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Abstract

Electron microprobe analyses of apparently equi l ibr ium pairs of coexist ing actinol i te and

hornblende from the metamorphosed Flavrian Pluton near Noranda, Quebec, demonstrate

that the actinol i te-hornblende miscibi l i ty gap extends to extremely iron-r ich composit ions

lMg/ (Mg *  Fe2+)  o f  0 .11 .

lntroduction

The presence of a miscibil i ty gap within the calcic
amphiboles is indicated by the fairly common occur-
rence of coexisting actinolite and hornblende in up-
per greenschist-lower amphibolite facies rocks. Such
amphiboles have been described by numerous au-
thors, e.g. Klein (1969), Cooper and Lovering (1970),
Brady (1974), Hietanen (1974), and Kuenbaum and
Gittins (1974). The purpose of this note is to report
chemical analyses of coexisting amphiboles from the
Noranda district of Quebec. The compositions of
these amphiboles extend the actinolite-hornblende
miscibil i ty gap to extremely iron-rich compositions.

Geological setting of samples

All samples in which coexisting amphiboles were
analyzed are from the Flavrian Pluton, a 17 km X 8
km intrusion 8 km NE of Noranda, Quebec. We have
also observed coexisting actinolite and hornblende in
rocks from the Western Lake Dufault Pluton, 8 km
east of the Flavrian Pluton, and from a mafic meta-
volcanic unit (the "Amulet Andesite") in the area
between the two plutons. (The Lake Dufault sample
was kindly provided by Dr. G. R. Webber of McGill
University, Montreal.)

The Flavrian Pluton, comprising metatrondhje-
mite and lesser amounts of quartz metagabbro ahd
hybrid metatonalites, has been described in detail by
Goldie (1976). Zircons from the Powell Pluton, con-
sidered to be a faulted extension of the Flavrian
Pluton, and from the metavolcanic rocks which the
plutons intrude, have been dated by Krogh and Davis
(1971, 1974). They found the intrusion to be 2709
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mill ion years old, and the metavolcanic rocks to be
"a few mill ion years older."

Metamorphism

On the basis of textural features, nearly all miner-

als in the Flavrian Pluton arejudged to be ofsecond-

ary origin. Exceptions, igneous plagioclase and clino-

pyroxene crystals, are rare. Amphiboles occur as

aggregates of randomly-oriented fine-grained crys-

tals, which together with chlorite, sti lpnomelane, and

ilmenite have replaced igneous pyroxenes.

Gold ie (1976) mapped a number of  isograds in  the

Flavrian Pluton, based on model reactions among the

observed secondary minerals. From the resulting iso-
grad pattern, Goldie inferred that the distribution of

assemblages of secondary minerals throughout the
pluton could be related to regular regional-scale vari-

ations in temperature and the composition of an

H,O-CO, gas phase. We believe, therefore' that the

secondary minerals are the result of low-grade re-

gional metamorphism during the Kenoran Orogeny
(2709-2650 m.y.). Both the Flavrian Pluton and sur-

rounding metavolcanics contain mineral assemblages
indicative of greenschist to epidote-amphibolite
facies metamorphism.

Mineralogy

Hornblende and actinolite occur not only as inde-
pendent crystals, but as rims on one another (Fig' l) '

as interfingering interlaminated intergrowths, and as
irregular patchy intergrowths (Fig. 2). Hornblende is

distinguishable by its green, yellow-green, brown-
green, or blue-green color and strong pleochroism,
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whereas actinolite is colorless to pale green and only
weakly pleochroic. In all cases a sharp Becke line
separates the two phases. Zoning in the hornblende
of some samples (e.g. samples 4, 5) is indicated by
color  var iat ions as shown in F igure l .

Chemical analyses

Amphiboles were analyzed with an ARL-AMX
electron microprobe, using an energy-dispersive sys-
tem set up and supervised by P. L. Roeder of Queen's
University. Ancil lary apparatus consisted of a Prince-
ton Gamma-Tech detector (resolution 160 ev at
FWHH), NS-880 multichannel analyzing system,
and PDP-l I computer. Nine elements were measured
and apparent concentrations corrected for matrix ef-
fects by the method of Bence and Albee (1968), using
alpha faetors from Albee and Ray (1970). Chemical
analyses are l isted in Table L

Fig I  Act inot i te r im (c lear)  on azoned hornblendecrystal  (dark
grey) in quartz metagabbro from the Flavrian Pluton. Unanalyzed
sample.  Plane-polar ized l ight  The f ie ld of  v iew is 0.6 X 0.4 mm.

Fig 2.  Patchy intergrowth of  act inol i te ( l ight  grey) and

hornblende (dark grey),  in metatrondhjemite f rom the Flavr ian
Pluton (analyzed sample,  number 3) .  Plane polar ized l ight  The
f i e l d o f v i e w i s 0 6 X 0 4 m m

Ion ic  proport ions are g iven in Table I  on an H20-
free basis of 23 oxygens. Ferric iron was not deter-
mined, and has been estimated from crystal-chemical
constraints according to the method described by
Stout (1972) and used by Brady (1974). In accord
with this procedure, the ionic proportions are the
means of those calculated firstly assuming that cat-
ions exclusive of Na and K fi l l  the tetrahedral and
M(l-4) sites (giving a minimum estimate of Fe3+),
and secondly assuming that cations exclusive of Ca,
Na, and K fi l | the tetrahedral and M(l-3) sites (maxi-
mum FeS+). An APL computer program written by
D. M. Carmichael  (of  Queen's Univers i ty)  and J.  M.
Allen, facilitated the calculations. pss+/(ps2+ + Fe3+)
values for actinolite are in the range 0.003-0.10, but
for hornblende are a l itt le higher, in the range
0.03-0.23.
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Table I Electron microprobe analyses of coexist ing Ca-amphiboles from the Flavrian Pluton, Noranda Distr ict,  Quebec'

I-Hb 1-Ac z -  n D 2-Ac 3-Hb 3-Ac 4-Fhb 4-Tac 5-Fhb

s i o 2  4 4 . 6 0

T i o 2  0 . 0 7

A l 2 o 3  8 . 4 0

F e O *  2 7 , 2 7

rYnO 0 .15

M g o  4 , 9 3

C a O  1 I . 7 3

N a r O  0 . 9 9

K 2 O  0 . 3 0

To ra l  98 .44

s i  6 . 8 5 2  7 . 8 2 4

A 1 l t  1 . 1 4 8  0 . 1 7 6

A t v l  0 . 3 7 3  0 . 0 8 9

T i  0 . 0 0 8  0 . 0 1 7

F " 3 * n *  0 . 4 7 9  0 . 0 8 8

F " 2 * * *  3 . 0 2 5  2 . 6 L 2

l'ln 0. 020 0 . O42

Ms  I . I 29  2 .169

C a  1 . 9 3 1  1 . 9 6 5

. \a 0 .295

K  0 . 0 5 9  0 . 0 0 4

5 0 . 3 0  4 6 . 4 7  4 9 . 9 8

0 . 1 0  0 . 6 1  0 . 0 6

0 . 0 0  3 . 0 0  0 . 3 9

3 2 . 5 2  3 2 . 3 4  3 3 . 5 0

0 . 5 7  0 . 7 3  0 . 5 4

2 . 9 L  2 . 3 4  2 . 3 2

1 1 . 6 9  L r . 0 2  1 1 . 0 6

0 . 1 9  0 . 4 4  0 . 0 0

0 . 0 1  0 . 5 5  0 . 0 4

9 8 . 2 9  9 7 . 5 0  9 7 . 8 9

5 2 . 2 0  4 9 . 0 8  5 2 . 0 9  4 8 . 4 0  5 r . 8 r  4 6 . 5 L

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

1 . 5 0  2 . 1 0  0 . r 3  3 . 6 8  0 . 4 9  4 . 0 1

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

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

9 . 7 r  5 . 8 2  7 . 2 3  5 . 4 9  7 . 6 6  2 . 8 4

7 2 . 2 4  1 0 . 1 4  L 2 . r 3  L 0 . 9 2  L L . 6 7  1 2 . 5 7

0 . 0 0  0 . 6 2  0 . 0 1  0 . 8 0  0 . 0 5  0 . 6 9

0 . o 2  0 . 3 1  0 . 0 0  0 . 1 1  0 . 0 3  0 . 3 4

9 7 . 1 0  9 8 . 5 0  9 7 . 9 6  9 7 . 8 5  9 7 . 3 9  9 8 . 5 2

Cations on Anhydrous Basis of 23 Oxygens

7 . 5 r 5  7 . 9 6 5  7 . 4 7 6  7 . 9 2 0  7 . 3 4 0  7 . 9 4 4

0 . 4 8 s  0 . 0 2 3  0 . 5 2 4  0 . 0 8 0  0 . 6 6 0
-  0 . 1 4 6  0 . 0 0 8  0 . 0 8 60 . 0 0 2

7 . 4 3 3  1 . 9 L 9

0 . s 6 6  0 . 0 7 3

0 . 0 6 7  0 . 0 0 9  0 . 0 3 3  0 . 0 2 3  0 . 0 5 6  0 . 0 1 2  0 . 0 7 4  0 . 0 0 7

0 . 4 9 5  0 . 0 4 1  0 . 2 8 0  0 . 1 1 7  0 . 1 1 3  0 ' 0 5 3  0 . 2 9 5  0 . 2 0 1

3 . 2 0 4  3 . 2 7 1  3 . 3 2 1  3 . L 2 7  3 . 9 4 2  4 . 2 4 2  4 ' 0 3 0  4 ' 2 3 7

0 . 0 4 1  0 . 0 s 1  0 . 0 3 8  0 . 0 1 3  0 . 0 4 8  0 . 0 7 6  0 . 0 9 9  0 . 0 7 3

1 . 3 2 8  7 . 6 4 8  r . 2 6 4  r . 7 4 5  0 . 6 6 8  0 . 6 8 5  0 . 5 5 8  0 '  5 4 8

L . 6 6 3  L . 9 8 7  1 . 8 0 7  1 . 9 1 1  2 . L 2 5  r . 9 7 8  1 . 8 8 8  r ' 8 7 7 ,

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

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

t tTo ta l  i ron  expressed as  FeO.
x*  Ca lcu la ted  accord ing  to  the  procedure  o f  S tou t
(1972) ,  and Brady  (1974) .

N . B .  A 1 1  s a n p l e s  c o n t a l n  a l b i t e ,  e p i d o t e ,  q u a r E z ,

and i lnen i te ,  in  add i t lon  to  the  minera ls  l i s ted
be1ow.

Sanp le  I :  Hornb lende and ac t ino l iEe  f ro rn  a  s ing le
in te rgrowth  in  hybr id  meta tona l i t i c  rock  conta in ing
K- fe ldspar ,  sphene and apat i te .  Locat ion :  South
end o f  lo t  35 ,  range IX ,  Beauchaste l  Townsh ip .

Sarnp le  2 :  Mean cornpos i t ion  o f  th ree  hornb lende-
ac t ino l i te  in te rgror { r ths  in  t rondh jern i te  conta in ing
s t i lpnomelane.  Locat ion :  Nor th  end o f  lo t  23 ,
range I I ,  Dupra t  Twp.

Sample 3:  Mean composi t ion of  three hornblende-
act inol i te intergrowths in metatrondhjeni te
con ta i n i ng  ch lo r i t e ,  sphene ,  aPa t i t e ,  and  z i r con .
LocaE ion :  Cen te r  o f  1o t  39 ,  r ange  V ,  Dup ra t  Twp .

Sample 4:  Ferrohornblende and ferroact inol i te
f rorn a s ingle intergrowth in hybr id metatonaf i t ic
rock contain ing muscovi te,  st i lpnomelane, sphene,
apa t i t e ,  and  aug i t e  ( a  p r ima ry ,  i gneous  phase ) .
Locat ion:  North end of  Iot  52,  range I I ,  Duprat  Twp.

Sanple 5:  Ferrohornblende and ferroact inol i te f ron
a s ingle intergror , r th in hybr id metatonal i ! ic  rock
con ta i n i ng  ch lo r i t e ,  s t i l pnome lane ,  apa t i t e ,  and
augi te (a pr imary,  igneous phase).  Locat ion:  Same
as sample 4.

Compositions of coexisting amphiboles

Compositions of actinolite and hornblende are
plotted in terms of Na * K us. Xy. lX;y^e : Mg/(Mg
* Fe2+)], and tetrahedrally-coordinated aluminum
us. XMs in Figures 3 and 4 respectively.

The compositions of actinolite and hornblende in
samples l-3 vary l itt le from grain to grain. For sam-

ples 2 and 3, the analyses are averages of those from

three actinolite-hornblende intergrowths. Samples
l-3 define an actinolite-hornblende miscibil i ty gap in

the range X*s : 0.28-0.45. In samples 4 and 5,

however, there is a wide range of composition both
within composite actinolite-hornblende grains, and
from grain to grain. Individual spot analyses are
plotted in Figures 3 and 4. On these diagrams, horn-
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r .o  o .8  0 .6  0 .4  0 .2  o

turg/(r*s * F"2+)
Fig.  3.  Amphibole composi t ions plot ted in terms of  Na + K versus Mgl(MS * Fe'?+).  Circ les = amphiboles f rom the Flavr ian Pluton

Dots :  act inol i te and hornblende analyses f rom Klein (1969),  Cooper and Lover ing (1970),  and Brady (1974).  Tie l inesjo in coexist ing
amphiboles in the same sample.
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Fig.4.  Amphibole composi t ions plot ted in terms of  tetrahedral  a luminum versus Mgl(Mg * Fe'z*) .  Symbols as for  Fig.  I
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blende shows the greatest variation in composition,
with Na * K up to 0.7 and Ali" up to 1.4 in sample
5. Tie l ines have only been drawn between analyses of
immediately adjacent actinolite and hornblende in
the same intergrowth. Note that few analyses plot
inside the area defined by the tie l ines. In spite of the
wide variation in amphibole composition indicative
of disequil ibrium in samples 4 and 5, analyses of
immediately adjacent actinolite and hornblende ap-
pear to give a consistent miscibil i ty gap at very high
iron to magnesium ratios. Equil ibrium may therefore
have been closely approached, but only over dis-
tances of the order of a few tens of microns.

For comparison, previously published analyses of
coexisting actinolite and hornblende from Klein
(1969),  Cooper and Lover ing (1970),  and Brady
(1974) are shown as dots in Figures 3 and 4. These
analyses, plus others reported in the l iterature (e.g.
Hietanen, 1974)lie at lower iron contents (Xrue > 0.5)
than those described here. Assuming a close ap-
proach to chemical equil ibrium in our samples, the
data suggest that the actinolite-hornblende miscibil-
ity gap extends to very high iron contents (Xy" as low
as 0.1 in sample 5), and therefore covers most of the
possible range of iron to magnesium ratios.
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