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Composition and structural state of alkali feldspars from high-grade metamorphic rocks,
central Australia

KnNNrrH D.  Col lsRsoN'

Department of Geology & Mineralogy, Uniuersity of Adelaide
Adelaide. South Australia

Abstract

A wide range of structural states is displayed by alkali feldspars in Precambrian high-grade
metamorphic rocks from central Austral ia. Orthoclase is present in granuli te facies and
transit ional granuli te to amphibol i te facies rocks, and microcl ine occurs in amphibol i te facies
gneisses. The inversion of monocl inic to tr icl inic symmetry occurred during amphibol i te facies
metamorphic condit ions. The minimum exsolut ion temperature in the alkal i  feldspars from
the transit ional and granuli te facies is approximately 560'C.

Introduction

Estimates of maximum P-7 conditions attained
during metamorphism can be made relatively easily
by comparing observed equil ibrium relationships in
certain crit ical mineral assemblages with experi-
mentally derived phase relationships (obtained
where physical conditions have been closely con-
trolled). However, the determination of the temper-
atures at which minerals reequil ibrate, following
cooling, is more diff icult to make. Studies of the
composi t ion,  phase re lat ionships,  and st ructura l
states of alkali feldspars have been shown by Wright
(1967) and Crosby (197 l) to give feasible estimates of
these temperatures.

The purpose of this study is to investigate the com-
posi t ion and st ructura l  s tate of  a lka l i  fe ldspars in
three discrete groups of high-grade metamorphic
rocks from the Musgrave Orogenic Belt of central
Australia. These rocks differ significantly in grade of
metamorphism, from granulite facies to amphibolite
facies (Collerson e/ al., 1972).It was anticipated that
estimates of the temperatures at which the alkali
feldspars in the three groups of rocks equil ibrated
could be made as a resul t  o f  th is  s tudv.

Geological setting

This study was undertaken in the Amata area of
the Musgrave Ranges (Fig.  l ) ,  where Precambr ian

'  Present Address:  Department of  Geology,  Memoria l  Uni-
vers i ty  of  Newfoundland,  St .  John's,  Newfoundland,  Canada

basement l ithologies may be divided into three struc-
tural and metamorphic units. The ranges consists of a
central core of granulite facies l ithologies, bounded
on the north by amphibolite facies l ithologies and on
the south by l ithologies transitional between gran-
ulite and amphibolite facies. Extensive east-west
trending faults of regional significance separate the
granulite facies terrane from the "lower grade" ter-
ranes. A detailed account of the structural and meta-
morphic relationships in this area is given by Coller-
son el al. (1972) and Collerson (1972).

Petrography

Alkali feldspar occurs predominantly in the quartzo-
feldspathic lithologies in the Amata area, and in
the rocks investigated in this study it ranges in modal
abundance from 10.4 percent to 72.4 percent (Table
l  ) .

The quartzo-feldspathic granulites consist of vary-
ing assemblages of the following primary phases:
quartz, alkali feldspar, plagioclase, orthopyroxene,
clinopyroxene, garnet, opaque oxides, and accesso-
ries. Secondary biotite, garnet, cummingtonite, and
clinopyroxene occur as coronal growths on opaque
oxides or ferromagnesian phases. Microstructures
are either porphyroblastic inequigranular, or equi-
granular, with grain aggregates ranging from grano-
blastic to platy granoblastic. Alkali feldspar oc-
curs as irregular xenoblastic grains with straight,
curved, sutured, or embayed interfaces. Grains range
in s ize f rom 0.1 X 0.05 mm to 4.5 X 1.0 mm. They
invariably contain albite lamellae that form either
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Frc.  l .  Simpl i f ied geological  map of  the Musgrave Ranges showing geological  re lat ionships in the Amata area

delicate microperthit ic intergrowths in some grains or
ribbon-like mesoperthit ic intergrowths in others (Fig.

2). Grains are rarely twinned.
The quartzo-feldspathic gneisses from the tran-

sit ional terrain consist of the following primary

minerals: quartz, alkali feldspar, plagioclase, or-

thopyroxene, clinopyroxene, hornblende, biotite,
garnet, sil l imanite, opaque oxides, and accessories,

T lsL r  l .  Moda lana l yseso fqua r t zo - f e l dspa th i cg ranu l i t esandgne i sses f romtheMusg raveRanges
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Ftc 2 Ribbon-type exsolut ion in mesoperth i te f rom quartzo-
fe ldspathic granul i te Plane polar ized l ight .  Width of  f ie ld 0.9 mm.

Secondary (coronal)  phases inc lude garnet ,  b iot i te ,
c l inopyroxene,  quar tz ,  a lka l i  fe ldspar,  and horn-
b lende.  The gneisses are e i ther  homogeneous or
banded, and grain sizes range from fine to coarse.
Microstructura l  arrays are dominated by xenoblast ic
and, to a lesser extent, lepido- and nematoblastic
grains, which generally form granoblastic to gran-
oblastic-elongate aggregates. Grain boundaries are
general ly  curved or  sutured.  Alkal i  fe ldspar occurs as
sub- id ioblast ic  to  xenoblast ic  gra ins wi th i r regular ly
sutured or gently curved grain boundaries. Grain
sizes range from less than 0.5 X 0.3 mm to greater
than 4.0 X 4.0 mm. Most  gra ins are untwinned;  how-
ever, some show Carlsbad twinning or shadowy
cross-hatched twinning.  Micro-  and mesoperth i t ic
segregation of albite is commonly well developed.
Some of  the larger  xenoblasts are poik i lob last ic  wi th
round inclusions of quaftz and plagioclase.

Minerals observed in thin sections of quartzo-feld-
spathic gneiss from the amphibolite facies terrane
inc lude:  quar tz ,  a lka l i  fe ldspar,  p lagioc lase,  b iot i te ,
muscovi te,  hornblende,  garnet ,  opaque oxides,  and
accessories. Microstructures are dominated by the
presence of xenoblastic grains which form grano-
blast ic  arrays and by composi t ional  banding and
anastomozing layering. Perthit ic alkali feldspar oc-
curs as large tabular to lozenge-shaped xenoblasts
and sub- id ioblast ic  porphyroblasts up to 3.0 X 1.5
cm in size. Shadowy to distinct cross-hatched twin-
n ing and Car lsbad twinning are commonly devel -
oped.

Analytical methods

Except for FeO and NazO, which were determined
by classical and flame photometric methods respec-
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tively, all other major and trace elements were meas-
ured by X-ray fluorescence methods. Mass-absorp-
tion coefficients were calculated from the maior
element data (Norrish and Chappell, 1967).

Host rock chemistry

Chemical  analyses and c. t .p .w.  norms (Table 2)  of
the host rocks from which the alkali feldspars of this
study were separated show that potash is greater than
soda in all but one of the rocks. This is reflected in a
higher  content  of  modal  p lagioc lase and normat ive
alb i te in  th is  sample than in other  samples studied.
No strong correlation could be found between host
rock chemistry and the structural state of the alkali
feldspars.

Separation of alkali feldspars

Alkali feldspar separations for both chemical and
X-ray determinations were carried out using standard
techniques on f ine ly  crushed (<120>180 mesh f rac-
tion), dust-free samples. Highly magnetic minerals
were removed by hand magnet, and samples were
then passed through a Frantz Isodynamic Separator
to obtain relatively pure concentrates of alkali feld-
spar, plagioclase, and quartz. Alkali feldspar was
then separated from the plagioclase and quartz by
gravity settl ing using tetrabromoethane adjusted to
the correct density with acetone. Separates of alkali
feldspar were washed in acetone and dried. Samples
were then hand picked to obtain a separate ofgreater
than 99 percent purity for analysis.

Composition of the alkali feldspars

The analyses and structural formulae (based on
0:32 atoms) presented in Table 3 show that the feld-
spars are relatively low in l ime, with two exceptions.
The l ime enr ichment  shown by numbers I  and 2 (  I  .89
and 2.l2%o respectively) is compensated by a con-
comitant depletion in potash in these specimens. The
slightly anomalous composition of these two feld-
spars from the granulite facies terrane is interpreted
to be due to their mesoperthit ic character; the other
feldspars are microperthit ic or perthit ic.

The feldspars range in composition from 51.2 to
81.2 percent  or thoclase,  l4 . l  to  41.0 percent  a lb i te ,
1.3 to l l .6  percent  anor th i te ,  and 0.3 to 1.2 percent
cels ian.  Smal l  quant i t ies of  rubid ium and st ront ium
feldspar components are also present. A standard
ternary plot of the molecular end member compo-
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nents of the feldspars (Fig. 3) shows that the two
anomalous feldspars have higher contents of anor-
thite than the other feldsoars.

Determination of structural state

The separated feldspars were finely ground and
mixed wi th a smal l  amount  of  s i l icon as an in ternal
standard. Smear mounts were prepared and irra-
diated with fi l tered CuKa radiation.2

The feldspar reflections were indexed followrng the
method of  Wr ight  and Stewart  (1968).  2d values were
calculated for the indexed peaks by a Diehl
Combitron S Calculator program that corrected for

'  Operat ing condi t ions of  the Phi l ips X-ray di f f ractometer were
as fo l lows:

chart drive variation. Cell dimensions were refined
from the corrected diffractometer powder data by use
of a pontneN rv program adapted from a program
wri t ten by Appleman and Evans (1973).  The d i rect
cell parameter data of the alkali feldspars are l isted in
Tab le  4 .

Petrological observations concerning the crystal
symmetry and degree of homogeneity of the feldspars
were verif ied by the diffractometer data. For ex-
ample, an estimate of the degree of order was ob-
ta ined  f rom the  na tu re  o f  t he  ( l 3 l ) - ( l l 1 ,1  doub le t ,
fo l lowing the method of  Goldsmith and Laves
(1954).  L ikewise,  the presence of  a peak at  27.94 '  20
(the (002) albite peak) indicated that many of the
potassium feldspars contained albite and were thus
not  composi t ional ly  homogeneous.

In  t he  ma jo r i t y  o f  t he  cha r t s  t he  ( l 3 l )  and  ( l 3 l )
positions could not be revealed clearly. It was there-
fore not possible to use the relationship 12.5

Ld( l3 l ) -d(131) l  o f  Goldsmith and Laves (1954) to
accurately estimate the degree of ordering the feld-

Radiat ion
Generator
Sl i r  Width
Count ing rate
Mean Probable Error
Goniometer

CuKa
40 kY /24 mA

300 c.p.s.
5Vo
l/2" /min.
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Tnslr 3. Chernical analyses of alkali feldspars from the Musgrave Ranges
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r+ .140

0.  015

0 . 0 0 5

11.959 11 .910

3  . 9 5 6  4  , 0 3 7

0 . 0 3 4  0 , 0 1 4

0 . 0 0 5  0 , 0 0 5

0 . 0 0 5  0 . 0 2 7

0  . 0 8 0

0 . 7 2 8

2 .879

0.  011

0 . 1 2 0  0 . 1 9 6

0 . 5 2 0  1 . 3 2 6

2 , 9 8 8  2 , 2 8 8

0 . 0 1 0  0 . 0 1 0

0 . 0 3 8  0  .  0 I 7

0 . 0 0 8  0 . 0 0 1

0 . 0 0 4  0 . 0 0 4

0 . 0 9 7  0  . 1 5 3

0 ,98 I  1 .67r r

2 . 6 1 2  2 . 2 r 7

0 . 0 1 1  0 .  0 0 8

0 , 0 q 3  0 . 0 2 2

0  . 0 0 5  0 .  0 0 5

0 . 0 0 4  0 . 0 0 4

0 . 0 8 2  0 . 1 0 7

1 .  3 6 4  0 .  7 8 0

2 . 7 r 9  2 .  S 9 3

0 .010 0 .01-3

0.  012 0 .  046

0  . 0 0 2  0 .  0 0 6

0 .  0 0 5  0 .  0 0 4

0.  052 0 .  2 t -1  0 .095

0 . 8 0 5  1 . 6 0 3  0 . 7 9 7

3 . 0 2 1  2 , 0 ' 1 6  3 , 0 6 0

0 . 0 0 8  0 . 0 0 8  0 . 0 0 7

0  . 0 2 8  0 .  0 1 5  0 . 0 3 2

0 . 0 0 4  0 . 0 0 2  0 , 0 0 2

0 . 0 0 5  0 . 0 0 5  0 . 0 0 4

Z

X

15 r  976 15  .  S74 16  .067

3 , 5 9 2  3 . 6 5 3  3 , 7 1 1

16 .  030 16  .00r+  16 .00 t1

3 , 7 0 8  3 . 8 6 5  3 . 8 4 0

1 5 . 9 2 9  1 5 . 9 9 6

4 . 2 1 8  3 . 9 6 7

16.  013 15 .  915 15 .9r+6

3 . 9 4 3  3 . 9 6 4  4 . 0 1 1 2

1 5  . 9 5 9

4 . 1 0 8

Or

Ab

Ba Feld.

Fb Feld.

3 7 . 8

1 0  . 0

0 . 9

0 . 1

0 . 0

5 1 .  7

3 6 . 7

1 1 . 6

' 1 8 . I

1 9 .  7

2 . 2

5 q . L l

4 1 . 1

3 . 8

0 . 5

0 . 1

0 . 1

6 q  . 9

3 2 . 6

2 , 0

0 . 0

0 . 1

7 6 .  0

1 9 . 8

2 . ' , ]

T , 2

0 , 2

0 . 1

'17  .2

2 0 .  6

0 . 7

0 . 1

0 . 1

l,lol t Feldspa End }4erbers

8 I . 2  5 9 . 7  7 0 . 3

1 4 . 1  3 4 . 6  2 5 . 8

3 . 3  5 . 1  2 , 6

1 . 0  0 . r r  1 . 1

0 , 2  0 . 0  0 . 1

0 , 1  0 . 1  0 . 1

5 3  . 1  7 6  . 7

r+1 . .  0  19 .9

5 . r +  2 . \

0 . 4  0 . 8

0 . 0  0 . 0

0 . 1  0 . 1

n,d. = Not detected
n.n. = Not reaeured
' = Megope?thite

Analyot :  N,D. Col, lerson

spars. The structural state of the feldspars was, how-
ever, estimated from two relationships: ( I ) the c* / b*
method of Jones (1966);and (2) the funct ion A(bc) :

tro + t,M, of Stewart and Ribbe (1969) and Stewart
and Wright (1974).

The values of c*/b* were calculated from the cell

refinement data (Table 4) and not from the ratio of

2dono/dooz as was suggested init ially by Jones (1966).

The c*/b* ratios were plotted on Figure 4 to deter-

mine the degree of ordering. The values obtained are

listed in Table 5. The most ordered phases are those

from the amphibolite facies gneisses, and the least
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Ab An
Frc 3 Ternary p lot  of  Or-Ab-An showing the composi t ions of  the Amata alkal i

feldspars. Closed circles refer to feldspars from the granulite facies terrane. Open
circles refer to feldspars from the transitional terrane. Open circles with spots refer
to feldspars from the amphibolite facies terrane
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ordered are from the transitional and granulite facies
rocks. The c-b cell parameters (Table 4) were plotted
in Figure 5 (from Stewart and Wright, 1974)3 and the
structural states of the alkali feldspars deduced. The
structural states of the feldspars represented by
means of  the b-c p lot  and the A(bc)  (or  t ,O + t rM)
value (Stewart and Ribbe, 1969) compare favourably
wi th the var iat ion in  order-d isorder  obta ined by
means of the c*/b* method (cl Lehtinen,1974).

The presence of mixtures of alkali feldspars with
different degrees of ordering within individual grains
is suggested by the partial development of cross-
hatched twinning,  the broadening and par t ia l  sp l i t -
t ing of  the ( l3 l )  peak,  and the necessi ty  to re ject  a
number of peaks from the cell refinement calculation.
Therefore reported degrees of order are to be consid-
ered approximat ions of  an average value.

In the refinement of the power diffraction data,
both monocl in ic  and t r ic l in ic  so lut ions were at -
tempted for alkali feldspars with intermediate struc-
tura l  s tates.  The monocl in ic  cel l  invar iably  gave
lower unit weight standard errors for 2d values than

"  This f igure is  a modi f icat ion
for  h igh sanidine and low alb i te
and Stewart ,  1968).

based on new cel l  d imensions
of  their  ear l ier  c-b p lot  (Wright

did the t r ic l in ic  so lut ion (c / .  Crosby,  l97 l ) .  This  is
not surprising as the transition between ordered and
disordered structural states has been shown to over-
lap (Stewart  and Ribbe,  1969),  and therefore no
unique posi t ion on p lots  of  ce l l  angles,  corresponding
to the symmetry change,  can be del ineated.

Composition of alkali feldspars from direct cell data

The alkali feldspar compositions, deduced from
the direct cell data using the determinative graphs of
Wright  and Stewart  (1968),  are presented in Table 6.
There is a close correspondence between the compo-
s i t ions of  the potassic  phases determined f rom a and
those determined from cell volume. However, with
the exception of Number 10, there is a general dis-
crepancy with the composition of the alkali feldspars
determined by analys is .  This  is  probably because the
analysed feldspars are heterogeneous fine-grained in-
tergrowths of two phases. The values of percent Or
obtained from the direct cell data probably
approximate the composi t ions of  the potassic  phases
(c/  Smith,  l96 l ;  Wr ight  and Stewart ,  1968;  Crosby,
197 I  )  despi te indicat ions of  anomalous uni t  ce l ls  re-
sulting from strain (see below).
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Tnsr.r 4. Direct cel l  parameters of potassium feldspars

P a f A r c n . F  a n o a i m a n

Number No. A325l-
o

a(A)
o

b(A)
o

c(A)
Interaxial-
Angle

Cell- volume
o 3

( A ) Ref.

Il-6 5a

7 1

l f2f

7 8 3

3 2 3

r+ 00

531

a d ^

8 . 5 7 7 2
1  0 . 0 0 4 3

8 . 5 8 4 3
r  0 . 0 0 4 4

8 . 5 6 6 3
!  0 . 0 0 3 6

8  . 5 9 0 2
t  0 . 0 0 3 5

8 . 5 8 f 5
1  0 . 0 0 4 4

I  . 5 8 2 f
1  0 . 0 0 4 8

8  . 5 9 0 6
r  0 . 0 0 2 8

8 ,5297
1  0  . 0042

8 . 5 1 2 8
!  0 , 0 0 2 8

8  . 5 6 2 6
t  0 . 0 0 4 5

8 . 5 3 6 0

!  0 . 0 0 5 8

12  . 9894
!  0 . 0 0 4 5

12 , I 621-
r  0  . 0 0 3 5

12 .9878
I  0 . 0 0 3 4

1 2 . 9 8 3 8
i  0 . 0 0 3 6

1 2 . 9 8 7 3
r  0 . 0 0 3 5

1 2 . 9 6 4 9
!  0 . 0 0 4 4

12 .9829
1  0 . 0 0 3 0

L 2 . 9 1 6 9
!  0 .004 r+

1 2 . 9 6 4 8
r  0 . 0 0 3 2

12.9617
r  0 . 0 0 3 7

1 2 . 9 6 2 5
1  0 . 0 0 5 1

7 .  1916
!  0 . 0 0 2 0

1  . 2074
r  0 . 0 0 f 5

7 .1920
!  0 . 0 0 1 6

7 . 1 9 4 0
1  0 . 0 0 1 6

7 . f 99 t_
1  0 . 0 0 f 8

1  , 2 0 7 4
1  0 . 0 0 2 0

I .2059
1  0 . 0 0 2 1

7  . 2A21 -
1  0 . 0 0 1 9

7 .2148
!  0 . 0 0 1 6

1 2 4 . 2 6
1  0 . 4 0

7 2 4 . 8 8
t  0 . 3 9

7t-9 . 18
t  0 . 3 2

7 2 0 . 9 2
!  0 . 3 2

72 I . I +
r  0 . 3 7

7 2 0 . 8 0
+ n l r j ]

7 2 2 . 1 6
!  0 . 3 2

716 .  7f
+  n  ? o

7 r 9 . 7 8
i  0.  l+9

7 l - 9 .83
r  0 . 3 6

717  . 19
1  0 . 4 7

7t-9 . sl
+  n  u?

0 . 0 f 8

0,  0f  r+

0.  0t_6

0 . 0 1 5

0 . 0 1 3

0 .  015

0 . 0 1 6

0 . 0 1 9

0 . 0t_6

0 .  0 1 5

2)- /25

18/20

2 ) / 2 9

2+ /29

19 /25

fl+/1+

2r/22

18 /19

19 /2+

f659*

1659* '

7 .2197
1  0 . 0 0 1 7

7 .2103
!  a . 0 0 2 2

0 . 0 2 0

0 . 0 1 6

19 /23

8 . 5 6 7 1 _
1  0 . 0 0 2 6

1 2 . 9 6 8 0
i  0  . 0 0 3 8

1 .2258
I  0 . 0 0 t 8

* = Triclinic
+ = Homogenized
S,E. : Standard enor of obseruation of unit ueight
Ref. : x1*r6n, of Lines used in the refinement/ nwnber of input dtffractLon Lines

Degree ofstrain in the alkali feldspars

Alkali feldspar structures are commonly strained;
the observed a being significantly larger than the
value of 4 estimated from the b-c plot (Wright and
Stewart .  1968:  Wi l la ime and Gandais.1972:  Brown e/

a l . ,  1912:  Tul l is ,  1975).  An est imate of  the amount  of

strain in any particular feldspar structure is given by

the expression:

La : a (observed)-a (estimated from b-c plot).
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L
o
E 0.6
o
o
oo
b 0'{
oo

0.0 l_
t.990r.990 2.000 2.010 2.{0/20

dtt
Ftc. 4. Degree of order of the alkali feldspars shown by plotting

on the degree of  order us cx/b* graph ofJones (1966).  Symbols
as in Figure 3.

(Wr ight  and Stewart ,  1968;  Brown and Wi l la ime,
1974) where Aa is the index of strain and a is derived
from the b-c plot (Figure 5). Stewart and Wright
(1974) consider strained feldspars to be those with Aa
greater  than 0.05A.

Nunber

Values of Aa calculated for the Amata alkali feld-
spars are given in Table 6. It can be seen that the
alkali feldspars from the granulite facies rocks (Nos.
2, 3, 4) are strained. Those from the transitional
granulite to amphibolite facies rocks are in part
s t ra ined (Nos.  5,  8)  and in par t  unstra ined (Nos.  6,  9,
10), and those from amphibolite facies rocks are all
unstrained (Nos. I l, 12).

The amount of strain in alkali feldspars is regarded
as being nearly independent of the degree of AllSi
ordering (Stewart and Wright, 1974) and therefore of
metamorphic grade. The variation in La in the Am-
ata alkali feldspars is probably due to the sizes of the
domains of the sodic and potassic phases (c/. Stewart
and Wright, 1974). Micro- and mesoperthit ic inter-
growths are typical of the granulite facies and transi-
tional granulite to amphibolite facies rocks, whereas
more coarse-grained perthit ic intergrowths are com-
mon in rocks from the amphibolite facies area.

Discussion

The principal features which emerge from this study
of the Amata alkali feldspars are:

(l) highly ordered microcline perthites occur in
the amphibolite facies gneisses, whereas the
alkali feldspars from the higher-grade rocks
are predominantly orthoclase microperthites
and mesoperthites which are not fully or-
dered;

Degree of
b'! c*/b* Orden

Tnnle 5. Determination of tr icl inici ty by c* /b+ method

Reference Speci.ren
Nunben 4325/- cr!

2

3
l+

5

6

B

9

f0

1l-

12

12

1 3

ff65a

7 7

t-12f

7 8 3

323

+00

531

474*

l- 8r'.

1659*

t o c v  ^

17+4:!

0.  l_5r+68

0 . f s j +35

0  . 15470

0 .  t547I

0 .  f 5455

0 . f 5 4 3 7

0 . 1 5 4 + 4

0 .  f54+3

0  .  f 5433

0 .15407

0 . t_54f7

0 .1541-6

0  . 0 7 6 9 9

0 .077 t_5

0 . 0 7 6 9 9

0 , 0 7 7 0 2

0 . 0 7 7 0 0

0  . 077 f3

0  . 07703

0  , 0 7 7 0 6

0 . 0 7 7 L 8

0 . 0 7 7 2 r

0 . 0 7 7 2 0

0 . 0 7 7 2 6

2 . 0 0 9 1

2 .0007

2 . 0 0 9 4

2 .0087

2 . 0 0 7 I

2 .  0014

2 . 0 0 5 0

2  .  00+0

t_ .  9996

r  a o q q

l - .  9970

1 .  9 9 5 3

0 .242

0 . 5 2 2

0 . 2 3 2

0 . 2 5 4

0  . 2 9 9

0 . 4 9 3

0 .  3 6 0

0 . 3 9 5

0 . 5 8 3

0 .  8 6 0

0 . 8 5 0

0  . 8 6 0

\r,

+ Honogenized
x lrLelinie



208 KENNETH D COLLERSON

$'

Low High

San id inebite

t1o+t1m

Analb i t

C,A

7.20

7.15

12.90 o 12.95

b,A
Frc. 5 potassium feldspars from Table 4 on c-bplot (after Stewart uniWrigtrt, 1974). The lengths of the bars represent the b and c

standard errors for each sample. The letter Il following the specimen number indicates the feldspar has been homogenized.

These features are typical of the alkali feldspars

from high-grade metamorphic rocks (Eskola, 1952;
Heier, 1957; l96l; Binns, 1964; Leelanandam, 1967;

Ohta and Kizaki ,  1966;  Suwa, 1968;  Crosby,  l97 l ;

Hipple, l97l; Guidotri et al., 1973).
The structural state of alkali feldspars reflects the

degree of ordering of aluminum in the tetrahedral
sites of the structure (Stewart and Ribbe, 1969). Dis-

7'10

(2) there is evidence to suggest a range of de-
grees of order in some of the feldspars; and

(3) micro- and mesoperthit ic feldspars from the
granulite facies rocks are strained, perthit ic

feldspars from the amphibolite facies
gneisses are unstrained, and feldspars from

the transitional terrane display varying de-
grees of strain.

12.8512.80 t 3.00

Nr.unben A325l-
e o K

from feldspar Analysis A a A

f

2

3
t+

5

6

7

8

I

IO

ll

L2

L2

I3

138

1165a

7 7

1f2l-

783

3 2 3

396

400

53 I

+7++

l-8'-'

l-6 59'r

165 9,-'+

17+4,!

8.1r_
7 q l r

1 2 , + 4

I Z . C t

o  ? n

1r.  30

I  . 4 8

l f . 66

1 2 . 6 6

l*2.72

9 . 0 7

1 3 .  0 2

**

q t  t

5 1 . 7
? a  l

8 r . 3

7 0 .  3
q i f  U

6 5  . 0

7 6 .  0

7 7  . 2

5 3 .  0

7 6 . 7

rt*

,trt

9 r . 0

8 9 . 0
o (  n

a t q

92 .O

9 5  . 0

8 0 . 0

9 0 . 0

8 9 . 0

8 3 . 0

8 8 .  5

8 9  . 0

9 0 .  0

8 6 . 0

9 0 . 0

9 0 .  0

9 0 .  0
q ]  n

8 0 .  0

8 9 . 0

8 8  . 0

8 1 .  0

8 9  . 0

'.!*

0 . 0 5 2

0 .  084

0 , 0 + 8

0 .  0 7 6

0 . 0 2 0
*i i

0 . 0 7 5

0 . 0 1 0

0 . 0 0 1

0 . 0 2 3

0 . 0 0 2

0 . 0 1 8
**

TesI-s 6. Comparison of compositions and indices of strain of alkali feldspars



ALKALI FELDSPARS FROM METAMORPHIC ROCKS. CENTRAL AUSTRALIA 209

ordered monoclinic alkali feldspar is believed to
change into a more ordered triclinic form in response
to a number of physical and chemical variables.
There is little general agreement, however, concern-
ing the mechanics of this process and the effects of
specific variables (Laves and Goldsmith, l96l).

MacKenzie and Smith (1961) have argued that a
solution of sodium and possibly calcium in alkali
feldspars promotes AllSi disorder, stabilizing the
more disordered form at lower temperatures. How-
ever, this is disputed by Laves (1960). According to
Heier ( 196 I ) the high temperatures which accompany
metamorphism under granulite facies conditions fa-
vor the entry of greater amounts of sodium into the
feldspar structure. This facilitates AllSi disorder in
the monoclinic orthoclase structure. Other factors
which are considered to influence the degree of AllSi
order in alkali feldspars include:

(l) temperature (Hafner and Laves, 1957);
(2) the activity of water (Heier, 196l; Martin,

t969);
(3) the role of Psr6 (Tomisaka,1962);
(4) the activity of peralkaline fluids (Martin,

1969);
(5) the effect of volatiles (Emeleus and Smith,

1959);
(6) the influence of bulk composition and shear-

ing stress (Parsons and Boyd, l97l) ;  and
(7) the cooling history of the feldspars (Guid-

otti et al., 1973).

Goldsmith and Laves (1954) established an ap-
proximate temperature of 500'C for the inversion of
triclinic feldspar to its monoclinic polymorph. How-
ever, they emphasized that this value was not to be
construed as an equilibrium transition temperature
as it was obtained by disordering microcline to
sanidine. Heier (1957, 196l) considered that the
transformation takes place at pressures and temper-
atures slightly below the upper boundary of the am-
phibolite facies. As a result of a recent studv of heat
flow data from the contact aureole of a Tertiary
qsartz monzonite stock, Steiger and Hart (1967)
placed the temperature of the microcline to
orthoclase transition at between 350 and 400.C.
Wright (1967) independently concluded that 375 t
50oC was the upper stability limit of microcline in
the same group of rocks. However, according to Wald-
baum and Thompson (1968), if ordering of potas-
sium feldspar structures is by a displacive rather than
a diffusive mechanism, precise temperatures of the
transformation cannot be deduced; as symmetry

changes are metastable if they are the result of dis-
placement.

Guidotti et al. (1973), in a study of the composition
and structural states of potassium feldspars from sil-
limanite-bearing gneisses, have shown that microcline
is unstable above the sill imanite isograd. They favour
Martin's (1969) contention that a close relationship
exists between the All(K+Na) ratio of the fluid
phase and the degree of ordering shown by the feld-
spars. Ordering is facilitated in alkali feldspars where
the All(K+Na) ratio of the fluid phase in the rock is
low, and it is inhibited where the All(K+Na) ratio is
high. These factors are considered to influence the
degree of ordering of the feldspar during cooling
rather than during initial crystallization.

Results from Amata suggest that both thermal and
compositional effects are important in governing the
degree of order of the alkali feldspars. The most
ordered phases (Figs. 4,  5;  Nos. l l ,12,13) from the
amphibolite facies terrane are believed to have re-
sulted from equilibrium ordering during cooling be-
cause the range of ordering is limited. Petrogenetic
studies on the Amata amphibolite facies gneisses
(Collerson, 1972) indicate that load and water pres-
sures were approximately 4 kbars. lt is probable that
the inversion occurred at a higher temperature than
the 350-440"C of Steiger and Hart (1967) and may
have been well within the amphibolite facies range
between 400 and 700'C (Turner, 1968). Based on the
presence of muscovite and the absence of sill imanite
in pelitic schists from the amphibolite facies terrane
and using the experimental muscovite stability curve
of Evans (1965), the maximum temperature attained
at 4 kbars would have been 685'C. The temperature
suggested for the orthoclase to microcline inversion
in the amphibolite facies grade metamorphic rocks at
Amata may be regarded as the minimum temperature
attai.ned during equilibration of alkali feldspar in the
gneisses from the transitional terrane.

Alkali feldspars from the transitional terrane ex-
hibit a wide range of structural states (Figs. 4, 5)
which is suggestive of non-uniform AllSi ordering. ln
some of the feldspars (Nos. 5, 6, 8, l0) ordering
probably occurred during cooling under the influence
of variable (K+Na) concentrations in the fluid phase.
In more aluminous host rock (those with a significant
amount of normative corundum, i.e. No. 9, Table 2)
a higher content of Al in the fluid phase may have
influenced the degree of ordering of the potassium
feldspars (cf. Martin, 1969; Guidotti et al., 1973).

The alkali feldspars from rocks metamorphosed
under granulite facies conditions initially crystallized
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in a disordered state under the influence of high pres-

sure, 8 to 9 kbars, and temperatures, 950 to 1000"C
(Collerson, 1912). On cooling they equil ibrated with

varying degrees of AllSi ordering. Feldspars 3 and 4

have remarkably similar compositions (Table 3, Fig.

3), yet they exhibit widely differing structural states.

The reason for this is unclear in view of the fact that

both rocks in which the feldspar occurred are corun-

dum normative and therefore presumably contained
a moderately high Al concentration in the fluid phase
(c/ .  Mart in ,  1969;  Guidor t i  e t  a\ , ,1973).  Stewart  and

Wright (1974) believe that strain in the feldspar lat-

t ice could influence AllSi order-disorder and the

symmetry. The feldspar with the highest degree of

strain (No. 3) is the most ordered (compare Nos' 2

and 4i Table 6). Strain may therefore account for the

differing structural states of the alkali feldspars from

the granulite facies terrane.
The wide range of degrees of AllSi order displayed

by the feldspars in the transitional and granulite

facies rocks (Figs. 4 and 5, and Tables 4 and 5) is

regarded as reflecting the effects of variable physico-

chemical conditions during deformation, recrystall i-

zation, and equil ibration within the two metamor-

phic terranes.
Assuming a mean structural state of L(bc) : 0.82

for the disordered feldspars, an estimate of the min-

imum exsolution temperature of the alkali feldspars
,can be determined from Crosby, l97l (Fig. 2). ln this

tfigure is plotted the partial binodal curve for the

Or-Ab system at 7 kbar with a structural state of

Tnslr  7.  Est imated approximate minimum temperatures of

equi l ibrat ion for  peralkal ine condi t ions at  7 kbar+

Refeme
NwEer Nunber A325l- % 0 r

2

3

4

1165a 91 .0  563

7 ' 1  9 3 . 5  5 2 5

1 1 2 1  8 9 . 0  5 9 0

f{em TenIEratre ssgoc (Go-utite Facies)

7 8 3  9 s . 0  4 9 0

323 9 t - .5  550

400 92 .o  555

5 3 1  9 5 . 0  4 9 0

1 8  9 0 . 0  5 7 5

l4ea Teflperatw 555oC (lYmsitional Tercain)

* Asswing a ree structwal state for the di-sordered feldspm
o f  A ( b c ) =  0 . 8 2

L,(bc) 0.82 for peralkaline conditions, following the

method of  Waldbaum and Thompson (1969) and

Thompson and Waldbaum (1969). The results for the

Amata feldspars are given in Table 7. Although these

must only be regarded as approximate temperature

estimates, the means for the granulite facies and tran-

sit ional terranes compare favourably with the esti-

mated minimum exsolution temperature of the

Whiteface Mountain charnockite, 588"C (Crosby,

197 I ). The values are also in close agreement with the

temperature range, deduced from oxygen isotopes by

Wilson et al., (1970), uiz. 5lO-575'C for the equil i-

bration of the plagioclase-magnetite pair in gran-

ulites from Ernabella in the Musgrave Ranges'
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