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ABSTRACT
CHEMICAL CONTROLS ON TETRAHEDRAL
SITE OCCUPANCY IN AMPHIBOLES
By

Stuart D. Hanson

Amphiboles from an amphibolite in Ontario, Canada, show a
range of compositional variation that is independent of the metamor-
phic grade as reflected in the plagioclase compositions. Composi-
tional changes in the amphibole include increases in Mg and Si
associated with decreases in Al and Fe. As there are only two
mineral phases present in the amphibolite, amphibole and plagio-
clase, the Mg in the amphibole is the bulk Mg in the rock. The
changes in composition suggest that the variation observed is not
directly associated with changes in temperature or pressure, but

is a direct function of the bulk chemical composition of the rock.
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INTRODUCTION

The purpose of this thesis is to determine whether there ex-
ists a systematic relationship governing the relative Al and Si oc-
cupancy of the tetrahedral site in amphiboles. The ionic radius
of Al allows the cation to coordinate with oxygen in either the octa-
hedral or tetrahedral mode. The amphibole structure is composed
of double chain tetrahedral layers with cation layers in between.
The cations occur in a layer of three good octahedral sites labeled
M,, M,, and M3, a less perfect six- or eight-fold M4 site and a
single twelve-fold A site on the other side of the tetrahedral layer.
Al, as one of the smaller cations, has the option in terms of size
of occupying the tetrahedral, or the Ml’ 2, Or M3 octahedral sites
(Gibbs, 1966).

Harry (1950) proposed that a systematic relationship between
Al and Si in amphibole tetrahedral sites may exist, and that it may
serve as an effective geothermometer in metamorphic rocks. Using
amphibole analyses selected from the literature, Harry observed an
increase in the Si as temperature increased. Engel and Engel (1962
a, b) found no such relationship in amphiboles when passing from
the amphibolite facies to the granulite facies. Dodge, Papike and
Mays (1968) suggested that the relationship might hold as modified
by pressure, and Leake (1965) suggested that composition and asso-

ciated minerals may also affect tetrahedral site occupation.
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The major thrust of this paper is to select an amphibole-
bearing rock body whose composition is relatively constant and which
has been subjected to a metamorphic gradient. In such a case the
controls on Al, Si tetrahedral site occupancy can be determined.
On this basis a series of basic metavolcanics in Tudor, Grims-
thorpe and Cashel Townships, Ontario, Canada were selected. They
are described by Lumbers (1968, 1969) as largely mafic flows ori-
ginally basalt and andesite with minor inclusions of mafic pyroclas-
tics and felsic flows. Lumbers defines a regional metamorphic
gradient for the townships increasing from a greenshist facies in
Tudor and Grimsthorpe Townships to an amphibolite facies in the
central and northern parts of Cashel Township. He defined the gra-
dient on the basis of zoned albite, oligoclase and andesine isograds
which he extended from Limerick Township on the west into the
amphibolite band. These isograds are truncated by the metamorphic
aureole of the Westlemkoon Batholith in eastern Cashel Township.
For the purposes of this study this appeared to be an ideal area,
for apparently chemically similar rocks were subjected to a steep

metamorphic gradient.

METHOD
Leake (1965) suggested that the nature of the associated min-
erals could affect the elemental variations within the amphibole

structure. Therefore, in order to limit the number of possible



variables, amphibolites which contained only plagioclase and amphi-
bole were selected for testing. The advantage of using these am-
phibolites is that all the elements are partitioned between only two
mineral phases (amphibole and plagioclase) and such rocks are fairly
common over the whole area. Whole rock, plagioclase, and amphi-

bole major element analyses were done.

PROCEDURE

Samples were collected along the amphibolite belt in Cashel
Township and at one location on the Jordan Road in Tudor Town-
ship south of Cashel Township. Seventy samples were thin-sectioned
and examined microscopically to insure that the amphibole and pla-
gioclase were the only primary phases present. From these, twenty-
six thin sections containing only the two phases were polished for
microprobe examination, and one hundred milligrams of each sample
was also prepared for X-ray fluorescence analysis.

The polished sections were analyzed on an ARL EMX electron
microprobe equipped with three channels. The beam was focused
to a diameter of approximately 0.5/4 at an accelerating voltage of
15 kV and a specimen current of 0.020 mamps. The low specimen
current precluded the volatilization of significant amounts of Na from
the samples.

Nine thin sections from a geographic array approximately at

right angle to Lumbers' 1968 isograds and covering the entire area
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were analyzed. Five point analyses per grain were made on two

grains of amphibole and two grains of plagioclase per sample. Point

analyses were carried out for Si, Al, Mg, Fe, Ca, Na, using SiOz,

A1203, MgO, Fe203, albite and anorthite as standards. Two tra-

verses were necessary for each grain to analyze for the six ele-
ments. Another continuous beam sweep was made of each grain
for Al and Si in order to insure the homogeneity necessary to demon-

strate equilibrium conditions.

The raw microprobe counts were then reduced to weight per-
cent analyses using a modification of the Bence and Albee, Electron
Probe Oxide Analysis Computer Program (Bence and Albee, 1968).
The program, named Mprobe, was originally written as Specimen
by Mrs. Kook Huber and debugged by L. G. Medaris and C. J.
Bowser (all from the University of Wisconsin at Madison) using
correction factors for ten elements and requiring count-ratio in-
put instead of raw microprobe counts. The program was further
modified and debugged by the author to accept raw microprobe data
and calculate weight percent analyses of up to fifteen elements from
an array of thirty-five elements using the Albee and Ray (1970)
correction factors (Appendix).

As onlythree elements could be analyzed onthe microprobe at one
time, it was decided to runthree traverses of each amphibole grain and

two of each plagioclase grain. The first traverse in each case was



a continuous sweep of the entire grain which was recorded on an
X-Y plotter. If the grains in one sample were consistently homo-
geneous, this traverse would demonstrate that the rock was at or

near equilibrium. All samples measured were homogeneous with

the exception of the two southernmost, CA 7-4 and CA 7-1. For
the amphibole grains, the next two analyses consisted of five points,
each fifty u apart, with one traverse for Si, Mg and Fe and the

other for Al, Ca and Na. The elements chosen are the major con-

stituents of most amphiboles, and the larger the constituent percent-

age measured, the more accurate the weight percent analysis from
the modified Bence and Albee program. These six elements com-

prised an average of 94.5 percent of each sample and were never

less than 89.0 percent.
The use of Al, Ca and Na for plagioclase analysis also allowed

a three way cross-check of the determination. The three final de-
terminations were in each case + 1 percent.

The fluorescence samples were run on a General Electric X-
ray fluorescence unit in a helium atmosphere at 45 kV and 49.5
milliamps for 100 seconds for each of the elements Si, Al, Mg,
Ca, and K. Calibration curves were prepared based on five U. S.
Geological Survey standards run with the samples. Least square
curves of best fit were calculated with the aid of the M.S.U. Agri-
cultural Experimentation Station least squares (LS) program. The
X-ray fluorescence of each sample provided a weight percent analy-

sis of the bulk composition in terms of Si, Al, Mg, Ca, and K.
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DISCUSSION OF DATA

Plagioclase compositions measured from Anz5 to An67, and
follow no consistent regional pattern (Figure 1). The homogene-
ity of the plagioclase grains indicates that fhe metamorphic grade is
above that where the peristerites are stable. Lumbers' (1968) iso-
grads were derived from a consistent regional pattern of plagioclase
composition. The results reported here are inconsistent with such
a pattern. It is possible that post-metamorphic intrusions such as
the Westlemkoon Batholith to the east of the amphibolite metavolcanic
belt had a more extensive aureole effect or that Lumbers' (1968)
isograds are not accurate. The lack of a well defined metamorphic
gradient precluded evaluation of the response of amphibole compo-
sition to a gradient. However, there do exist ranges of amphibole
and plagioclase compositions (Table 1), and those ranges provide
the opportunity to test the response of amphibole composition to
slight changes in plagioclase composition in rocks with small bulk
composition variation.

Plots of Si and Al weight percent in amphibole versus plagio-
clase composition showed no systematic change (Figure 2). This
lack of relationship between Al and Si and the plagioclase composi-
tion indicates that the amounts of Al and Si in amphibole is inde-
pendent of plagioclase composition. Although these rocks do not

exhibit a wide range in whole rock composition, this suggests that
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Figure 1. Metavolcanic zone in Cashel Township, Ontario, Canada.
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compositional variation that does exist might be the significant con-
trol on amphibole components. From the chemical data, the fol-
lowing relationships are evident:

1. As amphibole Mg increased, whole rock Mg in-

creased (Figure 3);

2. As amphibole Si increased, amphibole Mg in-
creased (Figure 4);

3. As amphibole Mg increased, amphibole Al showed
a general decrease (Figure 5);

4. As amphibole Mg increased, amphibole Fe de-
creased (Figure 6).

The plagioclase composition of the samples exhibits no sys-
tematic relationship to any other variable. The amphibole Al versus
amphibole Mg plot suggests that two populations thh Mg increasing
with Al exist; however, this conclusion is not supported by the other
diagrams associating Al and Mg with other elements.

The data show that all available Mg went to the amphibole
which is necessitated by the fact that amphibole and plagioclase are
the only phases present. As Mg, Fe and some of the Al occupy
the octahedral sites in an amphibole, Mgs increase at the expense
of the Al indicates that it must be preferentially accepted into that
site. As total whole rock Mg increases in the bulk composition,
it also increases in the amphibole. These amphiboles have a lower

total charge in the octahedral site. This lower charge could be
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balanced by an increase of Ca in the A sites or by an increase of
Si in the tetrahedral sites. The increase in Si associated with the
increase in Mg in the amphibole and the constantly high Ca levels
demonstrate that the latter is the case. The closer spatial asso-
ciation of the tetrahedral sites and the octahedral sites and the
twelve-fold coordination of the A sites compared with the six-fold
coordination of the octahedral sites also suggest that a charge gain
in the tetrahedral site could balance an octahedral charge loss with

less structural strain than could the A site substitution.

CONCLUSION

The increase of Mg in amphibole in the amphibolite is a direct
function of the bulk Mg content of the rock. This increase, asso-
ciated with the decrease of Fe and Al, suggests that Mg is accepted
into the octahedral site preferentially with respect to Fe and Al.
That this increase in Mg is also associated with an increase in Si
while Ca remains constant indicates that the tetrahedral sites are
required to make up the octahedral site charge deficits associated
with an increase of Mg. Therefore, the major conclusion of this
paper is that the Si content of the tetrahedral site in amphiboles--
the Al/Si ratio--is not directly associated with temperature and
pressure conditions during cooling or during later metamorphic
events. The amphibole composition of these plagioclase amphibole

rocks is a direct function of their bulk rock composition. It seems
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by pressure or temperature. It is also worthwhile to point out
here the importance of using whole rock analyses along with indi-
vidual mineral analyses, for without this type of analysis pairing,

an erroneous conclusion could have been made.
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