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ABSTRACT

Investigation of 12 natural sodic amphiboles, al! but one of which crystallized under
low-grade metamorphic conditions, confirms the conclusions of earlier workers that re-
fringence and unit cell dimensions increase with increasing iron content. The present study
further demonstrates that Fe¥* is concentrated in the M (2) structural position whereas Fe?*
is ordered in M(1) and M (3). Aluminous sodic amphiboles characteristically display a
Fe** /Mg fractionation where M (3) is enriched in ferrous iron relative to M (1); the con-
verse relationship seems to hold for iron-rich analogues.

Heat treatment of iron-bearing sodic amphiboles in air at 70542°C results in rapid
loss of hydrogen and concomitant increase in ferric:ferrous ratio. To the extent that Fe*
ions are available in M (1) and M (3) sites, electrons are transferred to adjacent bonded
hydroxyls, allowing neutralization and expulsion of hydrogen. Dehydrogenation takes place
over a period on the order of an hour under the experimental conditions. Subsequent to loss
of all hydrogen, continued oxidation takes place by a much slower process, possibly in-
volving electron and/or ion diffusion. In addition, significant disordering of cations
occurs on experiments of four days’ duration. Sodic oxyamphiboles possess shorter @, b and
¢ axis repeats, higher indices of refraction and birefringence compared to natural starting
materials.

Natural iron-bearing glaucophane hydrothermally heated for 15,667 hours at 513
+10°C, Priuia of 2000 bars and fo, of about 10~2 bars, was partially oxidized, completely
lost its hydrogen (as H20?), and now displays both unusually large @ and b axis dimensions
and elevated refringence. It is tentatively concluded that the octahedrally coordinated
cations are virtually completely disordered in this oxyglaucophane anhydride.

INTRODUCTION

Based on single-crystal X-ray studies, the differential occupancy by
cations of clinoamphibole octahedrally and eight-fold coordinated sites
was proposed by Whittaker (1949), and further documented by Ghose
(1961). Ernst (1963) suggested that observed polymorphism in synthetic
members of the glaucophane-riebeckite series formed under controlled
physical conditions might reflect such order-disorder relations. More
recent three-dimensional crystal structure refinements (Colville and
Gibbs, 1965, and personal communication, 1969; Fischer, 1966; Papike
and Clark, 1968; Papike, Ross and Clark, 1969; Finger, 1969) combined
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with Méssbauer and infrared spectral studies (Whitfield and Freeman,
1967; Bancroft, Burns and Maddock, 1967; Bancroft, Maddock and
Burns, 1967; Bancroft, Burns and Stone, 1968; Burns and Prentice,
1968; and Bancroft and Burns, 1969) have substantially demonstrated
the variations in cation distributions for a variety of naturally occurring
double-chain silicates.

For the natural specimens studied thus far, it is clear that the eight-
fold coordinated M (4) structural position accommodates Ca and Na in
the calcic and sodic series, whereas M (4) preferentially accepts Fe?t and
Mn?*t over Mg in the iron-magnesium amphiboles. (For descriptions of
clinoamphibole crystal structures, site nomenclature and chemical var-
iations, see Whittaker, 1949, 1960; Ghose, 1965; and Ernst, 1968.) Al-
though a few exceptions have been noted, the M (1) and M(3) octahedral
positions contain similar cation populations; the occupants of these
sites characteristically possess smaller ionic radii than those residing
in M(4). In general, the even smaller six-fold coordinated Fe3* and Al
are concentrated in M (2). Where trivalent cations are absent from these
octahedral sites, fractionation among M (1), M(2) and M(3) positions is
not pronounced (e.g., see Fischer, 1966; Burns, 1968). Site occupancy
strongly influences unit cell dimensions, but evidently scarcely affects
optical properties, as pointed out by Colville, Ernst and Gilbert (1966).

Up to the present time, completely disordered natural Na-amphiboles
have not been reported. Because of the possible petrologic significance
with respect to the origin of rocks of the blueschist and related meta-
morphic facies, and alkalic, felsic igneous rocks as well, heating experi-
ments were undertaken in the present study in an attempt to disorder
natural sodic amphiboles under specified laboratory conditions. However,
although some cation rearrangement took place, oxyamphiboles were
produced. Accordingly, the experimental-analytical emphasis shifted
toward investigation of the nature and process of sodic amphibole cation
disordering accompanying dehydrogenation and the mechanism of hy-
drogen loss itself. With a few exceptions (e.g., Barnes, 1930; Hodgson,
Freeman and Taylor, 1965; Addison and White, 1968) devolatilized
natural and synthetic amphiboles have not received much attention.
Those which have been studied are principally the commercially impor-
tant crocidolites! (e.g., see Addison, Neal and Sharp, 1962; Addison et al.,
1962; Patterson, 1965; Patterson and O’Connor, 1966; Clark and
Freeman, 1967).

The compositions of the twelve sodic amphiboles studied are shown in
Figure 1. One of the magnesioriebeckites, specimen no. S.C., from Sheep

! Fibrous members of the riebeckite-magnesioriebeckite series.
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Fic. 1. Compositional variation in terms of six-fold coordinated major cations for
members of the glaucophane-riebeckite-magnesioriebeckite series studied in this work.
Chemical analyses and source references are presented in Table 1. The terminalogical
classification employed is modified slightly from that proposed by Miyashiro (1957).

Creek, Montana, occurs in a hypothermal rare-earth vein transecting
hornblendic gneiss, amphibolite and marble (see Heinrich and Levinson,
1961, p. 1437-1438). The pair of investigated crocidolites, nos. P-1 and
C-4980, are from feebly recrystallized South African and Bolivian iron-
stones, respectively (e.g., see Hall, 1930; Ahlfeld, 1943). The remaining
nine samples come from the low-grade blueschists of western California
and Shikoku, Japan.

Conventional gravimetric analyses for these sodic amphiboles are pre-
sented in Table 1. Corresponding cation proportions listed in Table 2
were computed on the basis of 23 oxygens and assuming one H,O per
formula unit, as advocated by Miyashiro (1957); such a scheme recog-
nizes the unreliability of water analyses for double-chain silicates. How-
ever, as pointed out by Borg (1967a), the sums for four-, six- and eight-
fold coordinated cations generally approach normal stoichiometric pro-
portions in amphiboles simply because of compensating and compounded
errors of opposite sign inherent in this method. Manganese has been
assigned to octahedral positions of the sodic amphiboles listed in Table 2.
Judging from the individual sums of six-fold versus eight-fold coordinated
cations, this assumption appears to be valid, even for a Mn?*-rich
riebeckite (no. L.O-3), except for a single sample: the manganiferous
crossite, specimen no. SW-6, evidently contains approximately equal
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amounts of Mn*" in six- and eight-fold sites. Other clinoamphiboles—
such as members of the cummingtonite-grunerite series (e.g., see Klein,
1964, p. 969; Bancroft, Burns and Maddock, 1967, p- 1024; Papike,
Ross and Clark, 1969)—evidently contain manganese chiefly in the
eight-fold coordinated M(4) site.

EXPERIMENTAL AND ANALYTICAL TECHNIQUES

X-ray diffraction and Mossbauer investigations were performed for all twelve naturally-
occurring Na-amphiboles listed in Tables 1 and 2. Optical properties were determined or
are available from the literature for these samples; for a few, infrared spectra were mea-
sured. Unit cell dimensions have been calculated from the diffraction data; in addition,
utilizing both Méssbauer and infrared spectra it was possible to compute the cation site
occupation for these natural phases. Four samples, glaucophane no. TP-1, magnesiorie-
beckite no. C-4980, and riebeckites no. P-1 and no. LO-1, were heat-treated in the labora-
tory and their properties reinvestigated by the techniques mentioned above.

Three of these phases, nos. P-T, C-4980 and TP-1 will be discussed in some detail. The
riebeckite, no. P-I, is similar compositionally to the material for which Colville and Gibbs
(1965) presented a crystal structure analysis. The magnesioriebeckite, no. C-4980, is from
the exact locality whence came the crocidolite Whittaker (1949) employed for his crystal
structure analysis. The glaucophane, no. TP-1, is the sample for which Papike and Clark
(1968) performed their three-dimensional refinement.

Hydrothermal and One-Atmosphere Heating Runs. Two types of experiments were conducted.
(1) The glaucophane, no. TP-1, was heated in a sealed gold capsule at 5134 10°C and 2000
bars fluid pressure for 15,667 hours (more than 652 days) employing conventional hydro-
thermal methods and equipment (e.g., see Ernst, 1960). A 2.5 molal NaOH charge solution
was used to promote recrystallization, Because of the gradual diffusion of hydrogen
through the capsule wall, oxygen fugacity was more or less maintained at a value appro-
priate for the NiO-Ni+$0: equilibrium—about 10~ bars (Eugster and Wones, 1962,
Table 2)—hy equilibration of the charge+fluid with HsO pressure medium--bomb wall
(Haynes alloy 25) system. The glaucophane starting material was introduced as a fine
powder and was not noticeably coarsened during the experiment. Its color changed from
an initial medium intensity blue to blue-green. (2) The crocidolites, no. C-4980 and no.
P-I, were heated in unsealed gold capsules at 705+ 2°C and one atmosphere total pressure
in air (fo,=1073 bars) for periods of 1, 6, 29 and 94 hours. The starting material consisted
of bundles of fibres; individual strands were considerably less than 0.1 mm thick. The run
products consisted of golden brown (no. C-4980) or dark brown (no. P-I) fibres which in
other respects megascopically resembled the light or dark blue starting materials. The
glaucophane, no. TP-1, was heated to 706+2°C in air for one and 95 hours; the color
changed from medium intensity blue to tan. In a final experiment, riebeckite, no. LO-1, was
oxidized in air at 707°C for 95 hours; its color changed from dark blue to brownish black.
The grain sizes (0.1-0.2 mm) of the starting materials (nos. TP-1 and LO-1) in these latter
two heating experiments were considerably coarser than in the case of the heat-treated
crocidolites.

X-ray and Optical Measurements. Unit cell dimensions and optical properties for all the
untreated and several heat-treated sodic amphiboles are presented in Table 3. X-ray
diffraction techniques have been described previously (Ernst, 1963). The maximum
standard errors of the axial lengths, the 8 angles and unit cell volumes determined by a
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TasiE 3. Unrt CELL DIMENSIONS AND OPTICAL PROPERTIES FOR UNTREATED
AND SEVERAL HEAT-TREATED SODIC AMPHIBOLES

Unit cell dimensions (sl EFperimental
Properties conditions
Sample No. |———— - —i
dh sh ah B wldy| e oy [ h o demeen
TP-1 9.554 17.738 5.298 103.72 872.3 1.615 1.635 — - —
TP-1A 9.550 17.758 5.293 103.69 872.1 1.617 1.638 1 705 1
TP-1B 9.524 17.716 5.269 103.64 863.9 1.645 1.654 1 707 95
TP-4XR 9.827 17.903 5.294 103.75 904.6 1.643 1.652 | 2000 513 15,667
175A 9.591 17.814 5.306 103.69 880.7 1.621 1.646 - — -
SLO-5 9.551 17.781 5.310 103.61 876.5 1.625 1.649 — — —
423 9.592 17.834 5.308 103.70 882.2 1.633 1.654 — — --
409 9.617 17.862 5.312 103.69 886.6 1.643 1.662 — = —-
8 9.673 17.923 5.316 103.68 894.4 1.663 1.669 — — -
C-4980 9.727 17.958 5.306 103.75 900.2 1.666 1.675 — — —
C-4980C 9.683 17.912 5.287 103.62 891.2 1.679 1.703 1 706 04
C-4980D 9.680 17.913 5.292 103.64 891.7 1.679 1.704 1 704 1
S.C. 9.742 17.955 5.287 103.96 897.5 1.653 1.663 - — .-
SW-6 9.720 18.018 5.326 103.60 906.6 1.680 1.685 —= — —
P-I 9.760 18.070 5.339 103.66 914.9 1.698 1.706 — - —
P-IC 9.619 17.946 5.295 103.24 889.8 1.710 1.749 1 706 04
P-ID 9.635 17.953 5.286 103.30 889.9 1.709 1.750 1 704 1
LO-3 9.719 18.014 5.328 103.62 906.5 1.693 1.703 — —
LO-1 9.740 18.045 5.336 103.42 912.5 1.699 1.706 == — —
LO-1A 9.618 17.902 5.286 103.40 885.3 1.723 1.766 1 707 95

least squares fit of the X-ray data are +0.008 A(a), £0.019 A(b) +0.007 A, £0.11° (8)
and +1.7 A3 (vol.) Measurements of most samples yield associated errors less than one-half
or one-third of the values quoted. Indices of refraction were determined employing a flat
stage petrographic microscope, immersion oils of 0.002 interval for refringences below
1.700, 0.010 interval above (mixed to 0.005 intervals) and white light; accuracy is esti-
mated in all cases as better than +0.003 below 1.700 and £0.006 above.

Infrared Specira Measurements. A Perkin-Elmer model 421 spectrometer was used for in-
frared spectra measurements. The frequency region studied was that containing the funda-
mental bands of O-H stretching at approximately 3600-3700 cm™'. The ordinate and
abscissa of the spectrometer were expanded to obtain high resolution for the spectra. The
abscissa was expanded to 10 times the normal scale in order that the frequency reading
could be measured accurately to +1 cm=. Usually spectra were recorded in the region from
3800 cm—* to 3500 cm™L. The instrument was calibrated against H»O and COs..

Sample minerals were ground to fine powders. Each sample consisted of 3—4 mg of
weighed material mixed with about 130 mg of KBr and pressed into a disc. The spec-
trometer laboratory was not air dried, hence the control of adsorbed water in the KBr disc
was difficult. Tn most cases, a broad water peak contributed to the background in the
frequency region studied; however, this by no means affects qualitative discussions of the
obtained spectra.

Missbauer Specira and Computer Analysis. The Mossbauer spectrometer consisted of a
conventional loudspeaker drive with data stored in the time mode of a 400 channel analyzer.
A detailed schematic of this Mossbauer spectrometer has been described elsewhere (Kiindig
et al., 1966). A source of 5 mC-Co™ in palladium was used for all the spectra measurements.
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The minimum line width of the palladium source was 0.20 mm/sec. The spectrometer was
calibrated against metallic iron. All chemical shifts quoted in this work are relative to zero
mm/sec for metallic iron.

Sample materials were ground to fine powders and evenly distributed in a thin-wall
plastic container. The size of the container varied in order to maintain iron concentration
in the sample at about 5-10 mg/cm.? All spectra were taken at room temperature and at
least 10° counts per channel were recorded for each measurement.

Computer processing was essentially in order to resolve the individual lines in the spec-
tra and to determine parameters for all peaks. A general least-squares program (Kiindig,
unpublished) was employed to fit the spectrometer output to an assumed Lorentzian shape.
The program was written in Fortran IV and used with an IBM 36075 computer, Univer-
sity of California, Los Angeles, Computing Facility. This program also produced plots of
the fitted spectra and of the residual deviations. The spectrum was finally adopted that had
the lowest x* (the sum of the squared deviations from the best fit divided by the variance at
a single channel and divided by the total number of channels). Cuive fitting involved the
constraints that: individual peak heights were identical for a specific doublet; and all line
widths at half height were equal. Unique solutions, in general, are difficult to obtain for
such complex, multisite minerals without imposing these constraints. Actually, the intensi-
ties of paired quadrupole lines for powdered random absorbers are usually almost equal,
whereas half-widths of Fe*" and Fe®* vary. (For measurement of the unconstrained vari-
ance in somewhat analogous minerals, the orthopyroxenes, see Virgo and Hafner, 1970,
p.- 204 and Table 2.) The best-fits obtained in the present investigation from computer
analysis based on these constraints agree very well with the actual spectra in most cases.
Inasmuch as the assumptions of equality of line width and paired peak intensjties are not
strictly valid, it should be emphasized that the calculated site populations are only semi-
quantitative in nature. Nevertheless, further corrections to line width and peak height are
unlikely to change the conclusions drawn in this paper. Improved Mossbauer analysis
which requires high-resolution spectroscopy is of course desirable and is being considered
in further studies of this subject.

INTERPRETATION OF SPECTRA

Infrared Spectra of the Sodic Amphiboles. The ir spectra of natural and
heat-treated riebeckite, no. P-I, magnesioriebeckite, no. C-4980, and
glaucophane, no. TP-1, in the frequency region between 3700 cm™ and
3600 cm™ are shown in Figures 2—4 respectively.

For different cations coordinated to hydroxyl, the strength of the O-H
bond should be slightly different; this in turn will shift the frequency of
the O—H absorption band. Moreover, in the case of amphiboles, each OH
located in the anion O(3) site, is coordinated to three cations, two of
which reside in the M (1) site and one of which is located in M(3). If
two or more metal species are distributed among these sites, they will
give rise to different combinations of cations coordinated to the OH
group in O(3), and hence result in slightly different absorption band
frequencies. With a high resolution infrared spectrometer, the funda-
mental band of O-H stretching can be resolved into several absorption
peaks, corresponding to the different nearest neighbor cation combina-
tions. In general, replacement of Mg by Fe tends to shift the O-H band
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TABLE 4. INFRARED ANALYSES OF NATURAL AND HEAT-TREATED SODIC AMPHIBOLES,
~os. P-I, C-4980 anp TP-1

| Observed Absorption of O-H stretching frequency (cm™!) and
assigned cation combinations

Sample no. ————— — —
Mg, Mg, minor [Mg, Mg, | [Mg, Fe?™,| minor |[Fe?*, Felt,
Mg] peak Fe?t] Fe?t] peak Fe*t]
P-I — : 3633 ) 3617
P-1D — - o —
P-1C — - — =
C-4980 3664 (3654)* 3647 3632 (3625)r 3616
C-4980D 3663 (3654) — - (3624) —
C-4980C 3662 (3654) — — (3624) =
TP-1 3660 ) 3644 3630 — 3614
TP-1A 3659 (3654) 3044 3630 — 3614
TP-1B 3661 (3654) — ®) = -
TP-4XR — — | — - — =

@ Possible [Mg, Mg, Fe?*].
b Uncertain cation combinations, possibly [Mg, Fe?*, Fe3t]

toward lower frequencies (Burns and Strens, 1966). The assignments of
cation combinations for the O-H fundamental bands observed in these
ir spectra are presented in Table 4. Although there are small differences
in peak positions, the assighments are similar to those given for sodic
amphiboles by Burns and Prentice (1968) and by Bancroft and Burns
(1969). Infrared studies yielding comparable results regarding hydroxyl
cation neighbors and O-H stretching frequencies in micas have been
published by Vedder (1964, p. 755-762) and by Vedder and Wilkins
(1969, Table 1).

Let us consider the fundamental bands observed in natural riebeckite,
no. P-I, shown in Figure 2. As seen from Table 2, the computed cation
proportions among the five octahedrally-coordinated positions—2M(1),
IM(2) and 1M (3) sites—are Fext (2.492), Fert (2.149) and Mg (0.315).
Ferric iron is ordered in the M (2) site as will be demonstrated in the next
section which deals with Mgssbauer study of the sodic amphiboles. The
possible combinations of Fe*+ and Mg in the two M(1) and one M(3)
sites coordinated to an OH group are[Fe2t, Fet, Fert], [Fe?t, Fert, Mg],
[Fert, Mg, Mg], and [Mg, Mg, Mg]. Here it has been assumed that the
M (1) and M(3) are equivalent sites, in other words, that combinations
such as [F62+M(1), Fe2+M(1), MgM(s)]OH and [F62+M(1), Mng, F62+M(3)]OH
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P-IC
P-ID
c
°
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[=]
[T
L0
L= ¢
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3700 3650 3600

Frequency (cm™)

F1c. 2. Infrared spectra of natural and heat-treated riebeckite in the frequency region
3700-3600 cm™. The spectra were taken at room temperature employing a Perkin-Elmer
Model 421 spectrophotometer. Sample no. P-I is the natural material, whereas nos. P-ID
and P-IC have been heat treated at one atmosphere, fo,=107%3, T=705+2°C for one and
94 hours respectively.

have such a small difference in energy that separate ir peaks cannot be
distinguished. The ir spectrum of natural riebeckite has a weaker absorp-
tion peak at 3617 cm™ and a stronger peak at 3633 cm™'. These peaks
are most probably combinations of [Fe?t, Fett, Fe?*]OH for the 3617 cm™
peak and [Fe?t, Fe?*, Mg]OH for the 3633 cm™ peak as suggested by
Burns and Prentice (1968); random site occupations calculated for the
ferrous iron and magnesium proportions listed in Table 2 would yield
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about 70 percent [Fe*t, Fe2t, Fert], nearly 27 percent [Fe?*, Fe*t, Mg].
According to the “wet’”” chemistry, sample no. P-I contains a sum total
of only 2.807 ferrous iron and magnesium ions per formula unit, whereas
it carries about 2.149 Fe*t (see Table 2). If the analysis is correct—and
there is no reason to question it, as demonstrated by the Mossbauer re-
sults to be presented in the next section—then at least 0.149 ferric ions
must reside in M (1) and M(3) positions. The inflection on the low energy
side of the 3633 cm™ peak could represent the MgFe**Fedt configuration;
however, as seen from Figure 2, the intensity is too low to warrant a
definitive statement. Absorption peaks representing hydroxyl coordi-
nated to combinations of two and three Mg ions were not observed,
apparently due to their low probabilities, hence intensities (random site
occupations would be approximately three and zero percents respec-
tively). No O-H absorption bands were observed in riebeckite, no. P-ID
and no. P-IC, heat-treated in the atmosphere for one and 94 hours re-
spectively. The loss of hydrogen obviously was completed in less than
one hour of heating in air at about 705°C. The dehydrogenation mech-
anism will be shown later to be related to the oxidation of Fe*" coordi-
nated to the OH group.

The ir spectrum of the natural magnesioriebeckite, no. C-4980, illus-
trated in Figure 3, contains four major absorption peaks at 3616, 3632,
3647 and 3664 cm™'. The spectrum displays the same characteristics as
one presented for Bolivian crocidolite by Burns and Prentice (1968,
Fig. 1a). The 3616 cm™! and 3632 cm™ peaks were assigned to [Fe**,
Fert, Fert]OH and [Fezt, Fert, Mg]OH respectively, by analogy with
those observed in natural riebeckite. The intensity of the 3616 cm™
peak in this case is much less than that of the 3632 cm™ peak, due to the
high Mg population (2.609) relative to Fet (0.624) in M(1) and M(3)
of the magnesioriebeckite (Table 2). The other two more intense absorp-
tion peaks at 3647 cm ! and 3664 cm™ have been assigned to [Fe** Mg,
Mg]OH and [Mg, Mg, Mg]OH respectively. Comparable to sample no.
P-1, the increase in O—H stretching frequency for each Mg replacing an
Fet coordinated to OH is about 16 cm™. Assuming random, or totally
disordered, magnesium and ferrous iron occupation of M(1) and M(3)
sites, the relative proportions of [Fert, Fext, Fert] [Fe?t, FeXt, Mg],
[Fert, Mg, Mg] and [Mg, Mg, Mg| are computed as nearly one, about
9, 38 and 52 percent respectively, based on compositional data presented
in Table 2. Two other very minor peaks may be discerned at 3625 cm™
and 3654 cm™*; these peaks may possibly result from OH groups coordi-
nated to small amounts of ferric iron in M (1) and M (3) sites. The samples
of magnesioriebeckite heat-treated in air for one hour, no. C-4980D, and
for 94 hours, no. C-4980C, gave only one and the same major absorption
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Fic. 3. Infrared spectra of natural and heat-treated magnesioriebeckite in the fre-
quency region 3700-3600 cm™!. Analytical conditions identical to those of Fig. 2. Sample
no. C-4980 is the natural material, whereas nos. C-4980D and C-4980C have been heat
treated at one atmosphere, fo,= 1073, T=705+ 2°C for one and 94 hours respectively.
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peak at 3663 cm™, which has been assigned to [Mg, Mg, Mg|OH bonding
analogous to peak assignments for the natural material. All other promi-
nent peaks representing O-H stretching frequencies, hence hydroxyls
coordinated to Fert, were lost after one hour of heating in the atmosphere
at about 705°C. The two minor peaks at 3625 cm~ and 3654 cm™" are
still observable in the heat-treated magnesioriebeckite, suggesting that
the OH groups responsible for these bands are coordinated not to Fe*"
but to Fet*. Just as in the case of riebeckite, the dehydrogenation mech-
anism is rapid and appears to be related to the oxidation of iron residing
in M(1) and M(3) sites.

The infrared spectrum of natural glaucophane, no. TP-1, shown in
Figure 4, is similar to the ir spectrum of natural magnesioriebeckite,
no. C-4980. The four major peaks at 3614, 3630, 3644 and 3660 cm™*
correspond to the combinations [Fe2t, Fe2t, Fe2*]JOH, [Fe?t, Fe2*Mg]OH,
[Fer+, Mg, Mg]OH and [Mg, Mg, Mg]OH respectively. Again assuming
random occupation of M (1) and M(3) cation positions by magnesium
and ferrous iron, and using the chemical data of Table 2, the relative
proportions of [Fe*t, Fet, Fert], [Fert, Fer+, Mg], [Fe*t, Mg, Mg], and
[Mg, Mg, Mg] are calculated to be 1, 12, 41 and 46 percent respectively,
in general agreement with peak intensities illustrated in Figure 4. The
frequencies of these fundamental bands are about 4 cm™ lower than the
corresponding peaks in magnesioriebeckite, and also the two analogous
absorption peaks in riebeckite, presumably due to the effect of the high
Al content in glaucophane (Table 2; see also Bancroft and Burns, 1969,
Fig. 4). The dehydrogenation of sample no. TP-1 at about 705°C in air
did not proceed as rapidly as that of magnesioriebeckite. The glauco-
phane heated for one hour at this condition still showed an O-H absorp-
tion band reflecting coordination to Fe?*, although of a lower intensity
than that of the untreated material. Hydroxyl stretching vibrations as-
signed to OH-cation coordinations involving Fe** ions were not observed
in the sample heated for 94 hours (Fig. 4); in this longer experiment, the
only O—-H stretching frequency remaining was the [Mg, Mg, Mg]OH
band at approximately 3660 cm™. However, in the 15,667 hour hydro-
thermal run, sample no. TP-4XR, (Piuia=2000 bars, T'=513°C and
fo,=10"2 bars) all of the O—H band disappeared including the [Mg, Mg,
Mg JOH peak, suggesting that hydrogen escape can take place through
more than one mechanism.

The information obtained from these infrared studies of natural and
heat-treated sodic amphiboles can be summarized as follows: (1) Dehy-
drogenation occurs rapidly—on the order of an hour or two—at about
705°C and atmospheric pressure (fo,= 107°% bars). The ir spectra indicate
that all OH groups coordinated to Fe* are lost through the heat treat-
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F16. 4. Inirared spectra of natural and heat-treated glaucophane in the frequency re-
gion 3700-3600 cm™L. Analytical conditions identical to those of Fig. 2. Sample no. TP-1 is
the natural material, whereas nos. TP-1A and TP-1B have been heat treated at one
atmosphere, fo,=10"03, T=706+2°C, for one and 95 hours respectively; TP-4XR was
subjected to hydrothermal treatment at 2000 hars Prniia, fo,~ 10722, T=513+10°C for
15,667 hours.
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ment. Only the [Mg, Mg, Mg]OH group definitely is unaffected by 94
hours of heating under the experimental conditions; however, small
peaks of uncertain assignment, but most probably representing mag-
nesium-ferric iron combinations, also appear to persist. The dehydrogena-
tion mechanism apparently is related to the removal of electrons from
ferrous iron ions residing in the M(1) and M(3) sites and bonded to
hydroxyl. The transfer of electrons to the ligand allows the neutraliza-
tion and expulsion of Hs, €.g.,

Fer—O-H — Fe—0 + iH, T.

Maossbauer studies of these sodic amphiboles, to be discussed in the next
section, give further support to this mechanism. (2) Dehydrogenation of
glaucophane is also observed in the hydrothermal experiment performed
at 513°C, 2 kbar fluid pressure and fo,~ 1072 bars, and over a period of
15,667 hours. All of the O-H stretching frequencies including that
attributable to the [Mg, Mg, MglOH configuration are absent from the
ir spectrum. This dehydrogenation must be due to another mechanism
which is probably a very slow process involving the diffusion of hydrogen
(as Hy0?) out of the silicate structure.

Rather similar conclusions were arrived at by Vedder and Wilkins
(1969) in their investigation of natural and heat-treated biotites, and
by Hodgson, Freeman and Taylor (1965) and Clark and Freeman (1967)
for synthetically dehydrated crocidolites.

Missbauer Spectra of the Sodic Amphiboles. Examples of Mossbauer
spectra for natural and heat-treated riebeckite, no. P-T, magnesioriebeck-
ite, no. C-4980, and glaucophane, no. TP-1, are shown in Figures 5, 6,
and 7. The parameters which can be measured from the Mdssbauer spec-
trum of a paramagnetic compound are the electric quadrupole splitting,
0.S., the chemical isomer shift, I.S., and, of course, the intensities or
relative absorbances. The characteristic paired line pattern of quadrupole
splitting for Fe57 results from the interactoin of the nuclear electric quad-
rupole moment with the electric field gradient tensor. The two major
contributions to the electric field gradient tensor at an atomic site are
that arising from non-spherically symmetric electron shells and that re-
sulting from charges on the ligand atoms. The isomer shift arises mainly
from the coulombic interaction between the nucleus and the overlapping
electron orbitals. Discussions of the principles and applications of Moss-
bauer spectroscopy are readily available in the literature (e.g., see Wert-
heim, 1964 ; Herber, 1967). The two Méssbauer parameters,Q.S., and 1.S.,
are sensitive to the oxidation state, electronic configuration, coordination
number and site symmetry of the iron atom (Bancroft, Maddock and



CATION ORDERING IN SODIC AMPHIBOLES 1241

= I ) I T 1
o
wl.
™~
—
e o
=
@
(=]
=
~o.
W
—
a :
o) (a) {l,'
=z l'-'ﬁl
0.96 [~ J !FI
2 !
o Matural Fisbackite W
(&)
I ! i | | |
-3 -2 =1 i 1 2 3
VELACITY IN MM/SEC
[ T
EI.UU WMH
~
=
o
Zo0.99 (—
(=}
=
W
—0.98 {-
T
- (b)
=z
—~0.97 |-
=
% P10
g L
UO.SS [ Fieweem
1l
=l =] (§] 2 !
VELOCITY IN MM/SEC
= T I I I
51,00 faary
™~
—
e
==
To.98 [~
=
w
Tp.96 {—
= (c)
[da}
z
=
0.8 — .
S BRE:
o time = 94 hrs.
| | | | R
-l -2 0 2 u

VELBCITY IN MM/SEC

F16. 5. Computer plotted Mdssbauer spectra of natural and heat-treated riebeckite
taken at room temperature. The velocities are relative to zero mm/sec for metallic iron.
The source was Co% in palladium.
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F16. 6. Computer plotted Méssbauer spectra of natural and heat-treated magnesiorie-
beckite taken at room temperature. Analytical conditions identical to those of Fig. 5.
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TaBLE 5. MOSSBAUER ANALYSES OF FE?t anD FE3* 1IN DIFFERENT QCTAHEDRAL SITES
OF NATURAL SODIC AMPHIBOLES

| Fe* in M (1) | Fe?t in M (3) Fedtin M(2)

Sample =

1o I.§* Q.5 percentbl 1S, Q.S. percent | I.S. Q.S. percent
TP-1 | 1.13  2.81 453 1.10 2.30 31.5 0.34 0.48 23.2
175A 1,13 2.79 45.6 1.12  2.24 25.1 0.38 0.46 29.3
SLO-5 1.13 2.8 350.9 1.11 2.22 32.5 0.36 0.47 16.6
423 1.14 2.82 48.4 1.11 2.23 243 0.38 0.47 27.3
409 1.14 2.8 41.3 1.12 2.25 19.0 0.37 0.46 39.7
8 [ 1.14 2.8 37.7 1.07 2.27 13.3 0.37 0.47 49.1
C-4980 .14 2.79 22.4 1.12  2.48 9.2 | 039 0.4 068.4
S.C! 1.14  2.75 34.7 1.04 2.01 1i1.1 0.40 0.50 54.2
SW-6 .14 2.8 33.3 1.07 2.33 15.8 0.37 0.45 50.9
P-I .14 2.87 36.4 1.12 2.36 19.0 | 0.40 0.4 44.6
LO-3 1.14 2.86 36.1 1.09 2.38 18.8 0.37 0.44 45.1
LO-1 1.14 2.8 36.7 1.11 2.33  18.9 0.37 042 4.4

# Isomer shift (/.S) and Quadrupole splitting (Q.S.) expressed in mm/sec, relative to
zero mm/sec for metallic iron.

b Total Fe (FeX+Fe#t) taken as 100 percent; absorption or intensity =cation
proportion.

Burns, 1967; Bancroft, Burns and Stone, 1968); in silicates containing
high-spin iron, Fe?* generally has both larger quadrupole splitting and
isomer shift than that associated with Fe**. In addition, the areas under
peaksin the Méssbauer spectra (absorption or intensity) are proportional
to the number of iron nuclei. Assuming that the recoil-free fractions are
about the same for Fe?* and Fe** in different sites, the area measurement
enables quantitative estimation of the relative site populations of iron
in Fe-bearing minerals.

Results of the Méssbauer analyses for twelve chemically analyzed
natural sodic amphiboles are presented in Table 5. The parameters are
similar to those obtained by Whitfield and Freeman (1967, Table 1),
and by Bancroft, Burns and Stone (1968, Table 2) and Bancroft and
Burns (1969, Table 3). Difierences in values of I.S. result from the
choice of different reference standards (zero mm/sec)—cobalt in a Pd
source, or stainless steel, versus metallic iron in the present study.

The Mossbauer spectra of all twelve natural sodic amphiboles show
patterns that can be fitted to three individual sets of quadrupole doub-
lets. These include two Fe**t doublets, one with a range of 1.S. between
1.13 and 1.14 mm/sec and Q.S.=2.75—2.88 mm/sec, and the other pair
with a range of I.5. between 1.04 and 1.12 mm/sec and Q.5.=2.01
—2.48 mm/sec—and a single ferric pair with a range of I.S. between
0.34 and 0.40 mm/sec and Q.S.=0.42-0.50 mm/sec. The values of isomer
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shift and quadrupole splitting for similar peak pairs are quite consistent
among the eleven low-temperature samples. However, the pematitic
magnesioriebeckite, no. S.C., has relatively lower values of 1.5. and Q.S.
for peaks assigned to absorbance by Fe?*, and higher 1.5. and Q.S. asso-
ciated with ferric iron absorbance. Bancroft and Burns (1969, Table 4
and p. 145) have suggested that this high-temperature phase exhibits a
lesser degree of order among octahedral cations than do analogues from
low-grade metamorphic rocks.

Inasmuch as only one Fe*t quadrupole doublet has been resolved in
natural sodic amphiboles, and as the ranges of isomer shift and quadru-
pole splitting are reasonably narrow, it appears that ferric iron is re-
stricted to a single cation site. Judging from the relatively small ionic
radius of ferric iron in octahedral coordination (0.645 A, versus 0.720 A
for Mg, 0.770 A for Fe>+ and 0.820 A for Mn?* according to Shannon and
Prewitt, 1969, Table 1) it seems plausible that Fe?* should be ordered
in M(2), a structural position of small compliance (Onuki and Ernst,
1969). A similar conclusion was arrived at by Whittaker (1949, 1960),
and by Ghose (1965), based on charge balance considerations. Moreover,
infrared studies of riebeckite, magnesioriebeckite and glaucophane pre-
viously discussed (see also Burns and Prentice, 1968; Bancroft and
Burns, 1969) have demonstrated that Fe?t is bonded to hydroxyl and
resides chiefly in M (1) and M (3), hence because Na is virtually confined
to M(4) as proven by crystal structure analyses (Whittaker, 1949; Col-
ville and Gibbs, 1965; Papike and Clark, 1968), the only remaining octa-
hedral cation site available to accommodate ferric iron is M(2). Moss-
bauer spectra obtained for all 12 natural sodic amphiboles investigated
in this study (Table 5) seem to show that Fe*t is principally concen-
trated in this single structural position, M(2). Some of the observed peak
broadening and the range in I.S. parameters may be related to minor
amounts of ferric iron residing in M (1) and M(3); however, as will be
shown in the discussion of heat-treated samples, the run products dis-
play characteristic Mgssbauer spectra including new peaks assigned to
Fedt in M (1) and M(3) which contrast with the ferric iron M(2) peak
present in both natural and oxidized sodic amphiboles.

In each spectrum, the intensity ratio of the two quadrupole doublets
attributable to Fe?* is roughly constant at 2:1. The more intense pair
invariably shows the larger 7.S. and Q.S. values, as seen from Table 5
and Figs. 5a, 6a and 7a. Because amphiboles contain two M (1) sites and
only one M(3) site, the relative populations of Fe*t in M(1) and M(3)
should reflect this ratio, except for the situation where strong positional
ordering of ferrous iron occurs. The validity of this argument is clearest
for ferrous iron-rich sodic amphiboles such as no. LO-1; here the more
intense doublet assignable to Fet represents 1.85 atoms (36.7 percent of
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Fic. 8. Relationship of ferrous iron site preference in M (1) or M(3) of natural
sodic amphiboles as a function of oxidation state.

the total Fe), whereas the weaker stands for 0.95 atoms (18.9 percent of
the total Fe). Thus reasonable assignments for the two observed Fe¥*
quadrupole doublets are that the one with larger values of 1.5., Q.S., and
intensity be associated with the two M (1) sites, whereas the other pair
with smaller values of 1.S., (.S., and intensity be related to the single
M(3) position. The lower values of 1.S5. and Q.S. for Fe?t in M(3) sug-
gest that this site is more distorted from octahedral symmetry than
the M(1) site (Bancroft, Burns and Stone, 1968, p. 549). The intensity
ratio of the two Fe2* quadrupole doublets assigned to M (1) and M (3)
actually deviates from exactly 2, with values, hence cation population
ratios, either higher or lower than 2 for different members of the sodic
amphibole series investigated. Evidently there is a slight preference by
Fe* for differential occupancy of either M (1) and M (3) sites with respect
to magnesium in these sodic amphiboles (see also Bancroft and Burns,
1969). As illustrated in Figure 8, a rough correlation exists between fer-
rous iron fractionation in these positions and the Fe** content: with
increasing oxidation ratio, the ferrous iron becomes slightly more enriched
in M(1).
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The proportions of Fe** and Fe*t in sodic amphiboles determined from
Mossbauer spectra in general are consistent with the results obtained
from chemical analyses (see Tables 1 and 5). However, the Méssbauer
data may be more accurate than the gravimetric analyses inasmuch as
chemical processes such as dissolution and oxidation or reduction are not
involved in the Méssbauer measurements. Bancroft and Burns (1969,
Tables 1 and 4, samples nos. 1 and 7) present Mssbauer spectra for two
of our samples, nos. TP-1 and S.C. We report 23.2 and 54.2 atomic per-
cent ferric iron in these specimens respectively (Table 3), in good agree-
ment with their corresponding values of 21.7 and 52.6; our analytical
results for similar materials to those investigated by them from Layton-
ville, California, and from Cochabamba, Bolivia, also agree with their

TABLE 6. MOSSBAUER ANALYSES OF NATURAL AND HEAT-TREATED RIEBECKITE, NO. P-1

Absorption by Fe2r Absorption by Fes*

Sample no. Diration o -
lof run (hrs) per- per- per- per-
I.S. Q.5. cent |I.S. QS. cent |I.S. Q.S. cent [I.S. Q.S. cent
P-Ib 1] 1.14% 2,87 36.4%| 1,12 2.36 19.0 — = |0.40 0.44 44.6
M(1) M(3) M(2)
P-ID? s 0.95 2,08 21.3 1,10 2.70 11.5 0,32 0.98 24,6 |0.36 0.61 42.6
M(1) M(3) M(DH+MQ3) M(2)
P-ICP 94 1 1.05 2,13 18.6f — 0.41 1.02 46.7 |0.42 0.58 34.7
M)+M2)+M@3) MA)+M3) | M(2)

2 1.5, and Q.S. expressed in mm/sec, relative to zero mm/sec for metallic iron; total Fe (Fe?"+4Fed*)
taken as 100 percent (absorption or intensity =cation proportion).
b Line width for P-1=0.26 mm/sec; for P-ID and P-IC =0.39 mm/sec.

data. As pointed out by Bancroft and Burns, the gravimetric analysis
by E. Szentvari of sample no. S.C. (Ernst, 1963, Table 9) yields a
Fett/(Fert+Feit) proportion exceeding 65 percent, in only fair agree-
ment with both independently determined Méssbauer analyses; a new
partial “wet” analysis by J. H. Scoon gives a more compatible ferric
iron proportion, 55.8 percent, but the revised total iron content is so
low that the oxide total would be slightly under 96 percent. For this
reason the original value is reported in Table 1, but the problem is un-
resolved.

Computer analyses of the Méssbauer spectra for natural and heat-
treated riebeckite (nos. P-I, P-ID and P-IC) are presented in Table 6.
In terms of total Fe, the percentage site populations of iron in natural
riebeckite determined from the areas under the peaks labeled in Figure
5a as AA’, BB’ and CC’ are 36.4 percent Fe?t in M (1), 19.0 percent Fe?*
in M(3), and 44.6 percent Fet in M(2), respectively. The cation pro-
portions in these octahedral positions calculated from the gravimetric
analysis (Table 2) are 2.492 Fe?* and 2.149 Fe?t, or 54 percent Fe** and
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46 percent Fe**. The ferrous:ferric ratios determined by Méssbauer and
“wet” chemical methods are in excellent agreement in this case.

The Mossbauer spectrum of the riebeckite heated in air for one hour
(no. P-ID) could be decomposed to four quadrupole doublets, two Fe2t
pairs and two Fe*t pairs (Fig. 5b). The line widths of the resolved peaks
are about 30 percent larger than those observed in the natural riebeckite
spectrum, probably because of irresolvable complex overlapping. The
intensities of the two Fe?t doublets are 21.3 percent (AA’) and 11.5 per-
cent (BB’). Based on their relative intensities, the former pair was as-
signed to Fe*f in M (1), and the latter to Fe** in M (3). The important
observation here is the decrease in total Fe?t population from 55.4 per-
cent in natural riebeckite to 32.8 percent in the material heated in air for
one hour. This net decrease of ferrous iron by 22.6 percent out of a total
of 4.64 iron atoms per formula unit (see Table 2) is equivalent to oxidiz-
ing 1.05 Fe*t to Fe** among these 2M(1)+1M(3) octahedral positions.
Inasmuch as amphiboles ideally carry two hydroxyls per three cation
occupants of M(1) and M(3), the electrons stripped from the Fe*t of
sample no. P-ID clearly would be insufficient to neutralize all the pro-
tons in OH groups and hence account for complete dehydrogenation of
an originally fully hydrated amphibole. The ir spectrum of P-ID (Fig. 2)
indicates that the O—H stretching bands were indeed all lost after a single
hour of heating. Inasmuch as conventional gravimetric and Maossbauer
analyses give comparable ferrous:ferric ratios, either the total iron
content exceeds that quoted by Peacock (1928, Table V, no. I)—thought
to be unlikely, especially inasmuch as the oxide total is suspiciously high
anyway, 100.73—or the H,O+ analysis by gravimetric methods is
actually less than reported. This latter possibility seems more likely, as
reflected by the high oxide total, and the general lack of reliability for
older water analyses; a smaller amount of H,0 in the “wet” analysis
would permit complete dehydrogenation of the riebeckite at an electron
stripping value considerably less than 2. Whatever the case, the combina-
tion of ir and Mdssbauer spectra provide evidence that the dehydrogena-
tion mechanism is associated with electron transfer from the ferrous iron
to the proton in the OH group. This process must be rapid because
dehydrogenation is complete within one hour of heating in air at 705°C.

The overlapping Fe*t peaks in P-ID could be resolved into two dou-
blets (Fig. 5b). The intensity of the first Fe’t doublet (CC’) accounts for
42.6 percent of the iron absorbance, that of the second (DD’) for 24.6
percent. The CC’ doublet has Mossbauer parameters and an intensity
close to that inferred to represent Fedt in the M (2) site of the natural
riebeckite (Fig. 5a, doublet CC’) and thus was similarly assigned. The
other doublet (peaks DD’) has Mosshauer parameters which clearly
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indicate absorption by ferric iron; because the M(2) assignment is
already accounted for, and a 22.6 percent reduction in octahedral Fe?*
is dictated by the area under paired peaks AA’ and BB/, this last doublet
must be assigned to Fe** in M (1) and M(3). Inasmuch as the population
of Fe* in M(1) and M(3) sites (24.6 percent) of the oxidized sample,
no. P-1D, agrees well with the decrease of Fe?t (22.6 percent) in M(1)
and M(3) sites compared to the starting material, riebeckite no. P-I,
no appreciable migration of cations between different sites needs to have
taken place during one hour of heating at 705°C in air.

The Mdssbauer spectrum of the 94 hour heat-treated riebeckite (no.
P-IC) was fitted by one Fe2t and two Fe*™ doublets (Fig. 5¢). The two
Fett doublets were identified as Fe3t in the M(2) site (peaks CC’) and
Fett in the M(1) and M(3) sites (peaks DD’) based on Mdassbauer
parameters similar to the spectrum of specimen no. P-ID (compare
Figs. 5b and 5¢). Intensities of the two Fe** doublets in the sample heated
for the longer time period indicate 34.7 percent of the total iron in Fe?t
in M(2) and 46.7 percent is Fe3* in M (1) and M(3) positions. The
intensity ratio of the two doublets is fairly close to 2:3 indicating almost
equal preference for Fe*t to occupy two M(2) and three M(1)+M(3)
sites in this sodic oxyamphibole. This phenomenon could result in part
from electron transfer. However, unless minor quantities of Fe*t now
reside in M(2), some net loss of iron from this site is indicated; in any
case, significant disordering of Fe*t occurred during 94 hours of oxida-
tion at 705°C under atmospheric pressure. The continued decrease in
total Fe** population from 32.8 percent after one hour heating to 18.6
percent after 94 hours heating should be noticed. Inasmuch as dehydro-
genation is complete after one hour of heating, the further oxidation must
proceed by another mechanism unrelated to the dehydrogenation process.

The results of Mossbauer analyses of the natural and heat-treated
magnesioriebeckite, no. C-4980, C-4980D and C-4980C, are given in
Table 7. The spectra are reproduced in Figure 6. Peak assignments were
made by analogyv with riebeckite. The populations of iron in the different
octahedral positions of natural magnesioriebeckite, no. C-4980, are
calculated to be 22.4 percent Fe?t in the M(1) site, 9.2 percent Fe?+ in
M(3) and 68.4 percent Fe+ in M(2), peaks AA’, BB’ and CC’, respec-
tively of Figure 6a. The cation proportions in these six-fold coordinated
positions calculated from the “wet” analysis (Table 2) are 0.624 Fet+
and 1.733 Fe*t, or more than 26 percent ferrous iron, nearly 74 percent
ferric, in reasonably good agreement with proportions derived from the
Massbauer analysis. The cation proportions of Table 2 demonstrate that
the ratio of Fe?* to OH should be considerably less than unity, provided
the sample possesses the normal hydroxyl content characteristic of



W. G. ERNST AND C. M. WAI

1250

*09S/ WU 8¢ (0= D086F-D PUB (JO86F-D 10} 1038/ W 67°0= 086~ 10 [IPis Ul
“(uonzodord uonEo= £J1sUa)ul 1o uondiosqe) Jusdiad pQT S8 UYL (4 3 +4z34) 2 [B)0} {USII DI[BISW 103 D3S/UIUL 019Z 0F SANE[AI ‘D98/WU U PIssaldxa "$'Q Pue '$'J ¢

@ ©) W () w
ov 09°0 Se'0 al 1870 JAA] (43 £T°1 e = — — - Yo D086%-D
@ n &) W m w
LS L1870 8¢°0 £l ¥8°0 v | 811 870 = — = == == 1 aossr-0
@ n &) i w
89 90 6£°0 = Tt == == 6 8%°C (498! W T8 WHLT ekl 1] q086%-D
juaded D "Ry _ qwid ') T uadwped ‘SO =3 4 Juddrad 0 I quadaad K ol
{sa1) unx
—_— - ou sydweg
10 WOTYRING]

+94 4q uondiosqy

9] Aq uondiosqy

086F-0) ‘ON ‘HLISOATATAOISEINOVN GILVILL-IVAH ANV TYINIVN I0 SASKIYNY YLAVESSQTN °/ 14V,



CATION ORDERING IN SODIC AMPHIBOLES 1251

amphiboles. However, as seen from the gravimetric analysis in Table 1,
magnesioriebeckite, no. C-4980, apparently carries an exceptionally small
amount of hydroxyl. The Mossbauer spectrum of the one hour heat-
treated magnesioriebeckite, no. C-4980D, shows no Fe** absorption.
This complete oxidation of all the ferrous iron is associated with the
loss of the O—H band characteristic of the stretching of hydroxyls initially
coordinated to Fe?* as shown in the ir spectrum (Fig. 3). The overlapping
Fe** peaks in the heat-treated magnesioriebeckite, nos. C-4980D and
C-4980C, could be resolved into three quadrupole doublets (Fig. 6b, 6¢).
The Mossbauer parameters and intensities of these doublets in the
C-4890D spectrum are 57 percent Fe** in the M (2) site, 30 percent Fedt
in M(1) and 13 percent Fe*+ in M(3), peaks CC’, DD’, and EE’ respec-
tively of Figure 6b. The assignment of these doublets is based on their
intensities and M&ssbauer parameters compared with the natural mag-
nesioriebeckite (Fig. 6a). The slight decrease in Fe** in the M(2) site
(from 68.4 percent to 57 percent) after one hour of heating suggests that
migration of Fe* may have taken place to a slight but observable degree
in magnesioriebeckite over this time period. The M&ssbauer spectrum
of the material heat treated for 94 hours, no. C-4980C, indicates 40
percent Fe*+ in M(2), 41 percent Fe** in M(1) and 19 percent Fe*t in
M(3) (Fig. 6¢). The ferric iron populations in octahedral positions thus
exhibit virtually complete disordering for the magnesioriebeckite heated
in air for nearly four days. As evident in Table 7, the Q.S. for Fe*t in
M(2) increases due to the heat treatment, whereas the 1.S. decreases;
such changes suggest an increase in distortion of the site from octahedral
symmetry (Bancroft, Burns and Stone, 1968, p. 549).

It may be mentioned in passing that a small unassigned marginal
doublet evidently representing absorption by ferric iron is visible in the
spectra of Figure 6b and 6c for heat-treated magnesioriebeckite. The
peaks exhibit a smaller isomer shift but larger quadrupole splitting
compared to that associated with six-fold coordinated Fe*. Similar to
conclusions reached by Bancroft, Burns and Stone for yellow sapphirine
(1968, Table 2 and p. 556), this doublet is tentatively referred to tetra-
hedral ferric iron. Alternatively, this doublet, could reflect the presence
of optically undetected spinel or some other dehydration product. These
small peaks are evidently swamped out in the spectrum of the untreated
material, but are probably present judging from the Si+Al deficiency
exhibited by the cation proportions computed from the chemical analysis
(Table 2).

The Missbauer analyses of natural and heat-treated glaucophane are
presented in Table 8. Peaks were assigned by analogy with riebeckite and
magnesioriebeckite. The spectrum of the natural material, no. TP-1,
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shown in Fig. 7a, reflects 45.3 percent Fe?* in the M (1) site (peaks AA’),
31.5 percent Fe** in the M (3) site (peaks BB’) and 23.2 percent Fe** in the
M(2) site (peaks CC’). The cation proportions in these octahedral posi-
tions computed from the gravimetric analysis (Table 2) are 0.695Fe*+
and 0.295 Fe*t, or slightly more than 70 percent ferrous iron, almost 30
percent ferric; these proportions agree moderately well with those ob-
tained by the Mossbauer study. Natural glaucophane is one of the sodic
amphiboles investigated with a rather low oxidation ratio and shows
a high preference of Fe** in M(3) over M(1). Heating glaucophane for
one hour at 705°C in air only oxidized part of the Fe* (29.9 percent of

TABLE 8. MGSSBAUER ANALYSES OF NATURAL AND HEAT-TREATED
GLAUCOPHANE, No. TP-1

| Absorption by Fez* Absorption by Fei+
Sampie no. Duration of = i
run (hrs}) per- pEr- per- frer-
I I.S Q.. cent | IN. Q.5 «cent | LS. (LS. cent | LS. Q.. cent
TP-1 0 | 1.13 2.81 45.3 | 1.10 2.30 31,5 - —- - [0.34 0.48 23.2
MQ1) M(3) M(2)
TP-1A 1 1.11 2.82 31.6 | 1.13 2.14 15.3 | 0.43 1.22 26.9 [0.31 0.59 26.2
| M(1) M) M(1)+M(3) M(2)
TP-1B | 95 — - 0.39 1.30 67.1|0.31 0.71 32.9
M)+M(3) M(2)
TP-4XR 13667 1.15 2,74 25.6 — - — — |0.39 0.54 74.4
M(1), or M(1) | M(2), or M(1)
| +M2)+M3) | +M@)+m@3)

#1.5. and (0.S. expressed in mm/sec, relative to zero mm/sec for metallic iron; total Fe(Fe2 4Fes+)
taken as 100 percent (absorption or intensity =cation proportion).

b Line width for TP-1=0.25 mm/sec; for TP-1A =0.34 mm/sec; for TP-1B =0.60 mm/sec; for TP-4XR
=0.40 mm/sec.

the total iron, instead of the 76.8 percent Fe?* available) as shown in the
spectrum TP-1A (Fig. 7b). This persistence of ferrous iron is also appar-
ent from the ir spectrum (Fig. 4) in which the O-H stretching fre-
quencies representing hydroxyl coordinated to Fe2* are still observable in
the one hour heat-treated sample. It is evident from Fig. 7a and 7b that
the decrease of Fe** in M(1) and M(3) sites (peaks AA’ and BB) is
assoclated with the appearance of a new doublet (peaks DD’) with Q.S.
and [.S. values appropriate to ferric iron. This pair has been assigned
to Fe** in the same M(1) and M(3) structural positions based on differ-
ences compared to the doublet representing Fett in M (2), CC’; peaks
DD’ possess a relative absorbance (hence reflect an atomic population)
of 26.9 percent. The Massbauer spectrum of no. TP-1B, glaucophane
heated in air for 95 hours, showed no Fe*t absorption (Fig. 7c). Its ir
spectrum (Fig. 4) also shows a loss of all OH coordinated to Fe*. The
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populations of Fe** in the M(2) site and in the M)+ M(3) sites (peaks
CC’ and DD’; see also Table 8) roughly approach a 2:3 ratio and suggest
disordering of Fe*t (or at least the oxidation of small amounts of un-
detected ferrous iron residing in M(2) initially) under the experimental
conditions.

The Mossbauer spectrum of TP-4XR, natural glaucophane hydro-
thermally heated for 15,667 hours at 513°C, 2 kbar fluid pressure and at
an fo, of about 10722 bars, gave two observable quadrupole doublets, one
for Fex+ and one for Fe*t (peaks AA’ and CC’ of Fig. 7d). The M&ssbauer
parameters are similar to those representing peaks for Fer+ in M(1) and
Fe+ in M(2) exhibited by the natural glaucophane. The line width of
the peaks for the hydrothermally-treated sample presented in Figure
7d is 0.40 mm/sec compared with 0.26/mm/sec for the natural glauco-
phane. These peaks may actually consist of overlapping doublets possess-
ing very similar Mossbauer parameters because it is possible thatafter
such a long period of heating, all of the six-fold coordinated sites ap-
proach similar octahedral geometries. However, if as they appear, they
are not composite doublets, then a high degree of ordering would seem
to be required to explain the concentration of Fe** in M(1) and Fe** in
M(2)—such a phenomenon could not account for the observed line
broadening, however. The populations of Fe** and Feft are 25.6 and
74.4 percents respectively, which is probably the equilibrium oxidation
ratio for glaucophane of the specific bulk composition at this fo,. Con-
siderable oxidation of the initial material evidently took place during
the hydrothermal experiment inasmuch as the percentages of ferrous and
ferric iron in no. TP-1 are about 70 and 30 percent respectively. The
proportion of Fe* to OH in the natural glaucophane is considerably less
than unit value according to the chemical analysis (Tables 1 and 2).
However, the ir spectrum of TP-4XR (Fig. 4) shows a complete ab-
sence of the O—H absorption band in the region 3700 to 3600 cm™, even
though Fe2t is still present as deduced from the corresponding Méssbauer
spectrum. The proposed rapid one-atmosphere dehydrogenation mecha-
nism related to the oxidation of Fe** is not in complete agreement with
this observation, hence another, perhaps slower, mechanism for the
expulsion of hydrogen—possibly as molecular H,O-—must have been
involved in addition. Differences in devolatilization mechanisms are
plausible in the light of contrasting experimental conditions (i.e., one
atmosphere, short run duration, oxidizing environment, 705+ 2°C
versus 2000 bars aqueous fluid pressure, long run length, more nearly
neutral redox environment, 613+ 10°C).

The information obtained from the Mossbauer studies of the natural
and heat-treated sodic amphiboles can be summarized as follows: (1)
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In natural specimens, ferric iron is ordered in the M (2) site and Fe* is
distributed among M(1) and M(3). There is a slight tendency for Fex+
to occupy preferentially the M (3) position in glaucophane of low oxida-
tion state (e.g., see also Papike and Clark, 1968, Table 2); in contrast,
crossites and magnesioriebeckites of high ferric:ferrous ratio tend to
concentrate Fe** in M(1) (e.g., see Burns and Prentice, 1968, p. 775).
(2) Oxidation of Fe** to Fe** occurs rapidly, on the order of an hour or
two, when sodic amphibole is heated in air at 705°C. The stripping of
electrons from Fe?+ is related to the dehydrogenation process, as deduced
through Mossbauer and infrared observations. However, continued heat-
ing beyond completion of the dehydrogenation results in further oxida-
tion but at a much slower rate—and by an unknown mechanism, pos-
sibly diffusion linked. (3) The one-atmosphere disordering of Fe'* among
octahedral positions M(1) and M (3) sites was observed after a relatively
long period of heating (~90 hrs) at 705°C and one atmosphere total
pressure; some of the Fe** disordering undoubtedly reflects simple
clectron transfer among iron atoms in edge-shared octahedra, but on
the longer runs, atomic proportions roughly approach the ideal dis-
ordered values. Except for the sample of magnesioriebeckite, inappreci-
able migration of cations was observed in one hour of heating at this
condition.

Discussrox

Judging from the previous sections dealing with infrared and Moss-
bauer spectra of natural and experimentally treated sodic amphiboles,
several processes take place simultaneously, but at different rates, in
material heated in air.

Most rapid is the dehydrogenation process whereby electrons are
stripped from ferrous irons residing in M (1) and M (3) sites, allowing the
evolution of hydrogen from neighboring hydroxyls. Probably it can be
safely assumed that the rate of diffusion of neutral H, out of the sample
is quite rapid compared to the length of the experiment. The increase in
Fe*t:Fe** ratio and loss of O~H bonds results in elevated birefringence
and indices of refraction of the run products proportional to the amount
of oxidation (see Table 3). Oxidation also causes a concomitant decrease
in unit cell volume (on the order of one percent for ferrous iron-poor
sodic amphiboles such as nos. TP-1 and C-4890, more than two percent
for Fe**-rich riebeckites such as nos. LO-1 and P-I), reflecting contrac-
tion along all crystallographic axes but scarcely affecting 8. The de-
creased ¢ repeat signifies an increased degree of kinking along the tetra-
hedral double chains, whereas contraction of @ and a sin 8 indicates
compression across octahedral and/or tetrahedral strips (chains). The
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smaller b axis repeat results from a closer approach of adjacent tetra-
hedral double chains parallel to the b direction produced by distortion
of the octahedral sites—as suggested also by interpretation of the
Méssbauer spectra; the phenomenon occurs in spite of a tendency for
octahedral cation disordering, which Colville, Ernst and Gilbert (1966)
showed, tends to lengthen the b repeat.

Once the hydrogen has been expelled from the structure, or at least
removed from the O(3) site, further oxidation of iron apparently pro-
ceeds by a much slower reaction. Although the process has not been
elucidated by the present study, results are compatible with the mecha-
nism of electron switching or diffusion proposed by Addison and White
(1968). Here electrons derived from initially Fet ions are thought to
migrate toward the surface of individual crystals, and are transferred
through marginal iron cations to external attracted oxygens, which are
thereby bound as an anionic surface layer. Presumably the extent to
which this mechanism could operate would be a function of grain size,
but the present investigation did not test this effect.

The hydrothermal experiment of nearly two years’ duration on glauco-
phane, no. TP-4XR, vielded perplexing and conflicting results. Judging
from its optical and X-ray propertics, the run product is still a sodic
clinoamphibole—albeit an anhydrous one. Although all O-H stretching
frequencies were lost, the dehydrogenation was accompanied by only
partial oxidation, even though initially the Fe** to OH ratio was less
than unity. It is conceivable that molecular HyO was released during the
course of the hydrothermal experiment, resulting in an amphibole
anhydride (see Hodgson, Freeman and Taylor, 1965); here local charge
balance might be maintained by random omission of oxygens. Further-
more, as compatible with the Mossbauer analysis, the Fe** and Fe*t
could have been markedly ordered in M(1) and M(2) positions respec-
tively by the heat treatment (but this would fail to explain the rather
high line widths observed, 0.40 mm/sec). The unit cell volume increased
by more than three percent, reflecting large increments in @ and b axis
lengths. This effect is understandable in light of the hypothesized ran-
dom anion defects, which would tend to cause inflation of the structure
due to cation—[omission]—cation repulsions. Nonetheless, regardless of
the enlarged cell volume, refringence increased considerably. Evidently
indices of refraction in this sodic amphibole are more nearly a function of
hydroxyl content and Fe*:Fet ratio than of volume. The expanded
amphibole cell may be explicable in terms of rather thorough disordering
among octahedral cations and possibly random anion defects; therefore,
it is tentatively concluded that the Massbauer spectrum for no. TP-4XR
(Fig. 7d) should be interpreted as nearly completely disordered ferric
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and ferrous iron occupancy of six-fold coordinated positions of closely
similar structural configurations (Table 8). This conclusion is supported
not only by the line broadening observed in the Méssbauer spectrum of
Figure 7d for the hydrothermally treated glaucophane, but is perhaps also
reflected by the lowered birefringence of the run products (Table 3); such
a decrease in Ny— N, (from 0.020 in no. TP-1, to 0.009 in no. TP-4XR)
is compatible with lesser distortions and closer similarities among all
octahedral sites,

Somewhat analogous to results presented by Bancroft and Burns
(1969), this investigation demonstrates that natural sodic amphiboles
exhibit a marked tendency for ferric iron to be ordered in M(2), ferrous
iron in M(1) and M(3). Aluminous members of the series tend to have
Fe** concentrated in M (3) relative to M(1); the latter site is thereby
relatively enriched in Mg and possibly other non-ferrous cations. In
contrast, the converse situation applies for ferric iron-rich sodic amphi-
boles.

Finally, optical and X-ray measurements presented in Table 3 are in
accord with the results of previous workers (e.g., Miyashiro, 1957; Deer,
Howie and Zussman, 1963, Fig. 82; Colville, Ernst and Gilbert, 1966;
Borg, 1967b; Coleman and Papike, 1968) which have documented
systematic increments in refractive indices and unit cell dimensions of
natural sodic amphiboles with increasing iron content.
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