative albite, and quite magneéian. It may be a
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metamorphosed igneous cumulate but its near monomineralic nature and
prominent layering suggest that its chemistry may have been affected by

metamorphic differentiation,

(v) Petermann Ranges Area

Specimens P1 and P3 are amphibolites typical of their respective
grades, but P2A and P2B are partly metamorphosed troctolitic gabbros,
which were probably metamorphosed under conditions of PEH20<< P total.
Hornblendes from basic rocks from the Petermann Ranges have been analysed
so that amphibolites from a moderately high pressure teriain may be compared
with those of low-intermediate pressure (Cloncurry). Previous studies
have shown the amount of Na in the X sites to be higher in the loﬁ to
medium grade hornblendes of high pressure terrains compared with hornblendes
of lower pressure origin (e.g., Shido & Myashiro, 1959), However,

3+

uncertainty in Fe content of hornblende leads to very large relative

errors in the amount of Na = Viil (which is generally small) and precludes
a meaningful comparison in terms of NaVI_VIII.

The homogeneity of low-grade hornblendes from the Petermann
Ranges is in marked contrast to those in the Soldiers Cap amphibolites;

this may reflect the longer time available for equilibration in the more

deeply buried Petermann Ranges amphibolites,

F1. Very pale green hornblende + epidote + biotite + oligoclase + ilmenite

+ chlorite + quartz schist

Both green and brown biotite are present. TEpidote contains

3+

about 0.45 fe ions per formula unit and homogeneous plagioclase is

Mgy Ury es

Specimen P1 is probably equivalent in grade to S2 or S3.

However, the hornblende combines a high value of Mg/(Vg + Fe) with fairly

I

large amounts of 21" ang Na, and is also homogeneous (Table 17).



BABIT 13, SEECOOT SRA ATaTYTICL TaTa
Ao bitelss
. . Average
a b c ) d . { Average wvith
e 0y
S . A1 4L 4643 4SI35 A9 MAT3 . M 4448
20 ?.09 ‘ .65 68 .67 - .65 .65 .ST - .65 .65
B0, 370 S 94T 9.52 9.2 8.42  9.02 8.6 9.09  3.09
FesG., 541 - - - - - - - 6.27
FeC 7.55 22.24  21.85  22.31 21.70 22.22 22.48 22.13  16.49
s ez ' C .29 .32 .27 .33 . .28 .26 29 .29
¥ 38 8.50  8.27 B.23 278 B8.70 ° B.61 - 8,52  8.52
cec fovn _ CUIL37 111 11022 11,28 11,57 11,36 11.32 11,32
Bl 5am : 167 1.82 170 1.60  1.60 1.0 1.68  1.68
£,0 e 8 49 48 40 - .41 - .50 W4 46
P,0c 0.4C - - Total 93.46  97.97 9377 w852 33,37 48.33  98.62  99.25
“otal -~ B0 C.42 Si 6718 6.711  6.740  6.863  b.To3  0.725  6.753  6.649
RS £.05 Y 1282 1,289 1250 1,137 1,237 1,275 1.24T 1.351
| Total gL ' A" 367 0 426 421 .36 .362 L334 J3T9. .20
mg 422 Ti .092 - .079° .076 . .074  .07T4  .064. .0T4  .OT3
with total . ... Fe’t - - - - - - - 7
- ('Fe 25 ;eo) « 30 2 L. B ) 7C5 »
+ : ;
CITW NORN Feo ' 2.83 2.793. 2.827. 2,747 . 2.797 .2.§59 . 2.809  2.061
. Mo .033  .042  .035  .043 .03  .033  .037  .037
Qtz . €13 : ,
o : g 1.931  1.835  1.862  1.979 1.954 1.955 - 1.928 1.899
or 4.49 o . _ . -
. . Ca 1.854 1,819 . 1.822 1.830 1.867 1.855 1.842 1.813
Plag €3.21 i . . o . .
T : Na <493 539 499 <470 468 502 " .494 -487
(An contert) .26 . ) o C - .
- ' K . .089 .094 .09  .077  .079- .09 - .089  .088
i 9.50 oo ’ oo . . o
Asite  .698 . ..676 .633 .586 L6371 699 . .653 . .413
By 13.63 ' - S - '
: ®mg . .40 .40 - .39 .41 41 7 40 - .40 .48
Xag 3.52 . i - :
Iim 2.07
Ap ’-0.95
Cal - 0.11
Micremetric Arzlysis Ebd - Plag Stz Iim
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TABLE 14, SEECIMEN S9B, ABALYTICAL DATA - . | :

Amphiboles ‘ Ave
¥nole * ‘ a b e d e f Average ;:tg
Rock . , 273
510, 49.20 42.15  42.65 42.70 42.43 42,35 42.84 42.52 42.52 '
T80,  1.92 .15 .80 .82 .78 .98 .83 .83 .83
4,0, 17.78 13,09  13.26 13.25 13.15 12.36 12.65 12.96 12.96
Fe,0, 3.40 - - - - o - = 5.60
FeO 10.90 19,56  19.87 19.79 19.90 19.64 19.89 19.78 14.T1
¥nO .20 .27 .28 .29 .29 .27 21 .28 .28
MgO 3.88 6.78 6.74 6.63 6.61 6.88 6.72 .6.73 6.73
ca0 9.13 12.30 12,00 12,31 12.20 12.34 12,07 12,20 12.20
Na,,0 3.59 174 1.73 1.7 1.75 1.72 0 1.86  1.76 1.6
E,0 0.47 J4 75 W15 T4 700 LT .73 13
Py0; .10 Total 97.40 98.06 98.32 97.85 97.26 97.84 97.79 98.32 -
o, Bl Eloks S1  6.436 6.450 6.456 6.451 6.482 6.509 6.466 6.378 .
g L. Y 1,564 1.540  1.544  1.549  1.518  1.491 1.534 1.622
Toball . WD ma" 794 .826 .817  .806  .713 .73 .788 669
 ue i .085 .090 .092  .089 .113°  .095  .094  .094
(with totzl Pe}‘ - _ - - - . _' 632
Fe as Fe0) .327
Fe2t  2.498 2.518 2.503 2,532 2.513 2.527 2.515 1.845
CIm NORM ;
Mn .03  .037 .039  .039  .0%  .035 .03  .035
or 2.78
e 1.544 1.520 1.494 1.499 1.570 1.525 1.525 1.505
Pleg 61.38 : :

5
N
.

o
ey
N

1,946 1.995 1.988 2,024 1.965 1.988 1,960
(An content) 51

Ra 515 .506 S1T . 512 «507 «544 <517 512

Di | 11.42

K .143 147 144 .143 .136 .135 <141 . 140
By 9.82

Asite .670 +653 .656 .643 «667 644 <646 .612
01 6.47 ; ' )

: ng .38 037 -37 -37 -58 057 057 '44
Mag 4.93 i : - i
Ilm 3.65
Ap ' -0.24
Micrometric Analysis ~ Hbd Plag Qtz Ilm Sph .

40 45 10 1.5 3
*Anslyst, J. Sheraton . e _ . .
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FABLE 15, SPECINEN S1C ATALVTICAL DATA

~=hibe-es C‘::i-ntg' m.  Average | Average Hb
Tz . » . d . ¢ ¢ h 1 J  Homblende  with Fe,0;
510, 5C.60 4531 43.23  42.95 .43.05  53.17  43.27  43.34 4317 42,20 53.05 43.07 43.01
250, e €6 .60 .63 .58 .05 43 .58 <55 0.7 0.4 .45 .45
41,05 12,15 12,19 148 L9 ILT6 .63 LT3 13 11,79 12.21 0.94 1.81 e
Fey0y 4.21 - - - - - - - - .- s - T3
FeO 13.70 23.05  23.35 23,50  23.61  31.06 23.38  23.62 23.13  23.53  31.25 23.40 16.60
40 6.3 2T .32 .28 .31 .8 .23 .23 .24 0.23 019 .26 .26
'y so7 740 7.0 69T T.03 1274 695 7.0 6.4 651 1236 7.00 7.00
a0 7,08 10.60 11.38 © 11.16 11.24 73 1.62 10,96 11.74 11,57 1.0z 11.28 11,28
Fay0 S 171 162 162 172 .31 161 164 161 166 0.3 1.65 1.65
k0 03¢ .34 .35 35 o34 .01 .41 .3 .38 0.44 0.04 .37 | .37
7,05 0.1 Total  99.53  99.42  93.37 99.§3 99.75  99.68  99.12 99.55  98.50  99.95 99.29  100.05
Totel By 0.18 si 6.515  6.541  6.502  6.505  T.926  6.531  6.573 6.520  6.465  7.888 6.524 6.409
co, . YT 1485 1459 1.498  1.495  .0T4  1.469  1.427 1.480  1.535  .112 1.476 1.591
Total 995 a" 676 .86 .626 1599 .0%  .628  .596  .619  .670  .053 .635 481
a e T 075 .068  .0T2 066 004 .049 066 .062  .019 .06 .051 .050
(Wit} tctsl 1o r - - - - .- - - - - - - .e27
Feas TeO) T R oia98  2.950 2,975 2,984 3.946  2.950 2.9 2.922  3.016  3.886  2.964 2.0¢5
e R 035 - .041 .03  .040  .109  .030  .030 .031 030 .099 034 " .033
‘tz 2 1.662  1.601  1.571  1.584  2.829  1.559  1.605 1.560  1.489  2.742 1.580 1.552
= T e 1709 1.844  1.809 1,820  .116  1.878  1.780 1,900  1.900  .165 1.830 1.798
Flog 4857 ma | U500 .AT4 ATS  W502 090 4T3 480 471 493 101 48t 476
(An contert) &1 x .065  .067  .067 065  .002 079 065 o072  .085 .00 .035 L0355
Di 11,75 Asite .618 635 ..652 «659 .132 646 .§19 637 702 068 612 .'337
By 25.15 =g ¥ 3 o34 o34 A1 34 35 .46 .33 a1 .35 43
Mog 6.0 :
i1p 2,62
AF . Cus
¥ crcmetric Aralyeis Bvd Cr Fleg  Qtz e
’ : 37 9 32 19 3

*Analyst, 7, Eherzter
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_TARIE %6, SPECIMEN S11_ ANALYTICAL DATA

Rock
Si0, 45.47
T80, 1.93
£1,0, 10.03
Fe 0, 6.48
Fel 13.30
MnO 0.35
Mg0 8.06
Ccad 10,90
¥e 0 1,00
E0 0.67
505 c.18 Total
Total H,C C,52 si
CCo - alv
Totel 9€.9C R
g 512 v
AU
urvi ;t;e;_) 424 re’*
o jORK Fe*
Qtz 1.62 Mn
or 3.96 Mg
Plag 30.3€ Ca
(Ar ccrvert) T Fa
T: 26,30 K
By 23.6¢ Asite
Meg $.40 g
Tin 3.67

Ar 0.42

Xicrometric Analysis

Analyst, J. Sheraton.

Amphibeles
h .

[— 1

: . Average
a c - d e Average with Pezo3
42.97  43.T4  43.61  43.10  43.52 4339 43.39
7 09 .84 .85 .18 .81 .81
11.23 1.13 11.42 M7 11.22\ 11.34 11.”
- - - - - - 7.36
19.61  19.63 19.65 20.17 19.86  19.78 13.18
2 .24 .24 .23 .23 .23 .23
9.42  §.66 9.23  9.23 9.39 9.39 9.39
12,08 12.14 12.11 12.27 11.99 12.12 1'2.1?
©1.5% 1.51 1.63 1.68 1.59 - 1.61 1.61
.59 .56 .60 .63 .56 .59 .59
98.44  99.39  99.34  99.86  99.25  99.26  99.43
6.485 6.525 6.512 6.430 6.513 6.493 6.377
1.51; 1.475 1.488 1.570 1.487 1.507 1.623
.484 .482 «524 489 -492 494 341
.086 .087 .093 095 .088 .090 .089
- - - - - - .814
2,475  2.448 2,454  2.515  2.486  2.476 1.620
.028 .031 .031 .029 .029 .030 .028
2.119 2.146 2.057 2.051 2.094 2.093 2,057
1.954 1.940 1.938 1.960 1.922 1.943 1_.908
.451 438 474 .485 490 .468 .458
.110 .105 =113 .119 .105 +110 .110
JTI0 L678 L6853 143 .706 .703 477
.46 .46 .45 .45 .45 .46 .56
Fbd Plag Gtz Tin Sph
72 1 23 2 2
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Neither of these characteristics is observed in the Soldiers Cap hornblendes.
It is clear that reaction with iron oxides cannot have been responsible
for the formation of the hornblende., Chlorite and epidote still remain
and are most likely to have been the principal reactants forming tschermakite

component.

P2, Specimens P2A and P2B come from a body of metamorphosed olivine
gabbro which occurs in an upper greenschist or lower amphibolite facies
terrain.. The body is distinguished from other basic intrusions by its
larger size and the lack of alteration at its centre, P2A, which was
collected close to the contact with granite, contains chlorite and abundant
biotite. Specimen P2B, which was collected from near the centre of the

body, is much less altered and contains relict olivine.

P2A, Hornblende + cummingtonite + biotite + chlorite + andesine + K-feldspar

me ta—gabbro

Although some of the plagioclase is primary, most has been made
over to sodic andesine. A small amount of K-feldspar is present. Both
olivine and augite have completely given way to hornblende, cummingtonite,
and biotite., Former olivine sites are recognizable as patches of pale tan
biotite and moderately coarse prismatic colourless cummingtonite, more or
less surrounded by coarse and fine prismatic hornblende. Some amphibole
prisms are made up of both hornblendé and cummingtonite growing in
strﬁctural continuity.

As in P2B the hornblende is pale despite its aluminous composition
(Table 18). Because it contains components of broken-down augite, it is
less aluminous énd alkali-rich than the hornplende of P2B, Chlorite occurs
as scattered large flakes: it shows no signs of disequilibrium with other
phases and in most places contains included euhedral prisms of both

hornblende and cummingtonite,
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P2B. Hornblende + almandine + plagioclase + hypersthene + cummingtonite

+ magnetite metamorphosed troctolitic gabbro

Flagioclase (about An59 0r0.4) and especially augite appear to
be largely unaltered, but relict olivine is separated from plagioclase by
rims, firstly of fine-grained mégnetite, then cummingtonite which may
contain scattered anhedral grains of hypersthene, and finally hornblende
studded with a féw small garnet crystals. Despite its pale colour (x =
pale straw yellow, y = very pale apple green, z = pale greenish blue) it is
extremely aluminous and its vacant site is almost filled with alkali atoms

3

(Table 19). It is notably poor in Ti and may be low in Fe +, factors which

are probably responsible for its pale colour. Hypersthene has a moderate

negative 2V and is very slightly pink., It is granular in habit, with no

sign of optical continuity between adjacent grains. It appears that the

corona structures were produced by the following reaction:

Olivine + plagioclase + H2O + O —— hornblende + garnet + cummingtonite
+ hypersthene + magnetite.

To test whether the coronas developed by such an isochemical
reaction, a CIPW norm of the reaction products was calculated. Hornblende,
cummingtonite, hypersthene, and garnet were analysed (Table 20), their
proportions by volume, together with magnetite, were measured by point
count analysis, and mole proportions were calculated, using data estimated
from Robie et al., (1967). Fe in magnetite was recalculated in the divalent
state. The results appear in Table 21, Olivine and plagioclase make up
about 97% of the normative constituents. Diopside (3%).and nepheline
(only 0.2%) remain. The measured olivine composition, Fo44, corresponds
with the normative composition, F°46-5' The measured plagloclase
composition (An59) is more sodic than the calculated composition (An65),
which is entirely determined by the composition of the hornblende in the

corona. The hornblende probably contains the maximum possible Na, and
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._TABLE 17. SPECTMFE I~ ARAIVTICAL DATY

Amghiboles

a N c d [ L 4 Average
sio, 45.60 45.% 45.05 45.83 44.87 45.49 45.53

'?102 L3 - .32 .3 .34 41 T .38 .35
u.‘,b" 12,11 11.86  11.73  11.98  11.91  11.33 11.82
PO, - - - - - - -

PeC 12.02 12.23 12.14 12.34  12.70 12.17 12.27

mgo 13.50 13.23 13.07 13.20 12.73 12.89 13.10

CaC 1188 12,01 . 12.06. 12,12 12,09  12.02  12.03
W0 1.62 153 140 161 155 1.56 1.54
K0 .23 .23 .26 .24 .27 .23 .24

Total 97.65 97.11 96.43  98.02 96.92 96.38 97.24

si 6,635  6.648  6.649  6.65T  6.61T  6.716 6.654
alY 1365 1032 10351 1.343 1.383  1.284  1.346
a3 e 691 707 .68T  .687 .697
Ti .035 035  .039 .037 .045 .041 .039
> - - - - - - -
Pe2t  1.462  1.499 . 1.499  1.499  1.565  1.502  1.504
Mn .046 .044 .047 044 .050 .042 .046
Mg 2.928  2.891  2.878  2.85T  2.799  2.838 2.865
Ca 1.852  1.885  1.908  1.885  1.910  1.901 1.890
Ba 459 436 402 455 445 448 a4
¢ .044 .044 .049 .046 .051 044 .046
Asite  .539 .532. 512 .532 .551 503 528
ng

66 .65 65 .65 .63 .65 .65

Nicrametric Analysis Hbd Plag Qtz Iim Biot Chlor Epidote
4 34 15 3 26 4 7



IARLE 18, STECTMEN P24 ABALYTICAL DATA

Hornblende c .
8 b c d e Average r g n ‘1 3 Average

si0, 42,72 42.74 42.21 42.28 43,06 42.60 53,57 54.00 53.42 53.96 53.68 53.73

'1"102 .53 .63 .50 .53 .50 .54 0.02 0.13 .05 .03 .02 v
uzo) 14.92 15,05 14.68 15.15 14.74 14.91 1.19 0,95 97 .86 9N .98
Pezo'i - - = = . - = - - - - o

FPe0 15.34  15.84  15.85  15.54 15,26  15.57 23,23 23.82  23.44 23,57 23.78  23.57

MnO - - - - - = - = - - - -
Mg0 973 10.07  10.00  9.98  9.78  9.31  17.19  17.58  17.53 17.77  17.60  17.53
Ca0 11,27 11,20 11.06  11.16  10.98  11.13 .91 .71 .76 .12 - .62 T4
Fa0 1.85 1.74 1.68 1.67 1.73 113 % - = e - -
K0 .25 .23 .24 .28 .22 .24 - B = - - .

Potal 96.59 97.49 96.21 96.57 96.27 96.63 96.10  97.19 96.17 9%6.91 96.61 96.60

si 6.381 6.338 6.359 6.322 6.437 6.367 7.947 7.924 7.918 T.931 7.924 7.927
al" a9 1662 1641 1.678 1565 1.633 .055  .076  .082  .069  .076 .073
a"™ 1009 .970 .966 .93 1.0%4  .995 .154 .09  .089  .0B1 .082 .097
™ 060 .oT .057  .060  .056 .06 002 .015  .006 .04  .002 .005
Pet - - - - - = o - - - - -
P 1.917  1.964  1.960  1.944  1.907  1.938  2.845  2.925  2.904  2.897  2.93  2.908
¥n a - - % - - - - _ R - -
Mg 2.966  2.225  2.246  2.225  2.180  2.208  3.804  3.443  3.570  3.894  3.874  3.855
Ca 1.803 1779 1.784  1.787  1.761 1.783 0.144 5 492 0.122  0.114  .098 117
Ha .535  .500  .488  .485  .504  .502 - . ) ) _ _
K .044 044 046 .057 .041 .046 = _ _ - _ _
Asite 534 +552 .546 <547 -484 -533 - - - 5 = -

ng .53 <53 .53 .53 .53 «53 57 .57 .57 .57 .57 .57



TABLE 19, SPECIMER P2B_ ARALYTICAL DATA

tonite Cummiretonite .  Average bverege
. . . e . ¢ c 2 5 3 x 1 . n o 0 , Horrtlende Cumingtonite

510, 42.27  40.82  40.24  40.06  39.90  39.59 39.20  39.51  39.19  54.69  39.68  40.31  39.33  38.76  38.30  55.58  55.31 39.8 .
Ti0, .04 .04 .03 .04 .05 .03 .03 .04 .04 - .05 .05 .02 203 .03 - - o )
1,0, 1652 . 17.84 1897  19.30  19.99  19.76  20.37 21.30  20.94  0.43  16.87  18.21  19.39  20.52 20,61 .46 61 19.2 0.3¢
Fe 0, - - - - - - - - - - - - - - - - - - -
PeC 15.69  15.61  16.40  16.08  15.74  16.56 16.67 1616  16.92  21.56  15.66  15.05  15.95 15.59  17.04  22.47  21.49 6.1 2138
#n0 .09 . o4 .07 .10 .15 .07 .1 e .21 .09 0 L .10 .10 .24 .30 0.11 .26
MEO  10.47  9.61 5.5 9.44 8.87  9.28 9.33 857  8.61  13.50  10.15  10.15  9.42 9.07  8.97  20.41  20.89 9.4 26.3
cad0  11.35  10.86  11.26  11.04  10.89  11.05  10.89 10,85 . 10.51 .58 10.96  10.50  10.05 10.686  10.62 41 .58 10.8 .57
Faj0 = 2.64 2.7 2.83 . 3.00  2.80 2.0 2.90  .2.81 2.97 AT 2.86 2,79 2.86 2,79 2.2 - - 2.8 1
K0 0.89  0.40  0.48 0.3  0.41 0.44 0.44  0.44 .51 .03 .46 0.38 .35 40 .45 - - 0.4¢ .03
Total 99.96  98.01  99.79  99.47  98.73  99.70 99.99  99.73  99.80  97.17  96.79  9T.54  97.51  97.97 99.05 99.57  95.15 9.7 9E.7
Si 6.156 6,047  5.891  5.861  5.859  5.807  5.736  5.763  5.740  7.951  5.989  5.985  5.866  5.836  O-O'0  (+899  7T.871  s.8e 7.91
At tleas 1953 2,109 2.9 2.141 2,193 2,263 2.237 2260 .049  2.011 2,015 2,134 2.1e4 220 G700 2.z -08
a9 1162 1.165 1,221 1313 1,225 1.249 1.423 1.355 .026 .99 1,173 1.274 1051 o8 -000 .000 1.22 .00
™ .004 .004 .003 .004 006 .003 .003  .004 ..004 - .006 .006 .002 .004 -004 h B -0 oo
Fe}.,, - _ - - - " - - - - - - - - - - - - -
Pt 1,912 1,934 2.008 1975 1.93  2.028  2.040 1.9T1  2.072  2.621 1.978  1.89 1.989  1.96p  2-109 2671 2557 1.0 X
Mn .01 .013 .018 .018 .008 .013 .018 .008 .013 ,025 0N .013 018 013 013 .028  .036 .01 Nex!
Mg 2.275 2.124 2.063 2,066 1.942 2.030 2.032  1.864 1.879  4.225 2,283 2.246 2.094 2.034 1.98C 4.325  4.432 2.0’} 4.33
Ca - LIT1 WT24 WTET TR I3 1736 1,706 1.692 1.649  .091 - 1.772  1.672  1.605  1.721  1+685 063 085 .7t -08
Na .46 778 .804  .856 .798 .824 822 797 .842 .047  ..840 .803 826 .814 -840 - - .81 .02

K .166 077 .09  .068  .0T7 .083 .083  .081 095  .004  .088  .OT +066 076 084 - - .03 .07
Asite 879 .816 918,945 2791 .908 .953 -840 .90 039 968 .854  .874 .876  :983 - -109 -90 .12
» .54 .52 .50 .51 .50 .50 S50 49 -47 61 .53 54 51 .5 ++48 62 .63 .51 .6

Micrometic Analysis. Hbd Cummingtonite TFlag Ilm MKag Biot Hypersthene Clivine GCarnet
23 7 48 2 1 1 5 33



TABLE 20 : MICRCPRUBE ANALYSES OF REACTION RIS
IN SAMPLE P2B.

Hornblende (average Hypersthene (average Cummingtonrite
of 14 analyses) of 3 analyses) (average of 3 analyses)
510, 39.8 5247 552
Ti05 0.0k - -
1505 19.2 0.38 0436
FeO 16.1 27.3 21.8
MnO 0.11 - 0.28
MgO 9.4 19.7 20.3
Cal 10.8 0.16 0.51
Nap0 2.8k - 0.17
KEO C.h6 - 0.03
98.7 99.6 98.7

Structural formula calculated on an anhydrous basis

sitt 5.88 ) 0.99 ) 9.1 )
) 8.00 ) 1.00 ) 7.99
a >t 2.12 ) 0.01 ) 0.08 )
PAanl 1.22 ) 0.00 ) 0.00 )
- ) ) )
™ 0.00 ) - ) 0.00 )
B ) ) )
Fe 1.99 ; 0.44 ) 2.62 )
) )
M=t 0.01 ) 790 . ) 100 g3 } T E
B ) ) )
Mg~ Tt 2.07 ; 0.56 ; b, 23 g
S 1.71 ) 0.00 ; 0.08 )
) )
Na‘t 0.81 ) -t 0.05 )
) ) )
K* 0.09 ) - ) 0.01 )
0 (assumed value) 23.00 3.00 23,00

Semi-quantitative analyses.
Clivine: Fo56

Garnet : Almgé Pypg Grqg SpessB



TABLE 29 : COMPOSITIUN OF REACTION RIM MATERIAL

AND RELATED DATA IN SAMPLE P2B

Vol.% in corona

Estd Molar Mole %

CIPW norm of corona

structures Volume material
(cm?)

Hornblende 55.8 275 k.3 Ilm 0.02

Adb 12.8
Hypersthene 12.8 22,2 42.6 An 27.3 th1.3

Or 1.5
Cummingtonite 18,7 272 8.2 Di - 1.3

Hd 1.9 3.2
Garnet 8.7 115 9.1 Fo 20.2

Fa 35.1 }55'3
Magnetite 4,1 44,5 11.0 Ne 0.2

Rock

Hornblende 21
Cummingtonite

Hypersthene

7
5
Olivine 3
Garnet 3
Ilmenite 2
Biotite 1
Flagioclase 50
Augite 8

Approximate Modes

Uriginal Gabbro Parent

Ulivine
Plagioclase
Augite

Ilmenite

26
64
8
2
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HE B, SEan B ML TONL fa
a ® c d e b4 Average
. $10,  40.13  40.38  40.14  39.83  40.24  40.05 40.13
o0, .99 1.10 1.11 98 .98 .96 1.02
a0, 1206 12,18 12,29  12.65 12.58  12.48  12.57
'?9205 - - - - - - -
Pe0 25.52 25.64  25.25  25.98  25.71  26.02 25.69
Yoo 39 «36 37 514 37 « 37 37
Mgo 4% 5.08  5.05 487  5.08  5.15 5.03
ca0 11.59 11,52 _ 11.50  11.55  11.53  11.62 11.55
Na,0 1.88 1.85 1.92 1.86 1.81 1.79 1.85
£,0 1.52 1.59 1.52 1.52 1.46 1.55 1255
Total 99.09 99.67 99.17 99.62 99.77 99.99 99.54
s1 6.260  6.256  6.247  6.192  6.224  6.200 6.230
al’ 1740 1742 10753 1.808 1.776 1.800 1.770
a™ 479 484 .502 .09 .520 .478 .495
Pi .117 .128 130 115 .114 «112 .119
et - - a5 . % - =
P92+ 34329 3.324 3.286 3.376 3.326 3.370 2.335
Mn .053 .048 .050 .050 .050 .050 .050
Mg 1.169  1.174  1.165  1.128 1,169  1.189 1.166
Ca 1.939 1.913 1.918 1.978 1.912 1.929 14923
Na 570 .556 .581 .561 543 «535 -558
K .303 .308 . 302 .302 .269 .305 .302
Asite «959 «934 .934 .967 . 964 .968 +954
g .26 .26 .26 .25 .26 .26 .26
Micrcm_etric Anzlysis Hbd Pleg Esper Qtz Sph
15 1€ 16 31 2
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abstraction of a small amount of An component from:the surrounding
plagioclase during the formation of the corona may have been nec ~ssary.

The persistence of relict olivine and the formation of metamorpaic
hypersthene in the lower amphibolite facies suggest that an extremely
small amount of water was avaiiable during metamorphism. Hornblende is
poorer in Al and richer in Si, Mg, and Ca at its contact with cummingtonite
than at its contact with plagioclase,

Calculation of a CIPW norm of the corona structures shows that
they have resulted from a very nearly isochemical reaction between olivine
and plagioclase with the addition of very limited amounts of water and

oXygen.

P3. Deep green hornblende + K-feldspar + oligoclase + quartz + sphene

amphibolite

Homogeneous plagioclase has the composition An22 Or1.4o
Hornblende (Table 22) is very rich in Fe and in some respects it resembles
the hornblende of specimen S5B. Both are Fe and K-rich and both have

2V less than 20°. Hornblende P3 is, however, much richer in Ti despite
the absence of co-existing ilmenite., Analyses a - e are near a grain

boundary with plagioclase., Analysis f comes from the interior of a

large grain.

DISCUSSION

Range of Compositions Encountered

The hornblendes encountered fall along a broad trend from
tremolite towards pargasite (Fig. 4b). The hornblende from spécimen P2B
lies in the region beyond pargasite. The subecalcic riebeckitic actinolites
from the calc-silicate specimen C1 do not plot in the quadrilateral and
their compositions are far femoved from that of normal calciferous

amphiboles.
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There are two large regions in the quadrilateral where no
analyses fall, The more notable is the edenite region. It is reasonable
to conclude that a large solid-solution gap exists in the region of edenite
in the greenschist and lower to middle amphibolite facies. Therefore there

may in certain cases be very strict 1limits to the extent to which the

reaction
Albite + Actinolite —> Edenite + 4510, —(14)
can proceed. In these cases, because of unsuitable host rock composition
| hornblende cannot obtain sufficient quantities of (41, Fe3+)vI to become

pargagitic with increasing grade., Consider samples S5A, S5B, S9A, and
S9B. S5A has a more sodic plagioclase and a less sodic hornbiende despite
the fact that it belongs to the same grade as S5B. S9A and S9B have a
similar relationship. It appears that hornblendes S5A and S9A are unable
to become more sodic by reactions 14 and 15 because unsuitable bulk
composition prevents the hornblende obtaining sufficient amounts of (Al,
'Fe3+)VI for its composition to move in the direction of pargasite. The
relationship between the hornblende and plagioclase compositions in samples
S54, S5B and S9A, S9B is the opposite to that predicted by Perchuk (1966),
He does not take into account the possibility that the amount of edenite
or richterite component is dependent on the amount of (Al, Fe3+, Ti) in
the Y-site in moderate grade amphiboles,

No hornblende compositions from the present study plot in the
tschermakite region. It is well known that hornblendes with composition
close to tschermakite do not occur,.

Although no solid-solution gap is obvious between actinolitiec
compositions and hornblendes, there is a scarcity of compositions with
about 7 Si atoms per unit cell., It is possible that the few hornblendes

with compositions in that region are out of equilibrium, because all are

found in zoned grains with actinolite cores and pargasitic rims. However,
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the sharp boundaries found between actinolite and hornblende in basic

rocks from the Haast River, New Zealand (Cooper & Lovering, 1970), the

Grampian Highlands (Shido & Myashiro, 1959), California (Compton, 1958),

and the Abukuma Flateau (Myashiro, 1958; Shido, 158) and Tanzawa Mountains

(Sugi, 1931) in Japan do not oceur.

Introduction of (Al, Feo*)'!

In amphibolites containing only hornblende + plagioclase + quartz
+ K-feldspar the amount of (A1, Fe3+)VI in hornblende is largely determined
by bulk composition. The fraction of tschermakite component can be
approximately estimated by projecting from anorthite through the bulk
composition onto the actinqlite-tschermakite line in an ACF diagram (Fig. 3)«
However, almost all the hornblende + plagioclase + quartz + K~feldspar
amphibolites contain ilmenife + sphene and the amount of (41, Fe3+)VI is
determined partly by reactions 8 and 9.

The (AL, Fe3+)VI content is always less than that implied by the
amount of tschermakite component indicated by the Hallimond diagram., Ti
in the Y site and Ca in the A site require additional replacement of Si
by 41'T over that dictated by (Al, Pe>') in the Y site, causing the
composition to trend in the direction of tschermakite on the diagram

without additien of (A, Te? )0,

Introdﬁétion of NaXFXII_

X-XIT
a

N 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. Therefore it is not sﬁrprising that hornblendes in rocks with
sodic plagibclase trend towards edenite and those in rocks with calcic
plagioclase tend to be pargasitic. Fig. 7 shows a plot of

total Na in amphibole

in, amphibele against the Ab content of plagioclase for

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

remains more actinolitic.

Zoned Amphiboles

(a) 21T and Fe

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-ferropargasite composition
on the Hallimond diagrmm. They do not curve upwards as might be expected

3+)VI were exhausted and Na continued to enter

X=-XII

if reactants forming (Al, Fe
the lattice by reactions 14 and 15, Trends of Na versus AIVI in some
zoned hornblendes appear in Fig. 9. The magnitude of their slope depends
largely on the_albite content of the reacting plagioclaée.

An Fe versus AlVI diagram (Fig. 8) shows straight-line trends
of varying sldpes leading from magnesian composition at zero AIVI to
more iron-rich compositions where larger amounts of AlVI are present. The
general trend of amphibole composition throughout the metamorphic sequence
is from magnesian compositions at low grade to more Fe-rich compositions
at higher grade.

o content with grade has been noted

An increase in Fe2+ and Fe
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 actinolite, Shido (1959) also
mentions the more magnesian composition of low-grade actinolites from the
Abukuma Plateau. Leake (1968) suggests that iron-oxide minerals co-exist

with magnesian actinolite in low-grade basic rocks with normal Fe contents,

1t is apparent from Leake's (1968) catalogue of calciferous and subcalciferous
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amphiholes that actinolitic amphiboles are rarely able to accommodate a

large amount of Fe2+. 0f all the calciferous amphiboles with Si¢7.25, 212

have values of Mg/(Mg + Fe2+ + Fe3+ + 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 Fe2+ unless the chains are expanded
by replacement of some Si and Al;

The suggestion that reactions such as 5 to 13 arevlargely
responsible for introduction of AIVI into hornblende in specimens C1, S1,
54, S6, and S8 and probably S7 and S9B requires further explanation.

Consider an amphibolite containing 50% hornblende with 0,7 A1'Y and 0.4

(Fe5+)VI as a typical example. Using the molar volume data of Robie et al.
(1967) the modal amounts of selected reactants and products required by
reactions 1-13 can be calculated from the molar amounts required in the
reactions (Table 23),

The amounts of magnetite and ilmenite required by reactions
5 6, 9 and 10 are comparatively small and quite possible in terms of
the modal amounts of these phases found in the low-grade actinolite-bearing
rocks, The amounts of chlorite and epidote required by reactions 1-4
are generally large compared with the amounts present in:the'low grade
Cloncurry rocks. However, in nearly all cases in those rocks which contain
zoned hornblende showing marked Fe-enrichment, insufficient of the normative
ilmenite has been consumed to account for all the (Al, Fe3+)VI° 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 generél preference of hornblende for Fe as it becomes more aluminous.

Fig, 10 shows what may be a significant decrease in whoie rock

Mg/ (Mg + Total Fe) with increasing gradé° The hornblende~producing
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reactions involving anorthite component of plagioclase and iron oxide
minerals are hydration reactions and water must be supplied from outside

the system where other hydrous minerals are absent., Actinolitic amphiboles

may persist in such cases when external water is unavailable,

X=XII

(b) YNa and 17

The only probable reactions responsible for introduction of

XII

aX-XII produce 4 moles of SiO2 for every mole of Nax- introduced.

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

and S8 only 5%, Clearly, silica must have been conéumed by other reactions
if the formation of hornblende is an isochemical process, NaX-XII is
plotted against KL in Fig. 9 and obvious sympathetic 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 AIVI-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 Tigs. 8 and 9 has been used in elucidating the most probable reactions

producing hornblende in those rocks with zoned amphiboles,

Behaviour of Titanium during Metamorphism

Ilmenite does not appear to be stable in the lowest-grade
amphibolites (specimen S1), where the assemblage sphene-magnetite is stable,
but it is not certain whether low temperature or high f02 is responsible
for its absence. Ilmenite is the only opaque mineral present in all the
higher ¢rade rocks from Soldiers Cap and it occurs with or without sphene.
Ilmenite is always extremely poor in Mg, and generally consists of aggregates
of small, optically discontinuous grains, It is therefore concluded that
ilmenite is not relict but has equilibrated with the metamorphic conditions.

The reason why sphene does or does not occur depends on a large number of
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TABLE 23: MODAL PERCENTAGES OF REACTANTS AND PRODUCTS

IN SOME HORNBLENDE~FORMING REACTIONS IN A TYPICAL

AMPHIBOLITE
Phase Chlorite Epidote Magnetite . Ilmenite Sphene
Molar Vol (ml.) 200 (estd) 137 44.5 1% oy
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 T65
8 3.3 1.7
9 3.2 102(4’) 200g
6.4(+)
10 1o7§ 4.4)
2.5
11 0,8
12 10.7g 2.7 6.7
14.0 3.8 8.6(+)

13 3.3) 1.1 Tl

The estimated partial molar volume of all components of hornblende

is 175 ml. (+) signifies product, while all others are reactants.



08 1

07

0-6

0-3

0-24

01—

u

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

To accompany Record 1971//109 : M(Pt}12/



1

i
-
.
-40 —
-30—
1 |
7] : | l
— ! ! :
i | X | .
Chiorite Biotite Andolusite - Stourolite ] Sillimanite
20— } ; |
) 1 |
T T T T T T T T T T T
Sl S2 S3 S4 S5A S6 S7 S9A S9B SIO S
2+ 3+
Fig. 10, Possible decrease in Mg(Mg + Fe“" + Fe”’")

for whole rocks with increasing grade.



ey

Ty

=35

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

and may also be favoured by high f02° The large number of factors controlling
the amount of Ti which enters the hornblende lattice can be appreciated

by inspection of equations 18, 19 ard 20, It is the variation of th=z
eqﬁilibrium constant of these reactions with temperature that determines

the amount of Ti in hornblende. It is well known that hornblende ir

able to accommodate larger amounts of Ti at high temperature than at low
temperature, Fig, 11 shows the increase in Ti content of Soldiers Cap
hornblendes with metamorphic grade. At locations S5 and S9, rocks containing
sphene have more titaniferous hornblendes than do rocks of identical grade
without sphene. This is almost certainly a consequence of reéction 20

occurring as well as 19,

Co—existing hornblende and cummingtonite

Cummingtonite is found in one sample from Soldiers Cap (specimen
510) and two from the Petermann Ranges (specimens P2A and P2B), Specimen S10
combines a low K content with a basic composition (Fig. 3) and would be
expected to contain a (Mg, Fe)-rich phase such as cummingtonite., Samples
P2A and P2B are metamorphosed troctolitic gabbros and would also be expected
to contain cummingtonite 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
large excess over 5 to cations generally found in the Y site. OCne might
expect such an excess of Y-type cations in hornblende from cummingtonite
amphibolites, However, the average number of Y-type cations in the

3

hornblende in specimen 10 is only 5,03 when Fe * is taken into account,
This figure rises to 5.26 if total Fe as Fe2+ is used in the calculation,
and there is a possibility that the estimated Fe3+ content of the

co-existing hornblende is excessively high.
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In sample P2B theré is further evidence that equilibrium
with cummingtonite need not imply a larger excess of Y-type cations,
There is a distinct zoning of hornblende in the reaction rims from its
contact with plagioclase to its contact with cumming{onite. If
anything, the hornblende close to cummingtonite has a smaller excess
of Y-type cations than does the hornblende close to plagioclase (Fig. 12).
In this case the high AIVI content of hornblende close to plagioclase
seems to have more alfect on the excess of Y-type cations than saturation
with cummingtonite cpmponent. It should be remembered that Fe3+ is
not talen into account in the analyses from sample P2B and that a
decrease in the amount of Fe3+ from the cummingtonite boundary to the
plagioclase boundary would have a false effect, similar to that observed
on the calculated Y cation excess., However, total Fe increases in that

3+

direction and it would therefore seem unlikely that Fe would decrease.

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

3+

suggesting that the Fe content is low and fairly constant.

The distribution of Mg/(Mg + Fe2+) between hornblende and
3+

cummingtonite is affected significantly by neglect of Fe in the micro-

probe analyses and meaningful comparisons with other authors are difficult,

Plagioclase

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 River greenschists from
New Zealand. A large proportion of plagioclase analyses in this
study fall within Cooperts solvus, The only specimen to contain
plagioclase of two distinct compositions is specimen S1. The two
types, An1.5 Or0.2 and Ané9 Or2.1, are close to the compositions

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

content in the more calcic phase is notable and could be interpreted
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as indicating an igneous origin. Nevertheless, specimen S1 is the.
only low~temperature basic rock which has been thoroughly recrystallized
and which does not contain plagioclase with an& 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 plégioclase 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 specimen S2 and S6 have
survived unaltered from their igneous beginning, whereés compositions
ranging down to more typical low-grade metamorphic values represent
various stages of incomplete albitization. Whether a peristerite gap
would appear uﬁder conditions so far from equilibrium is doubtful.
Perhaps such plagioclases 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 Brown
(1962),

Although some authors have found a gap in plagioclase
compositions, others have noted a continuous increase in An content with
grades in the oligoclase region. Amongst them are Shido (1958) and
Myashiro (1958) in their work on the Central Abukuma Tlateau and Compton
(1958) in California. However, James (1955) found a gap between An,
and An30 in rocks of a metamorphic terrain very similar to the Soldiers

Cap district (andalusite-staurolite).
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HORNBLENDE AS A I'RTROGENETIC INDICATOR

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, Fe3+)VI (Soldiers Cap only) -

3+

Fe”’ is estimated from the bulk composition,

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

(iii) a decrease in Si (accompanying (i) eor] (ii)),

(iv) an increase in Ti.
There are many exceptions to these general rules. Before the composition
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, Fe3+)VI increases from very low values in
the actinolites in specimens C1 and S1 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, Fe3+)VI in
hornblende in specimens S2-S11 can be made on an ACF 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 (A1, Fe3+)VI in hornblendes can be used as an indicator of metamorphic
grade in such rocks.

The amount of Na in the A site in hornblende appears to depend
on the following factors:

(a) The albite content of the co-existing plagioclase (Nax_XII
enters the hornblende lattice by reaction with the albite in
plagioclase).

(b) Temperature.

(cbusioa, which is variable in rocks without free quartz (Shido, 1958).
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VI content of the hornblende, The proposed

3+’ Ti)VI

(d) The (A1, Feot, Ti)

dependence of NaXPXII on the (Al, Fe

content is a

consequence of the existence of a solid solution gap in the edenite
region, On the Hallimond diagram boundary slopes ﬁpwafds from slightly
edenitic actinolite to slightly edenitic pargasite. The forbidden
region prevents amphiboles poor in (Al, Fe)VI from accepting much
NaX—XII.(e.go, the hornblende in specimen S5A), whereas others (e.g.,
the hornblende in specimen SSB) can accept larger amounts of Nax-XII
under identical P-T conditions, Because the An component of plagio-
clase is an important reactant in the introduction of (Al, Fe3+)VI
into hornblende, amphibolites with An-poor plagioclase tend to have
3+)VI X-XII.

hornblendes poor in both (Al, Fe and Na . This appears to be

the explanation for the apparent anomaly of the alkali-rich hornblende
of specimen S5A co-existing with An15 and the less alkali-rich

hornblende of specimen S5B co-existing with AnB.
Ca

Perchuk (1966) has constructed a diagram in whichie—er  in
hornblende is plotted against E;:%g:if- 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, Fe3+)VI in hornblende on
the amount of Nax-XII which 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

that bulk composition, through its effect on (Al, Feot)'L

, has an important
control on the amount of Na in hornblende co-existing with plégioclase 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
largely independent of bulk composition. The results in Fig. 15 show

little more than a general preference of K for hornblende at high

temperatures, Even amongst the higher grade rocks, where equilibrium
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between hornblende and plagioclase must have been very nearly achieved,
there is no smooth relationship between the distribution co~efficient and
temperature,

The Ti content of hornblende in equilibrium with ilmenite increases
with temperature but still does not aiford a reliable.measure of temperature
(Fig. 11). The equilibrium maintaining Ti in hornblende in rocks containing
ilmenite differs from that in rocks containing ilmenite + sphene or sphene
alone (a probable explanation for the differing Ti contents of the
hornblendes from specimens S5A and S5B, and S9A and S9B). Inspection of
equations 19 and 20 shows that both the An content of plagioclase and the
(A1, Fes+)VI content uf the hornblende are likely to exert an‘influence
on the Ti content of hornblende.

The influence of bulk composition on the Fe content of hornblende
is obvious and although Fe in hornBlende does tend to increase with grade
because of reaction with opaque minerals, it is obviously of little or no
use as an indicator,

It appears, therefore, that even when equilibrium has been very
nearly attained, 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 temperature based-

on the major element composition of the co-existing phases in the Soldiers

Cap and Petermann Ranges amphibolites,
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