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ABSTRACT

To investigate the relation between oxygen fugacity, ferric-ferrous ratio (R), and unit-
cell parameters, four natural clinoamphiboles (grunerite, tschermakitic hornblende, mag-
nesio-hornblende, and a riebeckite-arfvedsonite solid solution) were reacted at 650°C, 1
kbar at oxygen fugacities defined by several solid oxygen-buffer assemblages. In order to
produce more highly oxidized samples, heating in air at 700 °C was also carried out.
Variation in R is accomplished mainly by the oxidation-dehydrogenation equilibrium

Fe** + OH- = Fe** + O* + 2H,,

but the results suggest that other mechanisms may also be involved. All four amphiboles
exhibited systematically higher ferric-ferrous ratios with increasing f;, of equilibration.
Equilibrium R values were achieved relatively rapidly and could be readily restored to
original values by treatment at the appropriate buffer. In some cases, a metastable equi-
librium of ferric-ferrous ratio was achieved before the amphibole decomposed to other
Fe’+-bearing phases.

Of the four amphiboles, grunerite is apparently the least able to accommodate Fe’*
within its crystal structure and decomposes at relatively higher oxygen fugacities.

The value of a sin 8 decreases systematically uniformly as the Fe** content of tscher-
makitic hornblende, magnesio-hornblende, and riebeckite increases, reflecting increasing
Fe*+ in the octahedral cation sites. The variation in g sin 8 of grunerite is significantly less
than for the other three amphiboles. The variation in b for the two hornblendes suggests

that Fe** produced by oxidation is not strongly ordered into the M(2) site.

INTRODUCTION

Amphiboles are the most chemically complex of the
major rock-forming mineral groups. This complexity
arises from the wide variation of unique structural sites
available for cations. Fe is a major component in many
naturally occurring amphibole solid solutions, but the
factors that control the proportions of Fe** and Fe>* in
any given amphibole are still very poorly understood
quantitatively.

Two types of experiments have been carried out in at-
tempts to produce variation in the ferric-ferrous ratios in
amphiboles: heating of amphiboles in air, and hydro-
thermal synthesis and/or treatment of amphiboles at oxy-
gen fugacities defined by the standard solid oxygen buft-
ers. The earlier air-heating studies were carried out mainly
on abestiform amphiboles, but more recently, nonasbes-
tiform varieties have been so-treated (see Hawthorne,
1981, 1983, for reviews). Hydrothermal studies to delim-
it physical properties and the pressure~temperature—oxy-
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gen fugacity stability have been carried out on a wide
variety of bulk compositions representing the major
chemical groups of amphiboles (e.g., Gilbert et al., 1982).

The results of the existing experimental studies have
shown that changes in chemical compositions and phys-
ical properties occur as a function of oxygen fugacity and
temperature. Oxidation of Fe in an amphibole results ini-
tially from the formation of oxy-amphibole component
by a dehydrogenation reaction of the type

Fe* + OH- = Fe** + O + "H,, 1)

in which O~ replaces OH- in the O(3) anion site of the
amphibole. This process, first suggested by the results of
Barnes (1930), has also been proposed to be operative in
other hydrous minerals such as the micas (e.g., Wones,
1963; Vedder and Wilkins, 1969). Most studies in syn-
thetic systems are complicated by the fact that 100% yields
of amphibole are not achieved. Therefore, changes in
either the proportions or compositions of the nonampbhi-
bole phases may cause variations in amphibole compo-
sitions. That is, changes observed in physical properties
may result from changes in amphibole bulk composition

487



488
TaBLE 1. Compositions of starting amphiboles
Tschermakitic ~ Magnesio-
Grunerite hornblende hornblende  Riebeckite

SiO, 49.19 43.44 47.05 51.39
TiO, 0.03 0.60 0.31 0.78
ALO, 0.51 13.82 10.24 0.80
FeO 44.30 12.53 12.54 21.67
Fe,0, N.D. 3.70 1.05 11.85
MnO 0.66 0.25 0.74 0.71
MgO 3.21 9.80 12.24 0.25
Ca0 0.32 11.57 11.93 0.15
Na,0 0.04 1.45 1.13 8.87
K,0 N.D. 0.51 0.59 1.54
F 0.17 0.13 0.72 1.97
Cl 0.12 N.D. N.D. N.D.

Sum 98.55 97.80 98.54 99.98
Si 7.94 6.41 6.87 8.00
VAl 0.06 1.59 1.13
VIAI 0.04 0.83 0.64 0.15
Ti 0.01 0.07 0.04 0.09
Fed 5.99 1.54 1.54 2.83
Fe* 0.42 0.12 1.40
Mn 0.09 0.04 0.09 0.09
Mg 0.78 2.16 2.67 0.06
Ca 0.06 1.83 1.87 0.03
Na 0.10 0.41 0.32 2.68
K 0.09 0.11 0.30
Ct 0.01
F 0.09 0.06 0.33 0.98
0 23.00 23.00 23.00 23.00

Grain size (mm)

Max. 1.0 x 0.025 0.19 x 0.025 05 x 01 0.15 x 0.05
Min. 0.1 x 0.025 0.075 x 0.075 0.1 x 0.2 0.1 x 0.02

Note: N.D. = not detected. Chemical compositions (in wt% oxides and
as atoms per 23 oxygens) and grain sizes of amphiboles used in experi-
ments. Chemical compositions were determined by electron microprobe.
Ferric-ferrous ratio determined by wet-chemical analysis. Amphibole com-
positions were normalized to 23 oxygens because of unknown oxy-am-
phibole content.

as oxygen fugacity varies, rather than solely from changes
in the ferric-ferrous ratio. For most synthetic hydrother-
mal studies, precise chemical compositions and, more
importantly, ferric-ferrous ratios of the amphiboles have
not been determined routinely.

This study reports the results of experiments designed
to elucidate further ferric-ferrous equilibrium in amphi-
boles. Four natural amphiboles were annealed over a range
of oxygen fugacities at constant temperature and pressure
to determine the variation in Fe** content and in unit-
cell parameters. Natural amphiboles were chosen in order
to avoid the complication of less than 100% yields in
synthetic systems and also to provide crystals large enough
for single-crystal structure refinements. Results that de-
scribe the variation of optical properties as a function of
ferric-ferrous ratio and the results of crystal-structure re-
finements have been presented elsewhere (Phillips et al.,
1986; Clowe and Popp, 1987; Phillips et al., 1988).

EXPERIMENTAL METHODS

Four natural clinoamphiboles representing the three major
amphibole chemical groups (iron-magnesium, calcic, and sodic
amphiboles) were selected for the study. These amphiboles in-
clude a grunerite from metamorphosed iron formation (sample
1, Klein, 1964); a tschermakitic hornblende from a kyanite-stau-
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rolite grade amphibolite (sample 73-31B, Spear, 1982); a mag-
nesio-hornblende from Strickland quarry, Portland, Vermont,
for which petrologic information has not been published (Na-
tional Museum of Natural History specimen 146169); and a rie-
beckite-arfvedsonite solid solution, hereafter referred to as rie-
beckite, from a granitic pegmatite (Scofield and Gilbert, 1982).

Separation techniques

In order to ensure close to 100% purity in the starting mate-
rials, each amphibole sample was subjected to a variety of sep-
aration techniques. All samples were disaggregated, washed in
acid, subjected to isodynamic magnetic and heavy-liquid sepa-
ration techniques, and hand picked to produce 99-100% purity.
Additional details of the separation techniques are given in Clowe
(1987). The final grain sizes of samples are reported in Table 1.
With the exception of a small proportion of crushed grains, there
was no change in amphibole grain size during runs.

Phase identification and characterization

Electron-microprobe analysis of the starting materials and se-
lected run products was carried out using the ARL instrument in
the Department of Geological Sciences at Virginia Tech, Blacks-
burg, Virginia. The analytical procedures and operating condi-
tions were essentially identical to those described by Solberg and
Speer (1982).

Fe3+/Fe?* ratios were determined using a single-dissolution
technique applicable to small sample sizes (Fritz and Popp, 1985).
Sample aliquots ranging from 0.95 to 11.96 mg were digested
with HF and H,SO, in the presence of o-phenanthroline, after
which Na-citrate and boric acid solutions were added. The so-
lutions were then analyzed colorimetrically for FeO. Total Fe as
Fe,0, was determined by atomic absorption spectrophotometry
after further dilution of the samples with the quartz blank used
in the FeO determination. Duplicate solutions were made for
each sample in the colorimetric analysis for FeO, and each of
those solutions was diluted and analyzed twice for Fe,O,. Ferric-
ferrous ratios, reported as molar Fe**/(Fe** + Fe?*) and abbre-
viated R, are considered to be precise to +0.01 (Fritz and Popp,
1985).

A complication arises in electron-microprobe analyses of phases
that contain oxy-amphibole component because total Fe is gen-
erally reported as FeO and the formulas are normalized to 23
oxygens. For an end-member grunerite, for example, this pro-
cedure is equivalent to expressing the chemical formula in terms
of oxides with one molecule of water present in the stucture, i.e.,

Fe,Si;0,,(OH), = 7Fe0-8Si0,-H,0.

The formulas are normalized to 23 oxygens because the electron
microprobe cannot analyze for H, and therefore, the amount of
oxygen necessary to form ‘“hydrogen oxide” is not included in
the normalized formula. In the case of a totally dehydrogenated
grunerite, it is necessary to normalize microprobe analyses to 24
rather than 23 oxygens, i.e.,

Fel+Fe?'Si,0,, = 5FeO-Fe,05-8Si0,.

Thus, normalization of the formula of an amphibole containing
a significant oxy-component to 23 oxygens results in a total ox-
ide weight percent that is too low by a factor that represents the
additional oxygen present as Fe,O, rather than as FeO. To cor-
rect an analysis based on 23 oxygens to the proper number of
oxygens, (1) the total elemental weight percent of Fe is multiplied
by the ferric-ferrous ratio (R) to determine the absolute elemen-
tal weight percent of Fe in each valence state, (2) the elemental
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TaBLE 2. Compositions of amphibole run products
AOE3AG AEO3AG AOE 24 AOCE 11A AEO 11A AQE 14 AOE 19 AOE 32 AOE 32 AOE 31

Sio, 49.26 49.91 43.70 4412 47.59 51.01 50.05
TiO, 0.02 0.05 0.59 0.66 0.29 0.94 0.87
AlLO, 0.46 0.14 13.64 13.18 8.23 1.05 0.71
FeO 36.99 44.06 11.03 12.33 12.82 14.37 23.92
Fe, O, 7.82 N.D. 5.50 3.86 N.A. 20.30 9.33
MnO 0.64 0.67 0.28 0.32 0.79 0.70 0.70
MgO 3.21 3.22 10.00 10.33 12.81 0.22 0.21
Ca0 0.33 0.32 11.61 11.73 11.86 0.15 0.18
Na,0O 0.07 0.06 1.40 1.24 0.88 8.87 8.64
K,0 N.D. 0.01 0.51 047 0.47 1.46 1.35
F 0.17 0.08 0.18 0.47 0.62 2.00 1.98
cl 0.11 0.11 N.D. N.D. 0.01 N.D. N.D.

Sum 99.08 98.63 98.44 98.31 96.37 101.08 97.94
Si 7.82 7.98 8.04 6.40 6.43 6.46 7.09 7.78 7.94 8.02
VAl 0.10 0.02 1.60 1.57 1.54 0.91 0.19 0.06
VIA| 0.07 0.03 0.76 0.80 0.75 0.54 0.14 0.14
Ti 0.01 0.01 0.01 0.07 0.07 0.08 0.03 0.11 0.1 0.1
Fe2+ 4.9 5.01 5.94 1.36 1.36 1.51 1.59 1.83 1.87 3.21
Fes+ 0.94 0.96 0.61 0.61 0.43 2.34 2.39 1.13
Mn 0.09 0.09 0.09 0.04 0.04 0.04 0.10 0.09 0.09 0.10
Mg 0.76 0.78 0.78 2.18 2.19 2.25 2.85 0.05 0.05 0.05
Ca 0.06 0.06 0.06 1.82 1.83 1.84 1.89 0.03 0.03 0.03
Na 0.02 0.02 0.02 0.41 0.41 0.35 0.25 2.62 2.68 2.68
K 0.09 0.09 0.09 0.09 0.29 0.30 0.27
Cl 0.03 0.03 0.03 0.01
F 0.09 0.09 0.04 0.09 0.09 0.03 0.62 1.00 1.00 0.97
(o] 23.00 23.48 23.00 23.00 23.10 23.00 23.00 23.00 23.49 23.00

Note: N.D. = not detected; N.A. = not available. Chemical compositions (in wt% oxides and in atoms per formula unit normalized to given number
of oxygens) of selected run products (see Table 3 for details). Samples with >10% oxy-amphibole component have been normalized to the appropriate

number of oyxgens per formula unit (see text for discussion).

weight percents are converted to oxide weight percents by mul-
tiplication by the proper conversion factor, (3) the oxide weight
percents are converted to moles, and (4) the formula is normal-
ized to the required number of oxygens (23 plus one-half the
number of Fe’* ions present as oxy-amphibole component per
formula unit). The effect of the correction for grunerite is shown
in the two columns labeled AOE 3A G in Table 2. The grunerite,
which originally contained no Fe3*, was oxidized in air, but there
was no evidence for decomposition to secondary phases. Thus,
its chemical composition should remain constant except for loss
of H and oxidation of a portion of the Fe?*, The corrected for-
mula of the oxidized grunerite based on 23.48 oxygens is vir-
tually identical to that of the unoxidized starting material (Table
1), whereas the formula normalized to 23.00 oxygens contains
overall lower atomic amounts. It is important to note that this
method of correcting chemical formulas presumes knowledge of
the amount of Fe’* present as oxy-amphibole component. Be-
cause Fe** can enter the amphibole structure by processes other
than the formation of oxy-amphibole component (see Discus-
sion), the amount of oxy-amphibole component is not necessar-
ily the same as the number of ferric irons per formula unit. For
example, in the case of the tschermakitic hornblende starting
material, which originally contained Fe** (Table 1), the chemical
formula was based on 23 oxygens because the amount of oxy-
amphibole was unknown. However, when the tschermakitic
hornblende was oxidized without decomposing, the chemical
formula could be corrected to the increased number of oxygens
that represents the increase in Fe** as oxy-amphibole component
(columns labeled AOE 11A, Table 3).

Chemical analyses of the amphiboles used in the experiments
are given in Table 1. Chemical zoning and significant impurities
both within and between grains were not observed. Agreement
between these analyses and those reported previously in the lit-

erature is excellent. Previous analysis for the magnesio-horn-
blende has not been reported. The analysis of riebeckite-arfved-
sonite reported in Scofield and Gilbert (1982) contains 0.3 Li
per formula unit, which is not analyzed by the electron micro-
probe and, therefore, is not included in the table. The formulas
in Table 1 have been corrected to 23 oxygens, because the per-
cent oxy-component is unknown. As discussed below, the pres-
ence of Fe’ in an amphibole does not necessarily imply the
presence of oxy-component.

Phase identification and unit-cell parameters were determined
using a Philips X-ray diffractometer with Ni-filtered Cuk, ra-
diation. Peak locations used to calculate unit-cell parameters
were collected from four scans (two oscillations) collected at 0.5%/
min using synthetic calcium fluoride as an internal standard,
except in the case of riebeckite, for which synthetic MgAlLO,
spinel was used in order to avoid significant overlap of peaks.
Centers of peaks were located at % peak height. Reflections were
indexed in comparison to the calculated powder patterns in Borg
and Smith (1969). Unit-cell parameters, reported in Table 3,
were obtained by least-squares refinement (Evans et al., 1963),
weighting all peaks equally.

Apparatus

Hydrothermal runs were carried out in horizontally mounted
Rene-41 pressure vessels (e.g., Ernst, 1968, Fig. 6) using either
Ar or methane as the pressure medium. Pressures were generally
maintained within =+ 10 bars, with a maximum variation of 30
bars recorded. Temperature gradients within the vessels were
calibrated previously at elevated temperature and pressure, and
are 3° or less over a 2.54-cm capsule. Temperature variations in
most runs were =1 °C, with a maximum variation of +4 °C.

The 1-atm runs were made in a Lindberg muffle furnace that
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was calibrated with the same temperature-measuring system used
in the hydrothermal runs.

Oxygen fugacity in the hydrothermal runs was controlled using
the standard solid buffer techniques (e.g., Huebner, 1971). The
magnetite-hematite (MH), nickel-nickel oxide (NNO), fayalite-
magnetite-quartz (FMQ), and graphite-methane (CCH,) buffers
were used. In addition, some samples were heated in air to achieve
a much more highly oxidizing atmosphere than MH. A few runs
were made at the more reducing iron-wiistite buffer, but that
approach was abandoned because of the rapid loss of H, gas
from the capsules. In runs as short as one day at 650 °C and 1
kbar, H, diffusion resulted in the complete loss of water from
the buffer assemblage, even when the graphic-methane system
was used as the pressure medium.

In hydrothermal runs, the amphibole charges (approximately
0.10 g) plus a measured amount of distilled-deionized water (ap-
proximately 20 uL) were sealed into an inner Ag,,Pd,, capsule
(2.54 cm x 3.0 mm outside diameter x 2.4 mm inside diameter)
or into a Pt capsule (2.54 cm x 3.0 mm outside diameter x 2.6
mm inside diameter) in the case of runs made at the NNO buffer.
The inner capsule was sealed into an outer Au capsule (3.81
cm x 4,75 mm outside diameter x 4.0 mm inside diameter)
containing approximately 0.25 g of the buffer assemblage, and
50- to 75-uL distilled-deionized water. For runs made at the
graphite-methane buffer, the sealed Ag-Pd capsule was loaded
directly into the bomb with a small graphite filler rod, and the
system was pressurized with methane. For samples heated in air,
approximately 0.15 g of charge was loaded into a small Au boat,
which was placed in the preheated muffle furnace.

Upon completion of hydrothermal runs, the vessels were re-
moved from the furnaces and initially quenched in a stream of
compressed air and then immersed in water. Using this proce-
dure, the vessels reached a temperature of less than 50 °C in less
than 5 min. After opening the capsules, the presence of water in
both the buffer and charge was verified by heating each of the
capsules in a small bottle on a hot plate and noting the conden-
sation on the upper walls of the bottle. The 1-atm runs were
simply removed from the furnace and allowed to cool to room
temperature.

In attempts to demonstrate steady-state conditions and the
approach to equilibrium, run times were varied from 1 to 12 d
for the hydrothermal runs, and from 0.5 to 4.75 h for the runs
in air. In addition, products of some experiments were re-run at
different conditions in order to reverse the effects of oxidation
or reduction.

RESULTS

Results of experiments are presented in Table 3, which
gives experimental run conditions, a description of run
products, R = molar Fe**/(Fe** + Fe?*) values, and unit-
cell parameters of selected amphiboles. Chemical com-
positions of amphiboles from selected runs are given in
Table 2.

Except for the air-annealing experiments, which were
run at 700 °C, all experiments were carried out at 1 kbar
and 650 °C. Temperature was not varied in this series of
experiments in order to avoid the complication produced
by variation in oxygen fugacity of the buffers with chang-
ing temperature. As a result, because of the different ther-
mal stabilities of the four amphiboles, decomposition of
amphibole was observed in a number of cases. Treatment
of two amphiboles at the same buffer but at two different
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temperatures, so that each mineral lies within its own
stability field, would result in a different oxygen fugacity
in each run. Thus, an additional variable would be added
to the interpretation of results, as compared to isothermal
experiments.

Ferric-ferrous ratios and phase relations

Grunerite. As expected, air treatment produced the most
highly oxidized grunerite, with R increasing from zero in
the starting material to 0.16, 0.27, and 0.31 after treat-
ment for 0.5, 2.0, and 4.75 h, respectively. These values
represent O%~ occupancy of 48, 81, and 93 mol% of the
O(3) site, respectively, assuming that only the dehydro-
genation mechanism (Eq. 1) is operative. X-ray and op-
tical analysis of run products indicate no decomposition
to secondary phases, even though the grunerite, as a hy-
drous phase, is clearly unstable in air at elevated temper-
ature. Peak broadening was observed in the X-ray pattern
of the 4.75-h run, which may represent the initial stages
of decomposition. The chemical composition of the am-
phibole in 0.5-h run (AOE3AG, Table 2) is virtually
identical with that of the starting material, except for R,
after the analysis is corrected for the presence of oxy-
component.

In runs made at the MH buffer, the sample decom-
posed to a presumably Mg-enriched amphibole + iron
oxides + silica, behavior that is consistent with previous
experimental studies in Fe-Mg amphibole systems
(Forbes, 1977; Popp et al., 1977). Ferric-ferrous ratios
were not determined for these runs because of the con-
taminating effect of additional Fe-bearing phases on the
analytical technique.

A small amount (< 2%) of opaque phases was observed
optically in the 4-d run at the NNO buffer. Previous stud-
ies of phase relations (e.g., Gilbert et al., 1982) indicate
that Fe-rich amphiboles should decompose to Mg-en-
riched amphibole containing approximately 60% gruner-
ite component by the liberation of magnetite and quartz
at the conditions employed here. It is concluded that the
amphibole was in the incipient stages of decomposition,
but that the 4-d run time was not sufficient for a signifi-
cant extent of reaction (Popp et al., 1977). The relatively
small extent of decomposition results in both a ferric-
ferrous ratio (Table 3) and a chemical composition
(AOE 24, Table 2) that are not significantly different from
those of the starting material.

Runs carried out at the CCH, buffer resulted in no
change in R as compared to the unoxidized starting ma-
terial. Within the precision of measurement, no Fe*+ was
detected. A weak olivine reflection was observed in prod-
ucts of one of the runs, but decomposition of the amphi-
bole to small amounts of olivine is not unexpected (Gil-
bert et al., 1982). Starting material for one of the CCH,
runs was the 0.5-h air-oxidized material (R = 0.16). Res-
toration of the ferric-ferrous ratio to essentially zero,
within error of measurement, in 4 d demonstrates that
the formation of oxy-amphibole component is easily re-
versible.
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Tschermakitic-Hornblende Error = 001
Ferric-Ferrous Ratio (R)
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Fig. 1. Results of experiments on tschermakitic hornblende. Circles represent ferric-ferrous ratio of unaltered starting material.

Tips of arrows indicate ferric-ferrous ratio in run products; precision of measurement is +0.01. Boxes represent runs in which
starting materials were products of previous experiments. Abbreviations: s.m. = unaltered starting material; GM = graphite-
methane; FMQ = fayalite-magnetite-quartz; NNO = nickel-nickel oxide; MH = magnetite-hematite; A = air; d = days; m =

minutes.

In the products of the air and NNO runs, some gru-
nerite grains were observed to exhibit small, widely
spaced, dark striations perpendicular to the long axis of
the crystal when viewed optically before crushing. Optical
examination was unable to reveal whether the features
were fractures or inclusions, but electron-microprobe
analysis, including dot maps, indicated no compositional
variations. This phenomenon was also observed in rie-
beckite treated at the graphite-methane buffer.

Tschermakitic hornblende. The tschermakitic horn-
blende exhibited continuous variation in ferric-ferrous
ratio as a function of increasing oxygen fugacity. Run
results are shown graphically in Figure 1. Air oxidation
for 0.5 h produced an increase in R from 0.21 in the
untreated sample to 0.47, which represents oxidation of
0.52 Fe per formula unit. The 4- and 8-d runs at the f,,
of the MH buffer resulted in statistically identical R val-
ues of 0.30 and 0.31, respectively, with no evidence for
decomposition. The composition of the amphibole in the
8-d run did not change, except for R, after correction for
the increased oxy-amphibole component (AOE 11A, Ta-
ble 2).

Samples treated at the NNO buffer for 4 d (R = 0.19)

and 8 d (R = 0.22), and at the FMQ buffer for 12 d (R =
0.18) resulted in little change in ferric-ferrous ratio rela-
tive to the starting material. A small amount of quartz
(<3%) was detected optically in the 8§-d NNO run, but
the chemical composition of the amphibole (AOE 14, Ta-
ble 2) did not change significantly. Whether the presence
of quartz indicates an original quartz impurity or actual
decomposition is unclear. In an experimental investiga-
tion at pressures above 7 kbar, Oba (1978) observed
quartz, clinopyroxene, and garnet in the dehydration as-
semblage of tschermakite. However, data on the stability
relations in the temperature-pressure range of this study
are not available.

Treatment of tschermakitic hornblende at the CCH,
buffer produced the somewhat reduced ferric-ferrous ra-
tios of 0.16 after 4 d, and 0.15 after 8 d.

Treatment of the air-oxidized sample at the CCH, buff-
er for 4 d reduced R from 0.47 to 0.14, which agrees well
with the values of 0.15 and 0.16 obtained using unoxi-
dized starting material. Re-annealing the amphibole from
a CCH, run at the MH buffer for 4 d resulted in a value
of R = 0.30, which is identical with that obtained by
starting with the original amphibole. In contrast, treat-
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ment of the air-oxidized sample at MH for 4 d resulted
in partial decomposition of the amphibole to liberate ap-
proximately 10% hematite and quartz.

Magnesio-hornblende. The magnesio-hornblende is
somewhat similar in composition to the tschermakitic
hornblende, containing 1.66 vs. 1.96 total Fe per formula
unit, respectively. However, the magnesio-hornblende
contains 0.65 fewer Al per formula unit, and has a lower
initial ferric-ferrous ratio of 0.07 vs. 0.21. As with the
tschermakitic hornblende, a systematic variation in R was
observed over the range of oxygen fugacities employed
(Table 3).

The most highly oxidized amphibole was obtained by
air-heating: R = 0.31 after 0.5 h, R = 0.50 after 1.5 h.
Very small amounts of opaques (< 1%), presumably iron
oxide, were observed optically in the air-heated runs.
Treatment at the MH buffer for 8 d resulted in the for-
mation of pyroxene and a spinel phase in the charge, as
identified by X-ray diffraction. Electron-microprobe
analysis (AOE 19, Table 2) reveals that the oxidized am-
phibole is somewhat depleted in Al and Fe, and enriched
in Si and Mg relative to the starting material. Whether
this amphibole composition represents an equilibrium
value is unknown; treatment for longer times could result
in further decomposition and changes in composition.

As with the tschermakitic hornblende, runs of 8 d at
the NNO and FMQ buffers produced little change in R.
The resulting amphiboles are slightly more oxidized as
compared to the ferric-ferrous ratio of 0.07 in the starting
material, i.e., R = 0.11 for NNO, and R = 0.12 for FMQ.

Treatment of the original sample at the CCH, buffer
for 8 d resulted in total reduction (R = 0.00) of the Fe in
the amphibole. Treatment of the air-heated sample at the
same conditions resulted in run products with R = 0.09,
but the small amount of opaque phases present in the air-
heated sample was not resorbed during the run at lower
oxygen fugacity. The presence of 1% magnetite in the
sample would increase R of the bulk sample by 0.025.
Thus, subtraction of the effect of the magnetite results in
an amphibole with R in the range 0.06 to 0.07, as com-
pared to the value of 0.00 obtained from treatment of the
original starting material at the CCH, buffer.

Riebeckite. The riebeckite-arfvedsonite solid solution
had an initial R value of 0.33 as compared to 0.20 for
ideal arfvedsonite and 0.40 for ideal riebeckite. In addi-
tion, it contained 0.98 F per formula unit, so that the
maximum possible amount of dehydrogenation is limited
relative to the other three amphiboles studied here.

Treatment of the original sample in air for 0.5 h re-
sulted in the liberation of a small amount of free quartz
(<2%). The resulting amphibole may be slightly silica
deficient (AOE 32, Table 2), but the difference is at the
level of detection. Because the analytical technique for
ferric-ferrous ratio is not affected by the presence of ad-
ditional non-Fe-bearing phases (Fritz and Popp, 1985), a
value of R can be determined for the oxidized riebeckite.
The resulting value of R (0.56) requires that 0.97 atoms
of Fe?* were oxidized. That is, of the 1.02 atoms of OH~-
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available per formula unit, nearly all were converted to
0.

In an 8-d run at the MH buffer, riebeckite decomposed
nearly completely to hematite, magnetite, quartz, and ac-
mite. These results are in agreement with those observed
in the synthetic system (Ernst, 1962), in which riebeckite-
arfvedsonite solid solutions are unstable down to tem-
peratures as low as 500 °C at the oxygen fugacity defined
by the MH buffer.

Runs carried out at the FMQ and CCH, buffers for 8
d resulted in slightly reduced ferric-ferrous ratios of 0.28
and 0.26, respectively, with no optical or X-ray evidence
for decomposition. Based on the results of Ernst (1962),
the amphibole should lie within its stability field at these
conditions. In contrast to the results of Ernst, Owen (1985)
reported arfvedsonitic amphibole to be unstable at 750
°C, 1 kbar, and f;, defined by the FMQ buffer, but the
results cannot be directly compared to those obtained
here at 650 °C. The most reduced of the riebeckites re-
quires reduction of 0.27 Fe** per formula unit relative to
the starting material.

Unit-cell parameters

Unit-cell parameters of selected amphibole run prod-
ucts determined from powder X-ray diffraction are given
in Table 3. The numbers in parentheses in the table rep-
resent one-standard-error values calculated by the least-
squares computer program. The relatively larger stan-
dard-error values for the air-treated samples probably are
due to the fact that the crystallinity of those samples has
been affected by incipient stages of decomposition.

As a simple test for precision, unit-cell parameters for
the grunerite, as determined by several different tech-
niques and by several different individuals, are compared
in Table 4. The grunerite used for this study was obtained
as a hand sample of schist from C. Klein, who has made
the amphibole available to workers for a variety of dif-
ferent kinds of analyses (e.g., Finger, 1969; Dyar, 1984).
Shown in Table 4 are five different determinations, two
obtained by different individuals using a powder diffrac-
tometer as described above, two obtained from powder
photographs utilizing an internal standard, and one ob-
tained from an automated single-crystal diffractometer.
In general, the agreement among the values in Table 4 is
good, but the data suggest that doubling of the standard-
error values, a practice advocated by some researchers,
gives better agreement for comparing the results of the
different analysts.

DiscussIioN

In the discussion that follows, it is assumed that the
reader is familiar with the basic features of the amphibole
crystal structure, the nomenclature for cation and anion
sites, and the general scheme of partitioning of cations
among the sites according to size and valence. Excellent
reviews of the subject are given in Ernst (1968), Cameron
and Papike (1979), and Hawthorne (1981, 1983).
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TaBLe 4. Comparison of unit-cell parameters
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Method of a b ] 8 1%
Analyst X-ray diffraction (A) (A (A e (A3
C. A. Clowe* diffractometer 9.556(2) 18.397(4) 5.347(7) 101.904(35) 919.855(961)
M. W. Phillips (pers. comm.) single crystal 9.570(2) 18.397(3) 5.342(2) 101.94(3) 920.2(8)
Klein (1964) powder photo 9.562(2) 18.380(7) 5.338(4) 101.86(3) 918.2(7)
Finger (1969) powder photo 9.5642(7) 18.393(2) 5.3388(3) 101.892(3) 919.0(2)
M. A. Cusimano (pers. comm.) diffractometer 9.568(5) 18.374(17) 5.335(16) 101.828(48) 918.067(2.058)

Note: Comparison of unit-cell parameters of grunerite (Klein, sample 1, 1964) determined by several different methods and experimenters.

* Values as given in Table 3.

Ferric-ferrous ratios and phase relations

Because no single value of R has been approached from
opposite directions, the strict reversal of equilibrium has
not been documented in any of the runs in this study.
However, the relatively rapid changes in R, the time in-
dependence of final R values in the hydrothermal runs,
and the fact that R values can be restored after having
been altered (Fig. 1) lend support to the assumption that
an approach to equilibrium has been obtained.

Clearly, there are differences in the behavior of the four
different amphiboles. Air oxidation produces the most
highly oxidized samples in all four minerals. As hydrous
phases, amphiboles are unstable in air at 700 °C. The
slight, but still significant broadening of peaks in the X-ray
patterns, particularly in runs longer than 0.5 h, may rep-
resent incipient stages of decomposition. Longer-term air-
heating runs described elsewhere (Hodgson et al., 1965;
Patterson and O’Connor, 1966) have resulted in decom-
position. It is, thus, concluded that equilibrium is not
approached in any of the air-heating runs. The Fe*+ con-
tent of the amphiboles should increase with longer run
times until complete dehydrogenation occurs, complete
oxidation of Fe is achieved, or the amphibole decom-
poses. Therefore, differences in R values of the four am-
phiboles heated in air are most likely related to kinetic
factors and to their different initial Fe>* contents.

At the oxygen fugacity of the MH buffer, all the am-
phiboles except tschermakitic hornblende decomposed to
assemblages containing Fe**-bearing oxides, or in the case
of riebeckite, Fe**-bearing pyroxene. The original tscher-
makitic hornblende (R = 0.21) did not decompose in runs
of up to 8 d, but treatment of the more highly oxidized
air-heated sample (R = 0.47) at MH did result in decom-
position to an assemblage containing iron oxides. These
results suggest that the amount of Fe3* required in am-
phibole by this relatively high oxygen fugacity cannot be
accommodated within the crystal structure, and decomposi-
tion to other Fe*+-bearing phases results. The attainment
of an apparent metastable equilibrium in tschermakitic
hornblende indicates that the equilibrium ferric-ferrous
ratio is achieved more rapidly than the rate at which de-
composition reactions occur. The fact that decomposi-
tion is not observed in the more highly oxidized air-heat-
ed samples is considered to be a result of the significantly

shorter run times and the fluxing effect of water in the
hydrothermal runs.

The NNO and FMQ buffers produce little, or only slight,
variation in ferric-ferrous ratio relative to all four starting
materials. Most significant is the fact that grunerite, un-
like the other three varieties, contains no Fe* at the f;,
defined by NNO.

The different behavior of the four amphiboles may be
related partially to the two mechanisms by which Fe’* is
accommodated within the amphibole crystal structure. In
the first mechanism, formation of oxy-amphibole com-
ponent by oxidation-dehydrogenation (Eq. 1), the in-
creased charge that results from oxidation of Fe?* to Fe’*
is compensated by replacement of the same number of
univalent hydroxyls by divalent oxygens. As discussed in
detail elsewhere (Phillips et al., 1988), dehydrogenation
produces significant underbonding at the O(3) site, which
in turn, induces compensational mechanisms to offset the
underbonding. For example, changes in octahedral oc-
cupancies, shortening of M~O bond lengths, displace-
ment of univalent cations from M(4) to the A site, and
increased interaction of A-site cations with O(3) accom-
pany oxidation-dehydrogenation.

In the second mechanism, herein termed Al substitu-
tion, Fe3* behaves analogously to AP+ in octahedral cat-
ion sites. Octahedral Al** is accommodated in amphi-
boles either (1) by a coupled tschermakitic-type
substitution in which replacement of divalent cations by
A** in octahedral sites is coupled with substitution of
AR+ for Si** in the tetrahedral sites or (2) by a substitution
in which replacement of Ca?* by a univalent cation in the
M(4) sites is coupled with substitution of Al for divalent
cations in the octahedral sites, as in the case of glauco-
phane (Na,Mg,AlSi;0,,(OH),) or alumino-winchite
(NaCaMg,AlSi;0,,(OH),). The extent to which each of
the two mechanisms determines the Fe** content of any
given natural amphibole is unknown, but published
chemical analyses of amphiboles suggest that both pro-
cesses are involved in many natural samples (Popp and
Phillips, 1987).

Reduction of Fe?* present as oxy-component in an am-
phibole can be accomplished by a hydrogenation reac-
tion; that is, the reverse of Equation 1. The extent to
which Fe3* that is present as a result of Al substitution
can be reduced is less well known. Semet (1973) docu-
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mented the complete reduction of Fe in magnesio-has-
tingsite (NaCa,Mg,Fe**Al,Si,0,,(OH),) to 100% Fe?* and
concluded that one excess H was present in the structure
in order to produce the required charge balance. The
presence of excess OH has also been reported in synthetic
amphiboles (Witte et al., 1969; Maresch and Langer,
1976), as well as in natural calcic and subcalcic varieties
(Leake, 1968).

Some conclusions can be made based on the two dif-
ferent mechanisms for incorporation of Fe?** into amphi-
boles. The experimental results indicate that grunerite can
contain a considerable amount of Fe** under short-term,
nonequilibrium conditions (i.e., the air-heated samples),
but can accommodate only a very limited amount of Fe**
under equilibrium conditions. No Fe’* was observed to
be present in any of the hydrothermal runs made in this
study, although analysis of amphibole Fe** content of runs
made at the MH buffer was not possible. Because gru-
nerites, in general, contain only small amounts of Na and
Al, the Al substitution mechanism cannot produce a sig-
nificant Fe>* content. The extent to which oxy-amphibole
component can form in grunerite may also be limited. If
the presence of A-site cations is required to relieve a por-
tion of the imbalance of bond strengths caused by O in
the O(3) site, the relative absence of Na in this and most
naturally occurring grunerites may severely limit the
amount of oxy-component that can form. The result of
the local charge imbalance may be that grunerites either
resist oxidation of Fe?*, as observed in the NNO run, or
at higher oxygen fugacities, decompose to Fe**-bearing
oxides so that the Fe** in the system is accommodated in
oxides rather than in the amphibole. Previous experi-
mental studies (e.g., Popp et al., 1977) have documented
that Fe-Mg amphiboles are restricted to very Mg-rich
compositions at the oxygen fugacity defined by the MH
buffer, which is likely to be related to the inability of this
group of amphiboles to accommodate Fe**. Low Fe**
contents are also observed in naturally occurring Fe-Mg
amphiboles (Fig. 2 in Robinson et al., 1982; Deer et al.,
1963).

The magnesio-hornblende is more reduced than the
tschermakitic hornblende for all the buffer conditions and
is totally reduced (R = 0.00) at the CCH, buffer as com-
pared to the value of R = (.15 obtained for the tscher-
makitic hornblende. These results suggest that the origi-
nal Fe** content of the magnesio-hornblende may have
been virtually all oxy-component, whereas that of the
tschermakitic hornblende may have been due to both oxy-
component and Al substitution.

A simple comparative thermodynamic analysis can
provide some information regarding the comparative be-
havior of the two hornblendes. The log form of the equi-
librium constant for Equation 1 is

log K = log g + 10g oy + Y2108 fis, - 10g Arer-
- IOg ahydroxy’ (2)

where f;, is the fugacity of H, in the system, and the terms
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a, represent the activities of the appropriate components
in the amphibole solid solution (@, the activity of Fe**
component; a,,,, 0Xy-amphibole component; dr.., Fe**
component; and @, ...,, hydroxy-amphibole component).
Because the values of fi, for the buffer assemblages can
be calculated, Equation 2 can be used to compare calcu-
lated and observed compositions for a single amphibole
treated over a range of buffers, or two different amphi-
boles treated at the same bufler, provided activity-com-
position relations for the amphiboles are known. The ma-
jor compositional differences between the two hornblendes
are that the magnesio-hornblende (1) contains a larger
amount of F in O(3) (0.33 vs. 0.06 per formula unit), and
(2) contains a smaller amount of octahedral Al (0.64 vs.
0.83 pfu). Given these compositional differences, some
semiquantitative conclusions can be made, provided that
the activity coefficients for the two minerals are unity or
are assumed to be similar. For unit activity coefficients,
the activity of hydroxy-amphibole component can be ex-
pressed as

ahydroxy - X?)H’ (3)

where X is the mole fraction of OH in the O(3) site.
Therefore, from Equations 2 and 3, for two amphiboles
equilibrated at the same buffer, the lower activity of hy-
droxy-component in the magnesio-hornblende requires a
lower ferric-ferrous ratio at constant activity of oxy-com-
ponent. That is, if the activity of oxy-component is the
same in the two minerals, the lower activity of hydroxy-
component requires a lower ferric-ferrous ratio. The ac-
tivities of Fe3+ and Fe?* can be expressed as

)
®

where the X terms refer to the mole fraction of the ions
in the individual cation sites. Fe** and Al are strongly
partitioned into the M(2) site in amphiboles (e.g., Haw-
thorne, 1983), and thus effectively reduce the number of
sites on which Fe?* can mix. For example, if M(2) were
totally occupied by Al and Fe**, Fe?* could mix on only
three rather than five sites, whereas Fe** could still mix
on all five. A consequence of mixing on fewer sites is an
increase in activity, i.e., the mole fraction is raised to a
lower power. Therefore, if two amphiboles contained
identical amounts of Fe?*, that with the higher Al content
would have a higher activity of Fe?>*. From Equation 2,
a higher activity of Fe>* requires a higher activity of Fe**
at CONStANt Guygonys doxy aNA fir,. Thus, increased Al con-
tent favors a higher ferric-ferrous ratio, given that all oth-
er variables are constant.

It can be concluded that the higher OH and Al contents
of the tschermakitic hornblende are consistent, in a semi-
quantitative sense, with its higher ferric-ferrous ratios rel-
ative to magnesio-hornblende. Without knowledge of the
actual site populations of the cations, more rigorous anal-
ysis is not warranted.

The fact that the air-oxidized magnesio-hornblende

= Y2
Ape3r = X Fe3+(M(l))X%e3+(M(Z))X Fe3+(M(3)

Ape2e = X%eZ*(M(l»X%e%(M(z»X Fe2+(M(3))>
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cannot be totally reduced, whereas the unoxidized mag-
nesio-hornblende can, is considered to be related to the
presence of the iron oxides in the air-heated sample. The
presence of oxides suggests that mechanisms other than
solely oxidation-dehydrogenation may have been opera-
tive (e.g., Addison et al., 1962a, b; Hodgson et al., 1965).
The possibility and identity of such mechanisms are the
subject of continued investigation.

The results of the riebeckite experiments are more dif-
ficult to explain in some respects. The ferric-ferrous ratio
of the air-oxidized sample (R = 0.56) requires loss of 0.97
OH from the starting amphibole composition. Given the
original F content of 0.98 F pfu (Table 1), the maximum
original oxy-component can be no greater than 0.05 oxy-
gen pfu. The problem arises in that the riebeckite treated
at the FMQ and CCH, buffers is significantly reduced
relative to the starting material. For example, the most
reduced riebeckite (R = 0.26) requires 0.30 O?- to be
converted to OH-. However, this number of oxygens is
significantly larger than the number present in the chem-
ical formula.

Two possible mechanisms could be responsible for the
apparent “over-reduction” of Fe3* in riebeckite. The
presence of excess H in the form of OH within the am-
phibole as proposed elsewhere (Leake, 1968; Witte et al.,
1969; Semet, 1973; Maresch and Langer, 1976) would
permit the existence of excess Fe?*. The likelihood of this
being the actual mechanism cannot be evaluated without
quantitative analyses of water contents or without the
application of techniques such as infrared spectroscopy
or single-crystal structure analyses. Alternatively, Reb-
bert and Hewitt (1986) reported results of a similar ex-
perimental study of the variation of ferric-ferrous ratios
in synthetic biotites in response to changes in controlled
fii,- Based on the direct measurement of H content of the
run products, they concluded that anion vacancies were
present in the more reduced samples. The presence of
such vacancies in amphiboles would allow for excess re-
duction of Fe** over that present as oxy-component, but
in the absence of H analyses, such an explanation is also
totally speculative.

Unit-cell parameters

Changes in unit-cell parameters with changing ferric-
ferrous ratio should be related to the size difference be-
tween Fe?* and Fe**, as well as to changes in cation site
occupancies. The observed variations in unit-cell param-
eters can be interpreted to some extent based on the re-
sults of Colville et al. (1966), who investigated the rela-
tion between unit-cell parameters, bulk chemical
composition, and site occupancies in synthetic and nat-
ural clinoamphiboles. They concluded that the size of the
b unit-cell edge is related to the lateral linking of the
tetrahedral chains by the cations occupying the M(4) and
M(2) sites. In the case of the calcic and sodic amphiboles,
in which M(4) is occupied mainly by Ca and Na, the
occupancy of M(2) exerts the major control on b. In the
Fe-Mg amphiboles, however, the proportions of Fe and
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Mg in M(4) also exert control on b. The size of a sin 8 is
related to the unit repeat across facing double chains.
Given constant thickness of the tetrahedral chains (i.e.,
constant tetrahedral occupancy), a sin g is related to the
thickness of the octahedral strip. For constant M(4) con-
tent, the occupancy of the M(1), M(2), and M(3) sites
determines the size of a sin 8. The ¢ unit-cell edge is a
measure of the unit repeat parallel to the tetrahedral
chains. Its size is apparently controlied by complex in-
teractions of the cations occupying all of the M sites, as
well as the Si:Al ratio. Finally, 8 is determined mainly by
the occupancy of cations in M(4). These controls on unit-
cell parameters describe the general trends observed, but
in some cases, the variations in unit-cell parameters cal-
culated strictly on the size differences between cations in
specific sites are significantly smaller than, or even op-
posite to, those observed in the actual amphiboles (e.g.,
Table 4 in Colville et al., 1966). Such observations sug-
gest that other crystal-chemical factors contribute to vari-
ations in amphibole unit-cell parameters.

Given the variations in unit-cell parameters (Table 3),
some interpretations can be made, but the interpretation
is complicated somewhat by the relatively large standard
errors in the unit-cell refinement for the air-heated sam-
ples when the standard statistical test for significance at
the two-standard-error level is used.

a sin B. Figure 2 shows the variation in g sin 8 of the
amphiboles normalized to the change in number of ferric
irons per formula unit. Positive values represent in-
creased amounts of Fe**, whereas negative values repre-
sent reduction of Fe3* relative to the unaltered starting
material. The similar slopes for tschermakitic horn-
blende, magnesio-hornblende, and riebeckite (0.084,
0.062, and 0.060 A per atom of Fe**, respectively) suggest
that the expansion or contraction in the direction per-
pendicular to the chains is approximately the same in all
three crystal structures as the amount of Fe** changes.
Assuming that the Fe content of the M(4) site is negligible
for these three amphiboles, the changes in Fe** content
must be accommodated in the M(1), M(2), and M(3) sites,
which is then reflected in the size of a sin 8.

The response of a sin 8 to changing Fe’* content is
distinctly different for grunerite. The least-squares curve
through the data points shows essentially no change over
the range of compositions obtained in the experiments.
It is difficult to envision a mechanism by which replace-
ment of a larger cation by a smaller one would result in
no change or an increase, but given the very large relative
error for the most oxidized air-treated run, a decrease in
a sin B with increasing Fe3* content is certainly possible.
Part of the difference between grunerite and the other
three minerals may be due to the fact that in grunerite,
there is occupancy of Fe in the M(4) site, and thus the
occupancy of M(4) is involved in controlling g sin 8. Klein
and Waldbaum (1967) calibrated the variation in unit-
cell parameters as a function of Fe-Mg ratio for the cum-
mingtonite-grunerite series. The dashed line in Figure 2
shows the variation in a sin 8 calculated from the equa-
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tion of Klein and Waldbaum for replacement of Fe>* by
Mg. The variation observed for grunerite is in better
agreement with the calculated curve than with the curves
for the other three amphiboles, but the analogous behav-
ior of Fe** and Mg?* is questionable. Colville et al. (1966)
were able to explain observed variations in unit-cell pa-
rameters with the assumption that the two cations are
similar in radius. However, in more recent compilations
of ionic radii (Shannon and Prewitt, 1969), the radius of
Fe** is approximately 10% smaller than that of Mg. Ideal
(M-0) bond lengths in amphiboles (Table 15, Haw-
thorne, 1981) also reflect the smaller radius of Fe** rela-
tive to Mg. Increasing Mg content in the natural cum-
mingtonites-grunerites is strongly partitioned into the
M(1), M(2), and M(3) sites, whereas changes in site oc-
cupancies in the oxidized grunerites are unknown. The
significantly smaller response of a sin 8 relative to Fe*+
as compared to Mg may indicate that oxidation occurs
with little repartitioning of Fe within the cation sites. In
summary, the observed behavior of ¢ sin 8 in grunerite
is considerably different from that of the three amphi-
boles with negligible Fe content in M(4), but an expla-
nation for the difference cannot be verified without data
on site populations.

b unit-cell edge. The data for grunerite (Table 3) suggest
a decrease in b as R increases. Such a decrease is to be
expected because, in grunerite, there is significant Fe?*
content in both M(2) and M(4), which, presumably, is
oxidized to the smaller Fe?*. As was the case for a sin 8,
the observed change in b is considerably less than that
observed for an analogous amount of replacement of Fe2*
by magnesium. The observed decrease of 0.020 A for
replacement of the 1.62 atoms per formula unit compares
to the value of 0.120 A for replacement of 1.62 atoms in
the Fe-Mg system (Klein and Waldbaum, 1967). In the
natural cummingtonites-grunerites, the increased Mg
partitions very strongly into M(2); thus, the smaller change
in b observed here could be explained if Fe3* is not strongly
partitioned into the M(2) site.

In the two hornblendes, there is no evidence for a change
in b. For both amphiboles, all values of b except the two
extremes are equal within one standard error, and those
of the extremes are the same well-within two standard
errors. In general, it has been observed that Fe** parti-
tions strongly into the M(2) site in hornblendes (Cameron
and Papike, 1979; Hawthorne, 1981, 1983). The con-
stancy of b observed here is interpreted to indicate that
Fe’* is not strongly partitioned into that site in the oxi-
dized hornblendes. This conclusion is confirmed by Phil-
lips et al. (1988), who have shown that both total Fe
content and Fe?** content of the M(2) site decrease in the
oxidized tschermakitic hornblendes of this study.

Given the large magnitude of the errors, there is no
significant change in b for the riebeckite, but Ernst and
Wai (1970) have documented a general decrease in b of
sodic amphiboles with an increase in oxidation-dehydro-
genation.

¢ unit-cell edge. The factors that control the variation
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Fig. 2. Variation in a sin 8 of the amphiboles as a function
of the change in the number of ferric irons per formula unit. The
value 0.0 on the abscissa represents the original starting material.
Positive values indicate increase in Fe** content, whereas nega-
tive values represent reduction of Fe**, relative to the starting
material. Slopes () are in A/atom of Fe**. The dashed line for
grunerite shows the change in a sin 8 that would result from
substitution of an equivalent amount of Mg for Fe?*, rather than
Fe** for Fe?*. See text for details.

in ¢ are understood more poorly on a crystal-chemical
basis than for the other two unit-cell edges (Colville et
al., 1966), so that interpretation of the results may be less
meaningful than for the other parameters. In addition,
the data for the ¢ unit-cell edge are considered to be of
lesser quality because the least-squares refinement of ¢ is
based on a relatively small number of peaks as compared
to a and b. A decrease in ¢ with increasing Fe** content
should be expected in grunerite, based on the behavior
of Fe-Mg substitutions (Klein and Waldbaum, 1967), but
the observed difference is several times larger than that
in the Fe-Mg system. The relatively imprecise value for
the most oxidized sample may contribute to the differ-
ence.

There is no evidence for variation of the ¢ unit-cell edge
of the tschermakitic hornblende, but that of the magne-
sio-hornblende apparently decreases with increasing Fe**
content. Given the similarities in compositions of the two
amphiboles, significant differences would not be expect-
ed. Explanation of the behavior, if not related to the pre-
cision of measurement, awaits further crystallographic in-
vestigation.

Within the standard errors of the unit-cell refinement,
¢ of riebeckite does not vary with R.

B angle. With the exception of grunerite, the value of
the interaxial angle 8 does not vary significantly for the
amphiboles (Table 3). This observation is consistent with
the results of Colville et al. (1966), who concluded that 8
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is determined mainly by the identity of the cation in the
M(4) site, Ca vs. Na vs. Fe-Mg.

Unit-cell volume. The unit-cell volume is the product
of the other parameters, and thus reflects the variations
of the individual unit-cell parameters discussed above.
Except for riebeckite, for which the standard errors are
very large, unit-cell volumes of all the amphiboles de-
crease with increasing content of the smaller Fe*+.

CONCLUSIONS

Based on the results obtained in this study, the follow-
ing conclusions can be made.

1. Significant variation in Fe** content can be achieved
in amphiboles by variation in oxygen fugacity. Oxida-
tion-dehydrogenation equilibrium as described in Equa-
tion 1 can account for most, but not all of the observed
behavior.

2. Steady-state values of ferric-ferrous ratio, which are
presumed to approach equilibrium, are attained relative-
ly rapidly as compared to rates of decomposition reac-
tions. In some cases, metastable Fe3+-Fe2* equilibrium is
achieved prior to decomposition.

3. The Fe’* content of the magnesio-hornblende is
present mainly as oxy-amphibole component, whereas
that of the tschermakitic hornblende is present as both
oxy-component and as the result of Al substitution. The
possible reduction of Fe3* either by the presence of excess
H over two atoms per formula unit or by the formation
of anionic vacancies is possible, but cannot be evaluated
from the results obtained here.

4. Under equilibrium conditions, grunerite is inherent-
ly less able to accommodate Fe?* than are the other three
amphiboles. Grunerite responds to increased oxygen fu-
gacity by either resisting oxidation, or by expelling the
oxidized Fe from its crystal structure.

5. Unit-cell parameters respond to changes in ferric-
ferrous ratio, but the large errors of refinement of some
samples limit crystal-chemical interpretation. The most
significant change observed is a decrease in a sin 3 of the
two hornblendes and riebeckite with increasing R, which
represents increasing overall content of Fe** in M(1),M(2),
and M(3). The variation of a sin 8 with R in grunerite is
significantly different from that of the other three am-
phiboles. There is no strong evidence for partitioning of
Fe3+ into the M(2) site of the oxidized amphiboles, based
on the variation in b.
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