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ABSTRACT

The crystal structures of seven sodic amphiboles from the Strange Lake peralkaline granite, on the Quebec–Labrador border,
have been refined to R values of 1.3–1.7% using single-crystal MoK� X-ray data. Crystals used in the collection of the intensity
data were subsequently analyzed by electron- and ion-microprobe methods. Site occupancies were assigned by site-scattering
refinement and stereochemical considerations, taking into account the electron- and ion-microprobe data for each crystal. These
amphiboles are lithian arfvedsonite and lithian manganoan arfvedsonite, and have anomalously low X-ray scattering at the M(3)
site. Ion-microprobe analysis shows the presence of significant Li in all of these samples (up to 0.63 wt%, equivalent to 0.40 Li
apfu), and the site-scattering refinement shows Li to be completely ordered at the M(3) site. Ion-microprobe analysis also shows
evidence of limited dehydrogenation that correlates with the amount of Ti in the amphibole. The amphiboles show several
interesting chemical correlations: (1) the Mn and Zn contents show a very strong positive correlation; (2) the K and Al contents
(0.02 < Al < 0.08 apfu are inversely correlated; (3) the Li and Ca contents show a strong negative correlation. The sample order
in correlations (1) and (2) is the same, supporting the idea that these correlations are petrogenetic rather than crystal-chemical.
Moreover, similar correlations occur in similar amphiboles from the Virgin Canyon pluton, New Mexico.

Keywords: amphibole, arfvedsonite, crystal-structure refinement, electron-microprobe analysis, ion-microprobe analysis, H con-
tent, Li content, peralkaline granite, Strange Lake, Quebec–Labrador.

SOMMAIRE

Nous avons affiné la structure cristalline de sept échantillons d’amphibole sodique provenant du granite hyperalcalin de
Strange Lake, sur la frontière Québec–Labrador, jusqu’à un résidu dans l’intervalle 1.3–1.7% en utilisant des données en diffrac-
tion X sur cristaux uniques, prélevées avec rayonnement MoK�. Les cristaux utilisés ont ensuite été analysés par microsondes
électronique et ionique. L’occupation des sites a été assignée par affinement de la dispersion associée aux divers sites et selon des
considérations stéréochimiques, en tenant compte des données obtenues sur la composition de chaque cristal. Sont représentés
l’arfvedsonite lithinifère et l’arfvedsonite lithinifère manganifère. Les sept échantillons contiennent des teneurs importantes en Li
(jusqu’à 0.63%, en poids, l’équivalent de 0.40 Li atomes par unité formulaire, apuf), et les affinements de la dispersion aux sites
montrent que le Li est complètement ordonné au site M(3). Les données obtenues avec la microsonde ionique indiquent aussi un
déficit en hydrogène lié à la teneur en titane de l’amphibole. Les échantillons d’amphibole montrent plusieurs corrélations
intéressantes: (1) les teneurs en Mn et en Zn montrent une corrélation positive marquée; (2) les teneurs en K et en Al (0.02 < Al
< 0.08 apuf) montrent un corrélation inverse; (3) les teneurs en Li et en Ca montrent une corrélation négative. La séquence des
échantillons des corrélations (1) et (2) sont les mêmes, ce qui fait penser qu’elles seraient plutôt d’origine pétrogénétique que
cristallochimique. De plus, des corrélations semblables ont été documentées pour des amphiboles semblables dans le pluton de
Virgin Canyon, au Nouveau-Mexique.

(Traduit par la Rédaction)

Mots-clés: amphibole, arfvedsonite, affinement de la structure cristalline, données de microsonde électronique, données de
microsonde ionique, teneur en H, teneur en Li, granite hyperalcalin, Strange Lake, Québec–Labrador.
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INTRODUCTION

Sodic amphiboles occur in a wide variety of geologi-
cal environments, but are particularly characteristic of
peralkaline (agpaitic) igneous rocks and their metamor-
phosed equivalents. In such peralkaline igneous rocks,
which crystallize from geochemically evolved magmas,
the sodic amphibole hosts elements not normally en-
countered in rock-forming amphiboles (e.g., Li).
Hawthorne et al. (1992, 1993, 1994, 1996a, b, 1998)
have characterized the role of Li in sodic amphiboles,
and have shown how recognition of the presence of Li
leads to improved estimation of the oxidation ratio of
iron, and ultimately to correct structural formulae. Three
Li-bearing sodic amphiboles have been recognized re-
cently: leakeite, Na Na2 (Mg2Fe3+

2Li) Si8 O22 (OH)2
(Hawthorne et al. 1992), kornite, K Na2 (Mg2Mn3+

2Li)
Si8 O22 (OH)2 (Armbruster et al. 1993) and fluoro-
ferroleakeite (Hawthorne et al. 1996a).

Lithium is expected to be an important constituent
of sodic amphibole in the Strange Lake peralkaline gran-
ite pluton, located near Lac Brisson, astride the Quebec–
Labrador border about 250 km north of Schefferville,
Quebec. This small granite pluton (8 km across) is min-
eralized; an unusual assemblage of secondary minerals
of Zr, Nb, rare-earth elements and Li occurs in altered
variants of the most evolved intrusive unit, near the core
of the pluton. Lithium-bearing arfvedsonitic amphibole
is present from the least evolved to the most evolved
members of the Strange Lake suite. We focus here on
the structure and crystal chemistry of a suite of sodic
amphibole that is relatively enriched in Li, Zn, Zr, Mn
and K, and depleted in Mg, Ca and Al.

GEOLOGICAL CONTEXT

We chose seven representative samples (Table 1).
The Strange Lake magma was already geochemically
evolved when it was emplaced in the middle crust dur-
ing the Middle Proterozoic. The most primitive granite
exposed is a Mg-depleted low-Ca hypersolvus granite
cut by sparse pegmatite dikes; these rocks show only
minimal signs of a hydrothermal overprint. With mas-
sive crystallization of anhydrous minerals (quartz, al-
kali feldspar), the magma reached saturation in an

aqueous fluid phase, and a subsolvus assemblage of two
magmatic feldspars (albite + K-feldspar, now micro-
cline) appeared. Fresh samples of the subsolvus granite
are available, but as one approaches the center of the
pluton, hydrothermally affected subsolvus granite is the
norm. In the ore zone, layered pegmatite–aplite sills and
their altered subsolvus-facies host-rocks are highly en-
riched in an assemblage of potential ore constituents:
gittinsite, kainosite-(Y), gerenite-(Y), gadolinite-(Y),
narsarsukite, armstrongite, elpidite, yttrian milarite and
Li-bearing mica (Birkett et al. 1992, Miller 1996,
Roelofsen 1997, and references therein). Boily & Will-
iams-Jones (1994) described the roles of magmatic and
hydrothermal processes in the evolution of the Strange
Lake complex. Our sampling includes an unusual mafic
lens of flow-oriented fine-grained prisms of arfvedsonite
crystallized in the pegmatite–aplite sills of the ore zone
from a highly evolved and alkaline derivative magma
of mafic character.

EXPERIMENTAL

X-ray data collection and structure refinement

Experimental details are as described by Oberti et
al. (1992). Unit-cell data, R values and other informa-
tion pertinent to intensity-data collection and structure
refinement are given in Table 2. Final atom coordinates
and displacement parameters are listed in Table 3. Ob-
served and calculated structure-factors are available
from The Depository of Unpublished Data, CISTI, Na-
tional Research Council, Ottawa, Ontario K1A 0S2,
Canada. Selected interatomic distances and angles are
given in Table 4, and refined site-scattering values are
listed in Table 5.

Electron-microprobe analysis

Subsequent to the collection of the X-ray intensity
data, the crystals were mounted in epoxy, polished and
analyzed by electron- and ion-microprobe techniques
(the latter for H, Li and F) following the procedures
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described by Oberti et al. (1992) and Ottolini et al.
(1993, 1995). Chemical compositions (Table 6) are the
mean of at least 10 determinations on the same crystal,
and hence should be representative of the bulk compo-
sition of the crystal, particularly as no significant com-
positional zoning was detected in any of the crystals.
The Fe3+/Fe2+ values were derived as described by
Hawthorne et al. (1993), taking into account the pres-
ence of partial dehydrogenation. Unit formulae were
calculated on the basis of 24(O,OH,F); the agreement
between the refined site-scattering values and analogous
values calculated from the unit formulae (Table 6) is
very close (±1%). Sample SL(2) is a lithian manganoan
arfvedsonite; the rest of the samples are lithian
arfvedsonite.

DISCUSSION

The general details of the arfvedsonite structure were
described by Kawahara (1963) and Hawthorne (1978,
1983), and the crystal-chemical aspects of Li incorpo-
ration into eckermannite and arfvedsonite were dis-
cussed by Hawthorne et al. (1993, 1994). Inspection of
the <T–O> distances (Table 4) indicates that all [4]Al is
ordered at the T(1) site (Hawthorne 1983, Oberti et al.
1995).

The behavior of Li

From previous work, we expect Li to be a C-group
cation and to be completely ordered at the M(3) site; the
observed site-scattering values (Table 5) indicate this
to be the case. Figure 1 shows the refined site-scattering
at the M(3) site as a function of the Li content of the
amphibole. The observed values scatter about the ideal
line for Li  Fe substitution, in accord with ordering of
Li at the M(3) site in these amphiboles. We can express
this relation more directly by plotting the relative scat-
tering at M(1) versus M(3) against the Li content (as
measured by ion-microprobe analysis) in all structures

FIG. 1. Variation in the refined site-scattering at the M(3) site
as a function of Li content of the amphibole; the line is the
ideal relation for all Li to substitute for Fe at the M(3) site.
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for which this information is available (Fig. 2). There is
a very well-defined relation, indicating that we can rap-
idly estimate the Li content in sodic amphiboles directly
from the X-ray scattering at the M(1) and M(3) sites.
There are three points that deviate somewhat from the
monotonic relation of Figure 2. The amphiboles A(2)
and A(7) (Fig. 2: black squares) from Hawthorne et al.
(1993) are actually sodic–calcic amphiboles, rather than
sodic amphiboles, and hence have a significantly dif-
ferent Kd value for the distribution of Fe2+ (and Mg)
over M(1) and M(3), accounting for their deviation from
the sodic-amphibole trend of Figure 2. Amphibole A(1)
(Fig. 2: hollow square) of Hawthorne et al. (1994) is a
titaniferous amphibole with 0.41 Ti pfu (per formula
unit) at the M(1) site; this Ti affects the relative scatter-
ing at M(1) and M(3) in this particular crystal, account-
ing for its deviation from the trend of Figure 2. Thus the
ratio of the scattering at the M(1) and M(3) sites is a
useful indicator of Li content in alkali amphiboles (from
the empirical relation depicted in Fig. 2).

The behavior of Ti

Previous work on amphiboles has shown that Ti can
occur at the T(2) site (Oberti et al. 1992, Della Ventura
et al. 1991, 1993, Mottana et al. 1990, Paris et al. 1993)
and the M(1) site (Kitamura et al. 1975, Pechar et al.
1989, Oberti et al. 1992); furthermore, many authors
have proposed that the normally small amounts of Ti in
most amphiboles occur at the M(2) site, whereas incor-
poration at the M(3) site may occur in Fe-free kaersutite
(Tiepolo et al. 1999). In the present case, we have an
ideal opportunity to examine the behavior of Ti because
of the lack of Mg and [6]Al in these crystals. With re-

gard to X-ray scattering, Ti (Z = 22) scatters less than
Fe (Z = 26); this difference, together with the variation
of Ti in these crystals, should give rise to small but sig-
nificant differences in site scattering among these crys-
tals. Figure 3 shows the variation in the refined
scattering at the M(1) site as a function of the amount of
Ti in the crystal; the line in Figure 3 shows the ideal
variation in scattering for occupancy of M(1) by Fe and
Ti. The variation in Figure 3 is linear and correlated with
the ideal variation for Fe  Ti substitution at M(1), pro-
viding strong evidence for the incorporation of Ti at
M(1) in these amphiboles. Moreover, there is no such
relation involving Ti and the refined site-scattering val-
ues at the M(2) site.

The equivalent isotropic-displacement factors at the
M(1) sites are larger than the corresponding values at
the M(2) and M(3) sites. These high values are indica-
tive of positional disorder of (Fe,Mg) and Ti at M(1),
the latter cation being shifted toward the O(3)–O(3)

FIG. 2. Variation in Li content of alkali amphiboles (black
circles) as a function of the ratio of the refined site-scatter-
ing values at the M(1) and M(3) sites [SM(1) / SM(3)]; data of
this work and Hawthorne et al. (1993); black squares indi-
cate sodic–calcic amphiboles, the hollow square indicates
a Ti-rich amphibole.
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edge. This finding suggests that Ti is incorporated into
these amphiboles via coupling with the local incorpora-
tion of O2– at O(3) according to the relation M(1)Ti +
2 O(3)O2– ↔ M(1)(Mg,Fe2+) + 2 O(3)OH–. This relation
indicates a 1 : 2 correlation between the Ti content and
the amount of O2– incorporated at O(3); Figure 4 shows
this to be the case for the Strange Lake amphiboles.

The behavior of Mn

Site scattering by X-rays cannot distinguish between
Fe2+ and Mn2+. However, Mn2+ ([6]r = 0.83 Å) is larger
than Fe2+ ([6]r = 0.78 Å), and hence mean bond-lengths
can give an indication of the relative ordering of Fe2+

and Mn2+. Inspection of Table 4 shows that <M(3)–O>
is somewhat larger (~0.01–0.02 Å) than <M(1)–O> in
these amphiboles, even where the Ti content is low. This
difference suggests that Mn2+ is strongly ordered at the
M(3) site, and site populations for Mn2+ were assigned
accordingly.

The behavior of Zr

Crystals SL(1) and SL(2) have significant Zr present
(~0.04 apfu), and we must consider the behavior of Zr
in the amphibole structure. There are few data available
concerning Zr in amphiboles. Pearce (1989) reported up
to 0.33 Zr apfu in arfvedsonite from the Igaliko dyke
swarm, south Greenland; the unit formulae exclude the
possibility of Zr being a B-group cation, indicating that
Zr is a C-group or a T-group cation. However, we sug-
gest that the large difference in size between Zr ([4]r =
0.59 Å) and Si ([4]r = 0.26 Å) precludes the possibility
of direct Zr  Si substitution. With regard to size ([8]r =
0.84, [6]r = 0.72 Å), Zr is expected to prefer the C-group
sites over the B-group site. With regard to formal charge,

Zr also is expected to be a C-group cation. Oberti et al.
(2000a) compared the measured M–O interatomic dis-
tances with the elastic parameters calculated from the
distribution coefficient between solid and liquid, S/LD,
for M 4+ cations in synthetic Ti-rich amphiboles with Zr
(and Hf) at the trace-element level, and deduced that Zr
occurs at the M(2) site in pargasite and kaersutite from
alkali basalts and basanites, and at the M(1) site in
strongly dehydrogenated richterite from lamproite, the
ruling criterion being the size of the relevant coordi-
nation polyhedra (i.e. cation of radius not larger than
2.080 Å).

The maximum Zr content in our crystals is ~0.04
apfu in SL(1) and SL(6); some information should be
available from the refined site-scattering due to the high
atomic number (40) of Zr. The behavior of crystal SL(6)
in Figures 1 and 3 negates the possibility of Zr at the
M(1) and M(3) sites; moreover, the refined scattering at
the M(2) site in SL(6) is 52.46 epfu (Table 5), and its Zr
content is 0.039 Zr apfu, corresponding to an increase
of 0.55 epfu for that amount of Zr substituting for Fe.
Thus there is direct indication that Zr is ordered at the
M(2) site in these amphiboles.

The behavior of Zn

There is no way of objectively assigning site popu-
lations for Zn in these amphiboles; the scattering of Zn
is only slightly different from that of Fe, and Zn is a
divalent cation intermediate in size between Mg and Fe.
The similarity in size and charge between Zn and (Mg,
Fe2+) suggests that Zn may not order at a specific site,
but may be partly disordered over two or more M sites.
Thus we include Zn with Fe2+ in the site populations of
Table 7, and we express Fe2+ + Zn as Fe*.

FIG. 3. Variation in the refined site-scattering at the M(1) site
as a function of the amount of Ti in the structure as deter-
mined by electron-microprobe analysis. The line indicates
the relation for 1:1 Fe ↔ Ti substitution.

FIG. 4. Variation in Ti content as a function of O2– content at
the O(3) site for Strange Lake amphiboles; the line indi-
cates the substitution Ti + 2 O(3)O2–  (Mg,Fe2+) +
2 O(3)(OH)–.
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VARIATION IN COMPOSITION OF THE AMPHIBOLES

The Strange Lake amphiboles examined here show
a very restricted range of composition. They are essen-
tially Mg-free and very low in Ca and Al. They also
show enrichment in unusual and incompatible elements
such as Li, Zn, Zr and Mn. However, these unusual
constituents differ in behavior among themselves. The
Zn and Mn contents show a very strong positive corre-
lation (Fig. 5a). Although both cations are expected to
enter the M(1,2,3) sites [some electron density at the
M(4”) site would be present if Mn were a B-group cat-
ion: Oberti et al. (1993)], it is difficult to conceive of
the correlation of Figure 5a being structurally induced
by the amphibole. It seems more reasonable that this is
an effect of progressive enrichment of both constituents
in an evolving parent liquid. In this regard, we see a
similar trend (Fig. 5b), but systematically enriched in
Mn, in the amphiboles of the Virgin Canyon pluton,
New Mexico (Hawthorne et al. 1993).

There is also a very strong correlation between the
Li and Ca contents of the amphiboles from Strange Lake
(Fig. 6a), decreasing level of Ca being accompanied by
increasing level of Li. Thus far, octahedrally coordi-
nated Li has been reported in large amounts (> 0.10
apfu) only in Fe-rich sodic amphiboles and in very Li-
and Fe-rich amphiboles from the Pedriza Massif
(Spain), which have mixed Li and Na occupancies (in
nearly all proportions) at the B-group site (Caballero et
al. 1998, Oberti et al. 2000b); Hawthorne et al. (1994)
gave sound crystal-chemical reasons to constrain incor-
poration of Li in octahedral sites to these compositions.
However, the trend of Figure 6a involves only very
small amounts of Ca and moderate amounts of Li, and
hence the mechanisms outlined by Hawthorne et al.
(1994) cannot be invoked. The trend of Figure 6 must
be an effect of progressive fractionation rather than a
crystal-chemical effect of the amphibole structure itself.
An analogous trend is also shown by the amphiboles
from Virgin Canyon (Hawthorne et al. 1993). However,

FIG. 5. Variation in the contents of Zn and Mn in cogenetic
sodic–calcic and sodic amphiboles: (a) Strange Lake; (b)
Virgin Canyon (Hawthorne et al. 1993); the lower line in
(b) shows the Strange Lake trend.

FIG. 6. Variation in the contents of Li and Ca in cogenetic
sodic–calcic and sodic amphiboles: (a) Strange Lake
pluton; (b) Virgin Canyon pluton.
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the variation in composition at Virgin Canyon, specifi-
cally Ca, is greater than that shown by the Strange Lake
amphiboles (Fig. 6b), and Ca–Li avoidance may be in-
volved in the Strange Lake amphiboles. Although both
these plutons are A-type granites, the low Ca content of
the Strange Lake suite implies a greater degree of
geochemical evolution of the parental granitic magma
than at Virgin Canyon. However, as at Virgin Canyon,
enrichment of Li during fractionation is coupled (in a
crystal-chemical sense) to enrichment of Fe3+ in the
magma. At Strange Lake, progressive increase in the in-
trinsic oxygen fugacity of the felsic magma is attributed
to saturation in H2O, bubble formation and degassing,
leading to preferential loss of H and formation of hydro-
carbons (Salvi & Williams-Jones 1997, Roelofsen 1997).

There is a well-developed relation between the K and
Al contents of the Strange Lake amphiboles (Fig. 7). As
the Al contents are so low (0.02–0.08 apfu), it is diffi-
cult to invoke a crystal-chemical mechanism. Moreover,
the sequence [SL(4) SL(5) SL(3) SL(1) SL(7) SL(6)
SL(2)] ordered according to increasing K corresponds
to the sequence of samples with increasing Mn and Zn
(Fig. 5a). This progressive build-up (and the relative
depletion in Ca, Mg and Ti) reaches a maximum in
sample SL(2). The mafic nature of the host rock for
amphibole SL(2) is unusual: arfvedsonitic amphibole is
its dominant constituent. The mafic clots are, in fact, a
rare culmination of the agpaitic trend of crystallization,
much more commonly developed in SiO2-undersatu-
rated rocks (cf. Khomyakov 1995). The amphibole-
group mineral growing in this residuum is likely to
depart significantly in composition from the ideal for-
mula of arfvedsonite by incorporation of significant lev-

els of incompatible elements. The approximate equiva-
lence of arfvedsonitic amphibole and peralkaline mafic
residuum makes this a possible example of indifferent
states, a rare and poorly understood phenomenon in ig-
neous petrogenesis (Nicholls 2000).
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