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Ansrntcr

Structural changes that accompany oxidation-dehydrogenation in amphiboles are ex-
amined using bond-length and bond-strength data from six crystal-structure refinements.
These include tschermakitic hornblende (untreated; hydrothermally heated at 650 "C, I
kbar, 4 d at the magnetite-hematite oxygen buffer; heated in air at 700'C, I atm, 30 min)
and literature data for riebeckite (untreated; heated in air at 650 'C, I atm, 4 d) and a
natural potassian titanian magnesio-hastingsite that contains an appreciable oxy-amphi-
bole component.

These data show that dehydrogenation results in dramatic decreases in bond strength at
O(3). About half of the total decrease is compensated by shortening of M4(3) bond
lengths and preferential ordering of trivalent cations at M(l) and M(3). The ordering
involves not only the Fe3* produced by oxidation but also trivalent cations originally
residing at M(2) in the unoxidized structures.

At least part of the remaining loss of bond strength is offset by interaction of the A-site
cation with O(3). In riebeckite, this involves migration of Na from M(4) to the previously
vacant A site. In tschermakitic hornblende, there is a slight loss of cations, presumably
Na, from M(4) in the air-heated sample. There is also shortening of the A(tn)-O(3) dis-
tances in both heated structures and an increase in the A(ru) occupancy ofthe air-heated
sample, apparently at the expense of A(2/m) and M(4).

Previous investigators have found that in air-heated grunerite, unlike these amphiboles,
dehydrogenation is not the only initial oxidation mechanism. This may result from the
fact that the availability of compensation mechanisms is limited in grunerite.

IurnonucrroN

Barnes (1930) found that Fe-poor amphiboles exhib-
ited no changes when heated in air at about 850'C for 3
h, whereas actinolites and hornblendes showed an in-
crease in density, refractive indices, and birefringence, as
well as a color change from green to brown. He also found
that these changes could be reversed by reheating the
sample in Hr. Barnes (1930) concluded that the observed
changes are due to the oxidation ofFe, rather than to the
decrease in water content that accompanies oxidation. By
comparing the percent weight loss on heating with the
analyzed water content, he also concluded that during the
oxidation process, H, and not molecular water is lost.
This conclusion suggests the dehydrogenation reaction

Fe2* * OH- : Fe3* + 02 + t/zHr.

In the 1960s, there were a number of studies focusing
on rates and mechanisms of oxidation and on the thermal
decomposition of fibrous amphiboles, principally fibrous
riebeckite ("crocidolite"), although some studies also in-
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cluded fibrous grunerite ("amosite"). These investiga-
tions involved extensive heating experiments over a wide
range of temperatures under a variety of nonhydrother-
mal conditions. The results of these studies have been
reviewed by Hawthorne (1983). Only those points rele-
vant to the present study are included in the following
paragraphs.

In alkali amphiboles heated in air or oxygen, initial
oxidation ofFe2* occurs rapidly by the dehydrogenation
reaction as given above. Ernst and Wai (1970) concluded
that extensive dehydrogenation occurs within I or 2 h for
alkali amphiboles heated at 705 "C in air. Ungaretti (1980)
found that changes in cell parameters ofseveral Fe-bear-
ing amphiboles heated in air at 500'C also indicate that
extensive dehydrogenation occurs in less than 2 h. How-
ever, there is another much slower process that permits
oxidation to continue even after complete dehydrogena-
tion of samples in which the initial molar Fe2* content is
greater than the initial molar hydrogen content (Addison
et al., 1962a, 19 62b; Hodgson et al., 19 65:, Addison and
White. 1968: Ernst and Wai. 1970).

In grunerite, unlike the alkali amphiboles and horn-
blende, dehydrogenation is not the only significant initial

500



PHILLIPS ET AL.: OXIDATION-DEHYDROGENATION AND AMPHIBOLE STRUCTURE 5OI

oxidation mechanism (Addison and Sharp, 1968; Roux-
het et al., 1972). Based on the relationship between FeO
content (which measures the extent of oxidation) and the
integrated absorbances of the OH-stretching bands (which
measures the extent of dehydrogenation), Rouxhet et al.
(1972) found that dehydrogenation could account for es-
sentially all ofthe initial oxidation in heat-treated fibrous
riebeckite, but only about two-thirds of the initial oxi-
dation in heat-treated fibrous grunerite. Ghose and Weid-
ner (1971) found that precession photographs ofheated
grunerite (30 min at various temperatures between 700
and 800'C at 500-bars Ar pressure under "relatively ox-
idizing conditions") indicated the presence of both oxi-
dized and unreacted grunerite. They also found that the
heated samples were slightly magnetic, indicating the
presence of magnetite (Ghose and Weidner,l97 l).

The purpose of this study is to examine the structural
implications of dehydrogenation, especially in regard to
the oxidation behavior of alkali amphiboles and horn-
blende as contrasted to that of grunerite. Crystal-structure
data for six amphiboles containing varying amounts of
oxy-amphibole componenr are analyzed. These include
three refinements of tschermakitic hornblende (Phillips
et al., unpub. ms.), along with data for natural and heat-
treated riebeckite (Ungaretti, I 980) and a potassian titan-
ian magnesio-hastingsite (Papike et al., 1969; Robinson,
r9t  r ) .

INrr,uBNcn oF oxIDATIoN-DEHyDRocENATToN oN
CATION DISTRIBUTION

Previous work

From Mdssbauer spectra, Ernst and Wai (1970) were
able to detect apparent cation migration in a magnesio-
riebeckite heated in air for I h at 705 "C; appreciable
cation migration in a glaucophane and a riebeckite was
noted only in samples heated for longer durations. Crys-
tal-structure refinements done before and after heating
provide more precise information on cation migration.
However, at present, only a few such studies have been
done.

Ungaretti (1980) has reported preliminary results for a
metamorphic riebeckite heated in air at 650 'C for 4 d.
He showed that dehydrogenation accompanied heating,
as evidenced by the absence ofany significant H peak in
the diference-Fourier map of the heated sample, and by
a dramatic shortening of the M(l)-O(3) and M(3FO(3)
bond lengths in the structure of the heat-treated sample.
This observed bondJength shortening would be expected
in order to help compensate for the loss of bond strength
at O(3) resulting from dehydrogenation. Ungaretti (1980)
found that the number of electrons per, octahedral site
changed significantly after heating, which means that some
migration of octahedral cations was induced by oxida-
tion-dehydrogenation. However, the most dramatic
change involved the migration of Na atoms from M(4)
to the previously vacant A site, resulting in partial va-
cancy at M(4). Similar behavior was also observed in a

heated arfvedsonite (Ungaretti, 1980) and calcic amphi-
boles (Ungaretti, pers. comm., 1986, 1987). Hawthorne's
(1983) interpretation ofthe infrared spectra ofErnst and
Wai (1970) for magnesio-riebeckite and glaucophane
supports the structural conclusions of Ungaretti (1980).
Hawthorne (1983) noted that the band broadening ob-
served after heating is indicative ofcation disorder. Fur-
thermore, Hawthorne (1983) attributed the increase in
intensity of a small peak at 3685 cm 'in the spectra of
the heated samples to an increase in the Na content of
the A site at the expense of M(4).

Structure refinements have been completed by Phillips
et al. (unpub. ms.) for a natural tschermakitic hornblende,
as well as samples that were heated in air at 700 "C for
30 min and heated hydrothermally at 650 oC, I kbar for
4 d at the magnetite-hematite oxygen bufer. Details of
the heating experiments are given by Clowe et al. (1988).
The amount of oxidation was determined by analysis of
Fe3* content using the method of Fitz and Popp (1985).
Although the extent of oxidation-dehydrogenation in-
duced in these hornblende samples is considerably less
than that in riebeckite (Ungaretti, 1980), similar struc-
tural variations were noted. In addition to shortening of
the M(1FO(3) and M(3)-O(3) bond lengths, significant
cation migration was observed, particularly in the sample
heated for only 30 min in air. A slight loss of electrons
from M(4) was evident in the air-heated sample, which
suggests a slight migration of cations from M(4) to the A
site.

Site-occupancy assignments

Suggested site occupanices for these structures are giv-
en in Table l For the hornblendes, Ti and octahedral Al
were assigned to M(2), and Ca was assigned to M(4) based
on chemical analyses. The total occupancies of M(l), M(2),
and M(3) were each constrained to 1.0 and Fe/Mg oc-
cupancies were refined. M(4) was also assumed to contain
some Na, the amount of which was determined by un-
constrained site refinement. Phillips et al. (unpub. ms.)
found that the apparent electron loss determined for M(4)
in the air-heated hornblende varied according to the re-
finement procedure used for M(4') (see Bocchio et al.,
1978; Ungaretti, 1980). For this study, the minimum loss
determined was used and was assumed to represent Na,
although Ungaretti (pers. comm., 1986, 1987) has found
that Ca can also be removed from M(4) (however, less
readily than Na) during oxidation-dehydrogenation in air-
heated samples. The slight occupancies found at M(4') in
all three structures were not considered in the bond-
strength calculations. The total Fe3* content ofeach horn-
blende was calculated using the ferric-ferrous ratios de-
termined by Clowe et al. (1988) in conjunction with the
total octahedral Fe contents determined by site refine-
ment. The Fe3* was distributed among the octahedral sites
based on a comparison of observed (M-O) bond lengths
and the ideal (M-O) bond lengths proposed by Haw-
thorne (1981, 1983) for octahedral sites occupied by a
sinsle cation. The OH content of O(3) for the natural
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Tnele 1. Site-occupancy assignments

Tschermakitic hornblende

650 eC, 1 kbar, 4 d, MH 700'C, 1 atm, 30 m, air

r(1)
r(2)
M(4)
A
o(3)

0.61Si + 0.39A1
1.00si
0.92Ca + 0.08Na
0.25Na + 0.09K
0 . 9 2 O H + 0 . 0 5 0 + 0 . 0 3 F

0.61Si + 0.39A1
1.00si
0.92Ca + 0.08Na
0.25Na + 0.09K
0 . 8 3 0 H + 0 . 1 4 0 + 0 . 0 3 F

0.61Si + 0.39A1
1.00si
0.92Ca + 0.05Na
0.31Na + 0.09K
0 . 6 7 0 H + 0 . 3 0 0 + 0 . 0 3 F

M(2)
o.279
0.1 50
0.106
0.430
0.035

K-Ti-Mg hastingsite
Natural

0.58Si + 0.42A1
0.92Si + 0.08A1
0.82Ca + 0.11Na + 0.06Fe,* + 0.01Mn
0.61Na + 0.39K
0 . 4 7 0 H + 0 . 4 9 0 + 0 . 0 4 F

M(2) M(3)
o.267

o.o47 0.703
0.730 0.030
0.223

Mg
Fe2,
Fe3t

AI
Ti

r(1)
r(2)
M(4)
A
o(3)

Mg
Fe2*
Fe3*
AI
Ti

M(1) M(2)
0.585 0.321
0.415 0.032

0.182
0.430
0.035

M(3)
0.412
0.s63
0 025

M(2)
0 251
0.137
o.147
0.430
0.035

M(3)
0 .510
0.365
0.1 25

M(3)
0.546
0.203
0.251

M(1)
0.557
o.240
0.203

M(1)
0.587
0.340
0.073

Riebeckite

650'C, 1 atm, 4 d, air

1.00si
1.00si
1.00Na

1.000H

1.00si
1.00si
0.67Na
0.75Na
0.1oOH + 0.900

M(1) M(2)
0.081 0.315

0.770 0.685
0.1 49

M(1) M(2)
0.650 0-450
0.140 0.1s0
0.060 0.1 10

0.200
0.150 0.090

M(1)
0.460
0 508
0.032

M(3)
0.369

0.482
0.149

M(3)
0.650
0.1 50
0.200

hornblende was based on the oxy-amphibole content de-
termined from reduction experiments (Clowe et al., 1988).
The OH content for each heated hornblende was calcu-
lated based on the increase in Fe3+ content.

Although Ungaretti (1980) did nor give detailed site
occupancies for the riebeckites in his preliminary report,
he did report the electrons per site in each structure, as
well as a detailed chemical formula for the untreated
sample, in which Fe3t and Fe2* are distinguished. For the
unoxidized riebeckite, Al and Fe3* were initially assumed
to reside at M(2), and Na was assigned to M(4). Using
the electrons per site reported by Ungaretti (1980), oc-
cupancies were calculated using simultaneous equations
analogous to those proposed by Ungaretti et al. (1981).
This method yielded a composition very close to the
chemical analysis reported by Ungaretti (1980). Minor
adjustments in the Fe2*-Fe3* distributions were then made
to improve the agreement between observed and ideal
bond lengths. All Fe in the heated riebeckite was assumed
to be Fe3*. A number of models consistent with the elec-
tron distribution reported by Ungaretti (1980) were tested.
It was found that in order to obtain reasonable agreement
between observed and predicted (M(2FO) bond lengths,
it was necessary to assume no Al at M(2) in the heated
structure. This rather radical assumption may or may not
be true; however, as noted in the following section, this
assignment has little effect on empirical bond-strength
calculations.

The structure of a natural potassian titanian magnesio-
hastingsite (Papike et al., 1969; Robinson, 1971; Robin-
son et al., 1973) that contains appreciable oxy-amphibole
component is also is included for purpose of comparison.

Except for minor modifications in the allocation of Fe3*
and Fe2*. the cation distribution derived for this structure
by Hawthorne ( I 98 3) is assumed. Hawthorne ( I 978, I 98 I,
1983) has emphasized that the type of anion at O(3) exerts
a significant influence on (M(l)4) and (M(3FO) and he
has cautioned that the ideal bond lengths are strictly ap-
plicable only to amphiboles in which O(3) : OH. There-
fore, in deciding site assignments for the air-heated rie-
beckite and the hastingsite, good agreement between the
observed and ideal mean bond lengths for M(2) was
deemed more important than agreement of bond lengths
for M(1) and M(3).

Vl.nrlrtoNs ACCoMPANYING
OXIDATION-DEHYDROGENATION

Bond lenglhs

Although trivalent cations are normally ordered at M(2),
a number of studies (Mueller, 1962; Ghose, 1965; Whit-
taker, I 97 1) have suggested that, based on charge-balance
considerations, trivalent cations might favor M(l) and
M(3) in amphiboles with an appreciable oxy-amphibole
conteRt. From neutron-diffraction data, Kitamura et al.
(1975) found that Ti is preferentially ordered at M(l) in
potassium oxy-kaersutite. The mean bond-length data for
the hornblendes and riebeckites (Table 2) support these
conclusions.

The smaller (M(IFO) and (M(3FO) distances in the
heated structures imply that some smaller trivalent cat-
ions are present at these sites. Even more interesting is
the increase in (M(2FO) that accompanies heating. This
indicates that the source of trivalent cations in M(l) and
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TneLe 2. Selected bond lengths (A)
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Tschermakitic hornblende Riebeckite Hastingsite

M(1)-o(1) 2x
-O(212x
-O(3) 2 x

Mean (obs.)
Mean (calc.)'

M(2)-o(1) 2 x
-O(212x
-O(412x

Mean (obs.)
Mean (calc.)'

M(3)-o(1) 4x
-O(3) 2 x

Mean (obs.)
Mean (calc )-
r(2)-o(4)

2.062(1 )
2.1 46(1 )
2.107(11
2.105
2.095

2.03s(1 )
2.039(1 )
1.94s(1)
2.006
2.005

2.121(11
2.099(2)
2 .1 ' t4
2.105
1 .607(1 )

2 058(1)
2 .135(1)
2.092(1)
2.095
2.O87

2 055(2)
2.048(1)
1.953(1)
2 .019
2.013

2.1 04(1 )
2.083(2)
2.O97
2.091
1 .605(1 )

2.057(2)
2.138(2)
2.062(2)
2.086
2.074

2.068(2)
2.053(2)
1.959(2)
2.027
2.016

2.093(2)
2.O71(3)
2.086
2.O77
1.s99(2)

2.093(2)
2.093(2)
2.111(2)
2.099
2.098

2.115(2)
2.01O(2)
1.896(2)
2.007
2.007

2.124(2)
2.087(3)
2 .1 ' t2
2.111
1.s98(2)

2.069(2)
2.062(2)
1.9s4(2)
2.028
2.006

2.215(2)
2.044(2)
1 .891(2)
2.0s0
2.O42

2.079(3)
1.98e(3)
2.O49
2.035
1.590(2)

2.047(41
2.142(41
2.041(4\
2.077
2.064

2.092(4)
2.07O(4)
1.980(4)
2.047
2.046

2.084(4)
2.068(s)
2.079
2.078
1.607(4)

Nofe.'Numbers 1,4 and 6 are untreated natural samples; 3 and 5 were air-heated; and 2 was hydrothermally treated. Riebeckite data are from
Ungaretti (1 980), and the potassian titanian magnesio-hastingsite data are from Robinson (1 971 ). Estimated standard deviations are given in parentheses
and refer to the last decimal Dlace.

- Calculated using the ideal bond lengths of Hawthorne (1981, 1983) in coniunction with the occupancies given in Table 1.

M(3) is not only Fe3* produced by oxidation-dehydro-
genation, but also trivalent cations transferred from M(2)
during heating. If Fe2* is initially present in M(l) and
M(3), an electron-transfer mechanism (see Wilkins and
Vedder, 1969) may contribute to this process. However,
the refinement data for both the hornblendes (Phillips et
al., unpubl. ms.) and riebeckites (Ungaretti, 1980) dem-
onstrate that appreciable migration of nontetrahedral cat-
ions occurs in a relatively short time in air-heated sam-
ples.

The three hornblendes (and both riebeckites) are very
similar, except for changes induced by oxidation-dehy-
drogenation. Therefore, the grand mean octahedral bond
lengths would be expected to decrease with increasing
oxidation because of the smaller size of Fe3*. The ob-
served decreases in grand mean octahedral bond lengths
are 0.024,0.002, and 0.005 A for the heated riebeckite.
the hydrothermally heated hornblende, and the air-heat-
ed hornblende, respectively. These changes correspond to
decreases of 0.013, 0.012, and 0.010 A per Fe oxidized
pfu, respectively, somewhat less than the 0.022 A pre-
dicted by the ideal bond lengths.

Bond strengths

Empirical bond-strength relationships (Brown and
Shannon, 1973; Pyatenko, 1973; Ferguson, 1974; Brown
and Wu, 1976), which extend Pauling's (1929) original
bond-strength concept to account for variation in indi-
vidual bond lengths, are useful in making structural pre-
dictions. Hawthorne (1978) has successfully used this ap-
proach to explain individual bondJength variations in a
variety of C2/m amphiboles. Although the total bond
strength for an oxygen is ideally 2.0 v.u., deviations in
the calculations are commonly observed in amphiboles,
particularly at O(4) (see Hawthorne, 1978). Nevertheless,
the relative "structural stability" among these amphi-

boles should depend somewhat on the extent to which
these deviations are minimized.

Bond strengths were calculated for these structures (Ta-
ble 3) from the occupancies given in Table I and the
bond-length data from the respective studies, using the
empirical constants of Brown and Wu (1976). Because
A-O bond-length data were unavailable for the heated
riebeckite and because ofpositional disorder ofA cations
in the heated hornblendes, bond strengths involving A-
O distances were not considered. Bond strengths for O(5),
0(6), and O(7), which also belong to the coordination
sphere ofthe A cation, are not considered in Table 3. The
H at O(3) is treated in the ideal Pauling (1929) sense,
with no consideration given to the H-O(3) distance. The
small amounts of F present were added to the values of
H in Table 3 in order to assume an ideal bond strength
of 2.0 v.u. at O(3).

The number of electrons per site is well characterized
for both the riebeckites (Ungaretti, 1980) and the horn-
blendes. Therefore, the occupancies given in Table I
should contain no major errors in the assigrrment of at-
oms with large differences in scattering powers, i.e., Mg *
Al vs. Fe2* * Fe3*. The empirical constants of Brown and
Wu (1976) are identical for Mg, Al, and Si. Therefore,
the assignment of Al and Si at the tetrahedral sites or Al
and Mg at the octahedral sites [such as M(l) and M(3) in
the heated riebeckitel has no bearing on the calculated
bond strengths. Within the octahedral bond-length range
observed for these structures, the bond strengths calcu-
lated assuming total Fe2* occupancy differ from those of
Fe3* by only about 1.5-3o/o, whereas bond strengths for
Mg differ from Fe2* by l3-24o/o. Hence, it is apparent
that errors in assigning Mg and Al or Fe2* and Fe3* oc-
cupancies have little or no effect on the calculated bond
strengths. Another advantage in using the empirical bond
strength approach to interpret the bond-length variations
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TneLr 3. Selected empirical bond strengths (s)

Tschermakitic hornblende Riebeckite Hastingsite

q - s 3 S o - S s

o(1)-r(1)
-M(1)
-M(2)
-M(3)

Total

o(2)-r(2)
-M(1)
-M(2)
-M(4)

Total

o(3)-M(1)-
-M(3)

Subtotal
o(3)-H
Total

o(4)-r(2)
-M(2)
-M(4)

Total

0.908
0.376
0.392
0.336
2.O12
0.971
0.310
0.389
0.271
1.941

0.339
0.354
1.032
U.YJ

1 .98

1 .041
0.483
0.324
1.848

0  9 1 2
0.379
0.379
0.345
2.015

0.974
0.318
0 385
0.271
1.948

0.350
0.362
1.062
0.86
1.92

1.046
0.481
0.325
1.852

0.920
0.382
0.366
0.352
2.020

0.971
0.317
0.379
0.271
1 938

0.378
0.371
1 . 1 2 7
0.70
1.83

1.063
0.471
0.317
1.851

-0 .012
-0.006
+0.026
-0 .016

0.000
-0.007
+0.010

0.000

-0.039
-0 .017
-0.095
+0.25

-0.022
+0.012
+0.007

1.000
0.356
0.355
0.342
2.053

0.995
0 356
0.466
o.178
1.995

0.342
0.374
1.058
1.000
2.06

1.066
0.638
0.206
1 . 9 1 0

0.982
0.399
0.273
0.366
2.020

0.971
0.406
0.416
o 121
1 .914

0.542
0.457
1.541
0.10
1.64

1.089
o.627
0.125
1.841

+0.018
-0.043
+0.082
-o.024

+0.024
-0.0s0
+0.050
+0.057

-0.200
-0.083
-0.483
+0.90

-0.023
+0.011
+0.081

0.892
0.395
0.353
0.354
1.994

0.939
0.320
0.371
0.269
1.899

0.401
0.367
1 . 1 6 9
0.51
1.68

1.O41
0.458
0.312
1.81  1

Note.' q, s4, and s6, are for untreated samples; s3 and s5 are for air-heated samples; s, is for the hydrothermally treated sample. All values except

O(3)-H were lalculated using the empirical constanta of Brown and Wu (1 976) Values for H and F (Table 1) were combined and treated in the classical

Pauling (1929) sense.
* There are two symmetrically equivalent O(3FM(1) bonds.

accompanying oxidation-dehydrogenation is that as-
sumptions regarding exact cation size are not necessary.

Table 3 shows that the directions of change (i.e., in-
creases or decreases) induced by air-heating are the same
for the respective individual octahedral bond strengths in
both riebeckite and tschermakitic hornblende. The
changes tend to be more pronounced in the heated rie-
beckite because the extent of oxidation is much greater
than in the air-heated hornblende. For both amphiboles,
there is a decrease in bond strength for all M(2fO bonds,
reflecting the loss of trivalent cations from M(2). An in-
crease is observed for all M(lfO and M(3)-O bonds,
reflecting an increase in trivalent-cation occupancy and,
in the case of M-O(3), compensational shortening.

Although the coupled oxidation-dehydrogenation re-
action maintains charge balance for the amphibole for-
mula, it creates underbonding at O(3). Whereas the H
bonds predominately to O(3), the Fe3* produced by oxi-
dation bonds to six oxygens, only two of which are O(3).
To compensate for this undersaturation at O(3), there is
dramatic shortening of the M(l)"-O(3) distances and, to a
lesser extent, the M(3)-O(3) distances (see Table 2). The
contraction of M(3FO(3) bonds is inhibited to some ex-
tent because the O(3) oxygens are in a /rans configuration
about M(3). Therefore, extreme contraction would dis-
rupt linkages to the surrounding octahedra (Hawthorne,
1978). In most amphiboles that do not contain apprecia-
ble F or O, at O(3), the M(l)-O(3) bond length is some-
what longer than M(l)-O(l) (see App. B4, Hawthorne,
1983). However, there is progressive shortening of M(ll
O(3) relative to M(IFO(1) with increasing F and,/or 02
at O(3). Therefore, comparison of the difference in bond
strengths between M(l)-O(3) and M(l)-O(l) (or M(3f

O(3) and M(3FO(I) for the respective structures glves

some measure of the extent of compensational shortening
as opposed to the shortening that results from increased
occupancy by smaller trivalent cations. For example, in

the untreated riebeckite (Ungaretti, 1980), the bond
strengths are 0.356 and 0.342 v.u. for M(lFO(l) and
M(l)-O(3), respectively, whereas in the heat-treated sam-
ple, the respective values are 0.399 and 0'542 v.u. The
large increase in the M(l)-O(3) bond strength (0.200 v.u.)
compared to the modest increase for M(llO(l) (0.043

v.u., which is presumably due to increased trivalent-cat-
ion content), suggests that compensational shortening is
extremely important in increasing bond strength at O(3).

The O(4) atom, which is bonded to T(2), M(2), and
M(4), tends to be underbonded in most C2/m amphi-
boles (Papike et al., 1969; Hawthorne, 1978). The de-
crease in the M(2FO(4) bond strength resulting from loss
of trivalent cations during dehydrogenation is more than
offset in these structures by a corresponding decrease in
the T(2)-O(a) bond length. However, for riebeckite in
which there is also a major loss of Na from M(4), O(4)
becomes further undersaturated with dehydrogenation.

DrscussroN

The total increase in the bond strength at O(3) because
of increased trivalent-cation content and compensational
shortening in the air-heated structures is 0.095 and 0.483
v.u. for tschermakitic hornblende and riebeckite, respec-
tively. These values represent only about halfofthe de-
crease (0.25 and 0.92 v.u. for the respective structures)
due to dehydrogenation. It seems that at least some of
the remaining decrease in bond strength at O(3) is com-
pensated by interaction with the A cation.
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A marked increase in apparent thermal anisotropy of
the A site was noted as the extent ofoxidation-dehydro-
genation increased in the hornblende. The values ofB"o
increased from 7.8(3) in the natural hornblende to 10.2(2)
in the hydrothermally heated hornblende to 15.0(4) in
the air-heated hornblende. Phillips et al. (unpub. ms.)
refined a number of split-atom models involvingA(2/m),
A(2), and A(m) (see Hawthorne, 1983) in which both site
occupancies and isotropic temperature factors were un-
constrained. The most successful of these was one in which
only A(2) and A(m) were considered to be occupied.
However, difference-Fourier syntheses for this model in-
dicated a small electron-density residual at A(2/m) for
the natural and hydrothermally heated hornblendes, but
not for the air-heated sample. The electrons per formula
unit at A(m) arc 2.18(9), 2.ll(9), and 3.56(20) for the
natural, the hydrothermally heated and the air-heated
hornblendes, respectively. The increase in electrons at
A(m) in the air-heated structure is apparently at the ex-
pense of A(2/m) and M(a). The A(mFO(3) distances in
the respective structures are 3.55(2), 3.26(2), and 3.18(2)
A. Ungaretti (pers. comm., 1987) has found even further
shortening of the A(mFO(3) distance in a similar horn-
blende that was air-heated at I50 "C for 20 h. The de-
creases in the A(mlO(3) distances, coupled with the in-
creased occupancy of A(m) in the air-heated structure,
suggest that at least a small portion of the bond-strength
loss at O(3) that accompanies oxidation-dehydration is
offset by interaction with the A(m) cation.

No information about the location or anisotropy of the
A site in heated riebeckite was given in the preliminary
report by Ungaretti (1980). Papike et al. (1969) were un-
able to draw conclusions concerning the exact behavior
of A-site cations in the potassian titanian magnesio-has-
tingsite; however, the relatively large isotropic tempera-
ture factor (5.47) suggests that there is substantial posi-
tional disorder ofA cations. Therefore, although there is
no direct evidence for A-O(3) bonding in either structure,
it provides a plausible explanation for both the behavior
ofthe A cation and the "apparent" underbonding at O(3).

Because they are hydrous phases, all amphiboles are
inherently unstable when heated in air at these temper-
atures. It is possible to produce amphiboles with a high
oxy-amphibole content by air-heating only because the
oxidation-dehydrogenation reaction in these samples oc-
curs at a much faster rate than thermal decomposition
(see Clowe et al., 1988). It is quite possible that extensive
oxidation-dehydrogenation and the structural adjust-
ments it induces act to destabilize the structure; this is
consistent with the experimental results of Clowe et al.
(1988), but further studies will be necessary to substan-
tiate this possibility.

Preliminary results from a study of grunerite (Phillips
et al., unpub. data) suggest that the extent ofdehydroge-
nation observed in a grunerite heated at 700'C in air for
30 min is insufficient to account for the amount of Fe3*
determined by chemical analyses. Although tentative,
these results are in accord with earlier studies (Addison

and Sharp, 1968; Ghose and Weidner,l97l1' Rouxhet et
al.,1972). In grunerite, there are no trivalent cations pres-

ent at M(2), little or no Ca or Na at M(4), and A is vacant.
Therefore, underbonding at O(3) resulting from dehydro-
genation can be offset only by the Fe3* at M(l) and M(3)
produced by oxidation and by bond-length shortening of
M(l)-O(3) and M(3lO(3). Because the compensation
mechanisms in grunerite are limited, extensive dehydro-
genation should have a much greater destabilizing effect
(as gauged by the empirical bond strengths) than in am-
phiboles such as hornblende or riebeckite, in which other
mechanisms are available. Therefore, it is not unreason-
able to expect that oxidation by the dehydrogenation re-
action cannot proceed as far in grunerite as in other am-
phiboles.

SunlnrlnY

The rapid oxidation-dehydrogenation observed in air-
heated hornblende and riebeckite results in a dramatic
change in bond strength at O(3), which is offset by a va-
riety of structural adjustments. Fe3* produced by oxida-
tion, as well as some pre-existing trivalent cations atM(2),
are preferentially ordered at M(l) and M(3). There is also
marked compensational shortening of O(3) bonds to M(3)
and, particularly, M(l). These mechanisms offset only
about half of the loss of bond strength at O(3) resulting
from dehydrogenation.

At least part of the remaining loss of bond strength is
offset by interaction of A-site cations with O(3). In horn-
blende, this is evidenced by a marked decrease in the
A(zFO(3) distances and an increase in the A(tfl) occu-
pancy of the air-heated sample. In riebeckite, the A site
is initially vacant, but with oxidation-dehydrogenation,
there is a significant migration of Na from NI(4) to A
(Ungaretti, 1980).

In air-heated grunerite, unlike other amphiboles, de-
hydrogenation is not the only mechanism contributing to
oxidation (Addison and Sharp, 1968; Rouxhet et al.,
1972). This may be due, in part, to the limited availabil-
ity of mechanisms necessary to compensate for the un-
derbonding at O(3) that arises from dehydrogenation.

AcrNowr-nncMENTs

The original manuscript was improved by comments and suggestions
from Luciano Ungaretti and Frank Hawthome. Jeff Kaspar aided in

checking calculations and the manuscript was typed by Karen Bird. This
work was supported in part by NSF Grant EAR 8312878 to R.K'P.

RprnnnNcss ctrnl

Addison, W.E., and Sharp, J.H. (1968) Redox behavior of amosite. In
Internatioinal Mineralogical Association, Papers and Proceedings of
the 5th General Meeting, p. 305-3 I 1. Mineralogical Society, London.

Addison, W E., and White, A.D. (1968) The oxidation of Bolivian cro-
cidolite. Mineralogical Magazine. 36. 791-796.

Addison, C.C., Addison, W.E., Neal, G.H., and Sharp, J.H. (1962a) Am-
phiboles. Part I. The oxidation ofcrocidolite. Journal ofthe Chemical
Society, 1962, 1468-147 L

Addison, W.E., Neal, G.H., and Sharp, J H. (1962b) Amphiboles' Part
II. The kinetics of the oxidation ofcrocidolite. Journal ofthe Chemical
Society, 1962, 1472-147 5.



506 PHILLPS ET AL.: OXIDATION-DEHYDROGENATION AND AMPHIBOLE STRUCTURE

Barnes, V E. (1930) Changes in hornblende at about 800t American
Mineralogist, | 5, 393417.

Bocchio, R., Ungaretti, L., and Rossi, G. (1978) Crystal-chemical study
of eclogitic amphiboles from Alpe Arami, Lepontine Alps, southern
Switzerland. Rendiconti Societd Italiana Mineralogia et Petrologia, 34,
453470

Brown, I.D., and Shannon, R.D. (1973) Empirical bond length-bond
strength curves for oxides. Acta Crystallographica, A29, 266-282

Brown, I.D., and Wu, K.K. (1976) Empirical parameters for calculating
cation-oxygen bond valences Acta Crystallographica, B32, 1957-1959

Clowe, C.A., Popp, R K., and Fritz, S.J. (1988) Experimental investiga-
tion of the effect of oxygen fugacity on ferric-ferrous ratios and unit-
cell parameters in four natural clinoamphiboles. American Mineralo-
glst,73, 487499

Ernst, W. G, and Wai, C M (1970) Mdssbauer, infrared, X-ray and
optical study of cation ordering and dehydrogenation in natural and
heat-treated sodic amphiboles American Mineralogist, 55, 1226-1258.

Ferguson, RB. (1974) A cation-anion distance-dependent method for
evaluating valence-bond distributions in ionic structures and results for
some olivines and pyroxenes. Acta Crystallographica, B30, 2527-2539.

Fritz, S.J., and Popp, R.K. (1985) A single-dissolution technique for de-
termining FeO and FerO, in rock and mineral samples. American Min-
eralogist, 70, 96 1-968

Ghose, S (1965) A scheme of cation distribution in the amphiboles. Min-
eralogical Magazine, 35, 46-54.

Ghose, S., and Weidner, J R. (1971) Oriented transformation of grunerite
to clinoferrosilite at 775'C and 500 bars argon pressure. Contributions
to Mineralogy and Petrology, 30,64-71.

Hawthorne, F.C. (1978) The crystal chemistry of the amphiboles. VI. The
stereochemistry ofthe octahedral strip. Canadian Mineralogist, 16, 37-
5 Z

-(1981) Crystal chemistry of the amphiboles. Mineralogical Society
of America Reviews in Mineralogy, 9A, l-102.

-(1983) The crystal chemistry of the amphiboles. Canadian Min-
eralogist, 21, 173480.

Hodgson, A.A., Freeman, A G., and Taylor, H.F.W. (1965) The thermal
decomposition of crocidolite from Koegas, South Africa. Mineralogical
Magazine, 35, 5-30

Kitamura, M, Tokonami, M , and Morimoto, N. (1975) Distribution of
titanium atoms in oxy-kaersutite. Contributions to Mineralogy and Pe-
tro logy,5l ,  167-172.

Mueller, R.F. (1962) Energetics of certain silicate solid solutions. Geo-
chimica er Cosmochimica Acta. 26, 581-598.

Papike, J.J., Ross, M., and Clark, J.R. (1969) Crystal-chemical character-
ization of clinoamphiboles based on five new structure refinements.
Mineralogical Society of America Special Paper 2, ll7-136

Pauling, L. (1929) The pnnciples determining the structure of complex
ionic crystals. Joumal of the American Chemical Society, 51, l0l0-
t026.

Pyatenko, Y.A. (1973) Unified approach to analysis ofthe local balance
of valences in inorganic stmctures Soviet Physics-Crystallography, 1 7,
667-682 (translated from Kristallografrya, 11 , 773-779, 1972).

Robinson, K. (197 l) The crystal structures of zircon, clinohumite and the
homblendes. A determination of polyhedral distortion and order-dis-
order Ph D. Thesis, Virginia Polytechnic Institute and State Univer-
sity, Blacksburg (not seen; extracted from Canadian Mineralogist, 21,
173 -480 .1983 )

Robinson, K., Gibbs, G v., Ribbe, P.H., and Hall, M.R. (1973) Cation
distribution in three homblendes. American Joumal of Science, 273-
4,,522-535.

Rouxhet, P.G, Gillard, J L., and Fripiat, J.J. (1972) Thermal decompo-
sition ofamosite, crocidolite, and biotite. Mineralogical Magazine, 38,
5 83-592

Ungaretti, L. (1980) Recent developments in X-ray single crystal diffrac-
tometry applied to the crystal-chemical study of amphiboles. Godisn-
jak Jugoslavenskog Centra za Knstalografiju, 15, 29-65.

Ungaretti, L., Smith, D.C, and Rossi, G. (1981) Crystal-chemistry by
X-ray structure refinement and electron microprobe analysis ofa series
ofsodic-calcic to alkali-amphiboles from the Nybd eclogite pod, Nor-
way. Bulletin de Min6ralogie, 104,400412.

Whittaker, E.J.W. (1971) Madelung energies and site preferences in am-
phiboles. I American Mineralogist, 56, 980-996.

Wilkins. R.W.T.. and Vedder, W. (1969) Mechanisms of thermal decom-
position in the micas and amphiboles. In J.W. Mitchell, R.C. DeVries,
R.W. Roberts, and P. Cannon, Eds., Reactivity of solids, p 227-236
Wiley-Interscience, New York.

MnNuscnrm REcEIVED Mev 28, 1987

MaNuscnrpr AccEprED Jar.ruA.nv 14, 1988


