
Canadian Mineralogist
Yol. 22, pp. 391-399 (1984)

IRON-RICH HORNBLENDE PLUS ALBITE IN LOW-PRESSURE METABASITES,
CHIBOUGAMAU, OUEBEC

STEPHEN W. KLINE \

Department of Geology, University of Georgia, Athens, Georgia 30602, U.S.A.

Assrnacr

Amphiboles in the Dor6 Lake Complex, a metamor-
phosed layered mafic intrusive complex located near
Chibougamau, Quebec, have been studied by electron-
microprobe techniques. In Fe-rich portions ofthe complex,
ferro-pargasite coexists stably with albite. Regional studies
show metamorphism to be in the greenschist facies of the
low-pressure (Abukuma) facies series. The occurrence of
a hornblende-type amphibole with albite is common in rocks
of a medium-pressure facies series; in low-pressure terranes,
however, albite changes to oligoclase below the temperature
of the actinolite-to-hornblende transition. The association
is attributed to rhe iron-rich bulk composition, which
stabilizes hornblende at a subnormal temperature. Other
amphiboles in the complex include actinolite and ferro-
actinolite, brown Ti-rich ferro-edenitic hornblende. and
cummingtonite-grunerite, The brown hornblende is a relict
magmatic phase. Actinolite is stable in Mg-rich rocks, bur
in Fe-rich bulk compositions, ferro-actinolite is converted
to ferro-pargasite, given available Na + Al and chemical
homogenization. In rocks where homogeneity was not at-
tained, these minerals, "fiozen" in incomplete reactions,
define a tschermakitic trend on the actinolite side of a
miscibility gap and a pargasitic trend on the pargasite side.
This fact suggests that the actinolite-to-hornblende transfor-
mation was a two-stage process. In some rocks. ferro-
pargasite is in stable equilibrium with cummingtonite or
grunerite. In these extremely Fe-rich rocks, Fe is concen-
trated in ferro-pargasite rather than Fe-Mg monoclinic
amphibole.

Keywords: amphiboles, metamorphism, low-pressure facies
series, ferro-pargasite, cummingtonite-grunerite, horn-
blende, coexisting amphiboles, Dor€ Lake Complex,
Quebec, greenstone behs.

SoMNaerns

On a etudi6, par microsonde €lectronique, les amphibo-
les du complexe du lac Dor6, massif stratiforme m6tamor-
phis6 prbs de Chibougamau (Qudbec). Dans la partie du
complexe riche en fer, la ferro-pargasite et I'albite coexis-

.tent. Ces roches montrent les effets d,un faible m6tamor-
phisme r6gional dans le facies schiste-vert de la s6rie de
facies de basse pression du type Abukuma. La coexistence
d'une amphibole du type hornblende et d,albite est com-
mune dans une s6rie de roches i facies de pression inter-
m6diaire; dans les cas de mdtamorphisme ir basse pression,
toutefois, l'albite se transforme en oligoclase en-dessous
de la tempdrature de la transformation actinote - horu-
blende. L'association serait due A la concentration 6lev6e

du fer dans ces roches, qui srabiliserait la hornblende A une
temp6rature en-dessous de la normale. On trouve aussi d'au-
tres amphiboles: actinote, ferro-actinote, hornblende €de-
nitique titanifdre brune et cummingtonite - grunerite. La
hornblende est une relique magmatique. L'actinote resre
stable dans les roches magndsiennes, mais dans les roches
ferrifbres, la ferro-actinote passe i la ferro-pargasite, 6tant
donnd la disponibilit6 de Na et Al, d'une parr, et I'homo-
g6ndisation chimique d'autre part. Dans les roches non
encore homogdndisdes, ces min6raux, fig6s dans des r6ac-
tions incompldtes, d6finissent une lignde tschermakitique
du c6te de l'actinote et une lignee pargasitique du c6t6 de
la pargasite, s€par€es par une lacune de miscibilit6. La trans-
formation d'actinote en hornblende serait donc un processus
d deux temps. Dans certaines roches trbs riches en fer. la
ferro-pargasite est en 6quilibre stable avec cummingtonite
ou grunerite, et le fer se concentre de pr6f6rence dans la
ferro-pargasite.

(Traduit par la Rddaction)

Mots-clds: amphibole, mdtamorphisme, s6rie de facies de
basse pression, ferro-pargasite, cummingtonite - gru-
nerite, hornblende, amphiboles coexistantes, complexe
du lac Dor6, Qu6bec, ceinture de roches vertes.

INtnooucrroN

The two most important mineralogical changes in
metabasites that mark the transition from greenschist
to amphibolite facies are well known: the amphibole
changes from actinolite to hornblende, and the pla-
gioclase becomes more An-rich, across the periste-
rite gap from albite to oligoclase. The exact P-T rela-
tions of this transition are not well calibrated, but
in the low-pressure facies series the change in pla-
gioclase composition is known to occur at a lower
temperature than the amphibole transition; in
medium-pressure metamorphism, the amphibole
transition occurs at a lower temperature (Robinson
et al. 1982). This phenomenon gave rise to the desig-
nation of a etreenschist-amphibolite transilion facies
for rock tlpes of the Barrovian series with the assem-
blage albite + epidote + hornblende. Although this
facies-series relation holds true for the limited com-
positional range of most metabasites, evidence from
the Dor6 Lake Complex shows that for iron-rich bulk
compositions, hornblende can be stable at a lower
temperature than plagioclase, even in low-pressure
rocks.
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GEOLOGY OF THE DORE LAKE CONAPLEX

The Dor6 Lake Complex is a metamorphosed
Bushveld-like layered mafic body in the Archean
Matagami-Chibougamau greenstone belt of the
Superior structural province of Quebec (Allard
1970). The greenstone belt was regionally metamor-
phosed to the greenschist facies during Kenoran
metamorphism; owing to the high geothermal gra-
dient prevailing in the Archean, the metamorphic
assemblages define a low-pressure facies series (Jolly
1978). Primary igneous cumulus textures are com-
monly well preserved, and metamorphism is essen-
tially isochemical (Allard 1976).

The cofrplex has been studied and mapped in fair
detail by G.O. Allard and his students and col-
leagues. A good surnmary of their work was pub-
lished by Allard (1970. The stratigraphy and dispo-
sition of the complex are shown in Figure l. Cryptic
chemical layering similar to that in the Bushveld and
other layered complexes has been demonstrated. The
most notable changes in major elements, from the
bottom to the top of the complex, are the decrease
in Ca in primary plagioclase and the decrease in
MglFe in ferromagnesian minerals. Iron becomes

highly concentrated in tle upper part ofthe Layered
Zone. Pyroxenites there commonly contain over 2590
combined FeO and FgO3, with most of the iron
concentrated in the silicates. The complex is folded
into an east-northeast-trending anticline with nearly
vertical limbs, and is intruded in the axis by the
Chibougamau pluton, a leucotonalite. The complex
is truncated on the east by the Grenville Front. Rocks
near the Grenville Front were affected slightly by
Grenville metamorphisfr, os indicated by the
presence of garnet in some lithologies.

ANnr,vrrcan METHoDS

Over 200 thin sections of samples collected by
Allard and coworkers and bythe present author were
examined with the petrographic microscope.
Eigbteen samples were selected from the major units
of the upper Anorthosite Zone, Layered Zone and
Sodagranophyre Zone for electron-probe micro-
analysis.

The chemical composition of the amphiboles was
determined using a MAC 4005 electron-probe
microanalyzer with 15 kV accelerating potential and
a sample current of 0.015 trt,i{. At least five grains
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of each amphibole species were analyzed in each
sample with a 50-second counting time divided inro
two 25-second intervals and a slight change in spot
location between the intervals. X-ray spectra were
analyzed by an energy-dispersion system, and raw
data reduced to weight percent oxide by a computer
program developed by J.C. Stormer. The following
standards were used: Korath amphibole for Si, Al,
Ti, Mg, Ca, Na and K, rhodonite for Mn, and a
synthetic fayalite for Fe. Replicate analyses of
Kakanui hornblende of known composition were
made to estimate standard deviations for the sample
analyses (see Table l).

A structural formula for the amphiboles was
calculated from the oxides reported based on 23(O)
as discussed in Robinson et al. (1982). If the sum
of cations, excluding Na and K, is greater than 15,
a factor is used to normalize the sum to 15. If the
sum of the cations is less than 15, the total is nor
normalized, and Na is assigned to M4 to make up
the difference. Ferric iron is estrmated by assigning
some of the iron to Fe3* so as to achieve a totA
positive charge of 46.

This particular method was chosen because it
allows distribution of Mn, Fe and Mg rloito the M4
site. Since many of these rocks show cummingtonite

coexisting with hornblende, the hornblende should
be saturated with respect to these components in the
M4 site. This method also minimizes the calculated
amount of Fe3*, whereas normalizing to 13 catio-
ns exclusive of Ca, Na and K maximizes Fd+. Since
metamorphic rocks commonly are quite reduced, the
real Fe3+ content should be closer to the minimum
value calculated than to the maximum value.

Names are assigned to the amphiboles according
to Leake (1978). Representative compositions are
given in Table 1.

PETRoLoGY eNo MrNsRAr CTmuTsTny

The rocks studied in detail consist of metagabbros,
metaferrogabbros, metaferropyroxeniles and
metasodagranophyres. In addition to amphiboles,
the typical mineral assemblages contain albite +
quartz + clinozoisite-epidote t chlorite + titanite
t opaque minerals a primary apatite (l garnet
near the Grenville Front). Biotite occurs in some of
the granophyres; stilpnomelane and lqurmalins are
rare accessories in some rocks. Four main kinds of
amphibole were found: (l) actinolite
ferro-actinolite, in all the above lithologies, with
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decreasing abundance and increasing iron content
toward the top of the complex, (2) blue-green
ferro-pargasitic hornblende - ferro-pargasite, also in
all the lithologies, with increasing abundance and
increasing iron content toward the top, (3) summing
tonite - grunerite, in certain metapyroxenites and
metagabbros, as discussed below, and (4) brown
ferro-hornblende - ferro-edenitic hornblende in all
lilhologies, but more prevalent in iron-rich rocks. A
number of relatively unmetamorphosed rocks occur
in the complex; these preserve primary plagioclase
and, less commonly, clinopyroxene and
orthopyroxene. The existence of these rocks is
probably due to a scarcity of metamorphic fluids or

the relative impermeability of some parts of the
complex.

Ferro-actinolite and ferro-pargasite are pseudo-
morphic after clinopyroxene. The proportion of
ferro-pargasite relative to ferro-actinolite generally
increases toward.the more iron-rich upper part of
the complex. Where they occur together, the
actinolite forms the main part of the pseudomorphs
and ferro-pargasite occurs as a rim against
plagioclase and commonly as patches within the
pseudomorphs. Boundaries are sharp between the
two amphiboles. In some cases, the pseudomorph
is a single crystal with optical continuity of actinolite
and ferro-pargasite; in others it is a polycrystalline
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Frc.2. Calcic amphiboles of sample 67-95, a metaferropyroxenite of the P3 member of the Layered Zone. The cation
values are taken from structural formulas calculated from electron-probe data on individual grains. The filled-in
triangle represents two identical compositions. Nomenclature according to Leake (1978). In A, the names toward
the left pertain to an -,4-site occupancy less than 0.50, and the names toward the right pertain to an.a-site occupancy
greater than 0.50. Note that both ttre brown and green hornblendes have a pargasitic trend (arrows) and that much
overlap occurs between the two.
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felted intergrowth, the boundary between aitinolite
and ferro-pargasite domains still being sharp.

In most ocqurrences, cummingtonite (or grunerite)
is the product of metamorphic replacement of ortho-
pyroxene or fayalite. Sample 67-11 contains relicr
orthopyroxene partly altered to cummingtonite (and
clinopyroxene partly altered to actinolite and
ferro-pargasite). In sample 67-81, pseudomorphs
after orthopyroxene and fayalite now consist of
grunerite with a thick reaction-rim of ferro-pargasite
+ garnet against plagioclase. In both cases the
plagioclase is primary. Because the plagioclase is
essentially unaltered, it appears that little to no Ca,
Na and Al have been released which might otherwise
have reacted with grunerite to form ferro-pargasite
in these samples.

The brown hornblende in these rocks is a relicr
magmatic hornblende. Unmetamorphosed rocks and
relict textures in metamorphosed rocks show the
brown hornblende as a rim on and inclusions in
clinopyroxene and occasionally as a rim on ortho-
pyroxene and as independent crystals. It has an
intercumulus texture against euhedral cumulus
plagioclase. Its relatively high Ti content, which
imparts the brown color, is indicative of the relatively
high temperature of formation.

In most cases, the brown hornblende is either nor
affected by metamorphism and has a sharp boundary
against ferro-actinolite and ferro-pargasite, or is
partly converted to ferro-pargasite. In some grains
in sample 67-81 and in some metaferropyroxenites,

the brown hornblende is metamorphosed to
ferro-pargasite and to members of the cummingto-
nite - grunerite series. In sample 66-262, the rela-
tionship is clear; a large pseudomorph has a patchy
intergrowth of ferro-pargasite and cummingtonite in
optical continuity with relict brown ferro-edenitic
hornblende (see Table I for compositions).

Eeurr-rsnruN4 CorxrsrsNce oF AMrHTBoLES

As all four types of amphibole coexist in some of
the rocks, it is important to identify which are stable.
The stability of the amphiboles is very dependent on
bulk composition. The brown hornblende is stable
in Mg-rich bulk compositions, but in Fe-rich rocks
it is converted to ferro-pargasite. In many cases, the
compositions of several grains of brown hornblende
in one sample define a trend toward a pargasitic co-
mposition, and in many cases brown and green
patches grade imperceptibly into each other. Sample
67-95 (Fig. 2) shows not only the pargasitic trend
for brown hornblende but even a compositional
overlap with the blue-green amphibole. The occur-
rence in many rocks of fresh-looking brown horn-
blende with sharp boundaries against ferro-pargasite
is probably due to paucity of metamorphic fluids to
aid reaction.

Cummingtonite (or grunerite) and ferro-pargasite
coexist stably in rocks of ferropyroxenitic bulk com-
position (ow in plagioclase) and in metaferrogabbros
that have unaltered plagioclase. That they are both
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Ftc.,3. Magnesium-to-iron ratio in coexisting calcic and monoclinic Fe-Mg amphiboles. Circles represent data taken
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stableis best illustratsd in sample 6G262 (mentioned
above), where the brown hornblende is partly
replaced by an intergrowth of ferro-pargasite and
cummingtonite. In other parts of the thin section,
ferro-pargasite and cummingtonite occur together
as an intergrowth of distinct prismatic crystals. In
rocks where altered plagioclase is present to release
sufficient Ca, Na and Al, summingtonite is not
found.

Klein (1968) studied stable cummingtonite and ho-
rnblende pairs in rocks of a generally higher Mg/Fe
ratio than most found in this study. In most of his
rocks, iron was partitioned into summingtonite

relative to hornblende, but for the most iron-rich
bulk composition$, a tendency-was observed for the
hornblende to be the more iron-rich phase. This
phenomenon is confirmed in the very iron-rich rocks
of the Dor6 l-ake Complex, where the ferro-pargasite
is consistbntly richer in Fe than the coexisting FelMg
clinoamphibole (see Fig. 3).

In the more iron-rich rocks of the complex, acti-
nolite is rare and apparently wa$ not stable at peak
metamorphic conditions. The instability of
ferro_actinolite is inferred from the examples where
brown hornblende has altered to ferro-pargasite +
cummingtonite (or grunerite). In sample 67-81' for
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Nomenclature iccording to Leake (1978). Note that with respect to tJre elements portrayed' the brown hornblende
compositions fall between the pargasitic and the actinolitic amphiboles. The ferro-pargasite has more Al,.less Si,
greater (Na + K), and lower Mg/Fe than the brown hornblende, whereas ferro-actinolite has less A1, more Si, lower
(Na + K) and slightly higher Mg/Fe than brown hornblende. The brown hornblende could almost isochemically
provide, as breakdown products, tie combination of the other two amphiboles. In place of actinolite, however,
grunerite occurs with ferro-pargasite as a breakdown product.
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example (Fig. 4), brown hornblende has altered to
ferro-pargasile plus grunerite. Visual inspection of
Figure 4 and mass-balance calculations show that the
brown hornblende could almost isochemically break
down into a combination of ferro-actinolite and
ferro-pargasite. Instead, the brown hornblende
breaks down to grunerite plus ferro-pargasite by
releasing Ca and taking up Fe. In addition, the
actinolite in such samples occurs only in pyroxene
pseudomorphs that have reaction rims of
ferro-pargasite and is not found as a product from
brown hornblende. The actinolite is therefore
thought to have been unstable in these bulk comp-
ositions when chemical homogenization has
occurred.
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Actinolite is stable in more magnesian
bulk-compositions. In gabbros ofthe upper part of
the Anorthosite Zone, pyroxenes are altered to
actinolite with only a thin rind of ferroan pargasite,
and in the even more Mg-rich lower parts of the An-
orthosite Zone, actinolite is the sole amphibole with
no pargasite, even in contact with plagioclase.

A fairly wide scatter along a pargasitic trend occurs
in the compositions of blue-green amphibole. This
is thought to be due to incomplete chemical
homogenization in these rocks. It is thought that if
chemical homogeneity and equilibrium were at-
tained, the stable blue-green amphibole would have
a composition similar to those of the more Al-rich
ferro-pargasite in these compositional trends.
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DrscussloN AND CoNcr,usroNs

In a low-grade stage of metamorphism, perhaps
during burial metamorphism (Jolly 1978), most of
the rocks of the complex had their pyroxenes con-
verted to actinolites and Fe-Mg monoclinic amphi-
bole, and plagioclase altered to albite + epidote.
During a later, higher-grade stage, reactions of
some still fresh plagioclase, or albite + epidote, with
ferro-actinolite and with Fe-Mg amphibole produced
ferro-pargasite in iron-rich rocks. These reactions
apparently occurred under a low activity of water,
leaving some rocks partly unaltered. Paucity of water
and incomplete chemical homogenization also
explain the oscurrence of relict ferro-actinolite and
brown hornblende and the wide compositional
scatter along a pargasitic trend for the blue-green
amphibole.

At the peak of metamorphism, ferro-actinolite was
unstable in the presence of available Na + Al and
reacted to form femo-pargasite. In many of the rocks
chemical homogeneity was not attained, leaving
ferro-actinolite in the core of pyroxene pseudo-
morphs coexisting with ferro-pargasite on the rim.
Effects of the solvus between the lwo can be seen
in the partly reacted grains that are "frozen" in
various compositions along the chemical pathway
between them. Where ferro-actinolite is rimmed by
ferro-pargasite, a sharp boundary occurs, and a wide
gap between actinolite compositions and pargasite
compositions is present. In a few (for example, Fig.
5), ferro-actinolite compositions occur along a trend
to ferro-actinolitic hornblende, with no composi-
tional change other than aluminum enrichment; then
there is a compositional jump to ferro-tschermakitic
or ferro-pargasitic hornblende with greater 1-site
occupancy and a trend toward ferro-pargasite. There
seems to be a two-stage effect in the coupled substi-
tutions that transform actinolite into hornblende
(Grapes 1975, Robinson et al. 1982). As ferro-
actinolite converts to ferro-pargasite, first there is
a simple tschermakitic zubstitution, and subsequenfly
the composition cros$es the solws with combined
edenitic and tschermakitic substitutions giving a par-
gasitic trend.

In the iron-rich portions of the Dord Lake Com-
plex, "hornblende" (i.e., ferro-pargasite) is in sta-
ble equilibrium with albite at a greenschist $ade in
a low-pressure facies-series envhonment. In con-
tra$t, metabasalts in the sgrrounding metavolcanic
rocks have typical greenschist-facies assemblages
(Allard 1970. A medium-pressure overprint could
be called upon to produce the hornblende-albite co-
existence for parts of the complex very close to the
Grenville Front, but some of the rocks in this study
containing ferro-pargasite are up to 9 km from the
Front. Furthe[nore, blue-green amphibole is re-
ported from the northern limb of the complex, over

28 km from the Grenville Front. Partially analyzed
compositions @askin 1975) are similar to those of
ferro-pargasite in this study. Even within a few
hundred metres of the Grenville Front, it is only in
the iron-rich parts of the complex that the blue-green
hornblende occurs.

It is the iron-rich nature of these amphiboles that
is thought 1o s1*ilize "hornblende" at lower
temperatures than normal. The lower-temperature
stability of iron-rich hornblende was also noticed by
Harte & Graham (1975). A lower-temperature
transition from actinolite to hornblende for iron-rich
bulk compositions can be predicted from ex-
perimental studies, which show that ferro-actinolite
is stable only under reducing conditions and at lower
temperature than more Mg-rich actinolite (Ernst
1968).

Because the Mg,/Fe ratio is a strong factor in fixing
the limits of amphibole stability in metabasites,
bulk-rock composition should be considered when
determining isograds for the greenschist- to
amphibolite-facies transition. The relatively minor
compositional differences among most typical meta-
basalts probably would not greatly affect the
temperature of the actinolite-to-hornblende transi-
tion, but in iron-rich terranes or lithologic units, the
compositional effect on this transition is signitlcant.
In low-pressure terranes, the plagioclase transition
occurs at a lower temperature than the amphibole
transition for average metabasite compositions, but
in iron-rich rocks this relationship can be reversed.
The occurrence of a transitional facies from
greenschist to amphibolite facies, wilh the
assemblage albite + epidote + hornblende, is not
dependent on pressure alone, but also on the Mg/Fe
ratio of the bulk composition.
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