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Fe-Mg order-disorder in tremolite-actinolite-ferro-actinolite at
ambient and high temperature
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Ansrn-lcr

The crystal structures and M-site populations of a series of unheated and heat-treated,
near-binary members of the actinolite series were determined from single-crystal X-ray
diffraction data. Small, systematic differences in crystal structure (mean and individual
bond lengths, octahedral distortions, and Mg-Fe site preferences) between the actinolite
and cummingtonite series are documented and rationalized in terms of the bond-valence
model. Mg-Fe'?* site preferences among the Ml, M2, and M3 sites in the actinolite series
are small. Between Ml and M3, site preference (Fe'z* slightly in favor of Ml) is indepen-
dent of temperature. Mg is favored in M2 over Ml in unheated samples (less strongly
than in cummingtonite-grunerite), but Fe'?* and Mg are virtually disordered in samples re-
equilibrated at 700 'C. Site preference between M2 wrd M3 and possibly also between Ml
and M2 appears to undergo a reversal as a result of heat treatment, but consideration of
all sources of error renders this conclusion a tentative one, although the observation could
be explained in terms of a bond valence deficiency. The ratio of Fe'?*/lvlg atoms on M4
cannot be accurately determined, but refinements indicate that, like cummingtonite-gru-
nerite, it is larger than on all other M sites. Expansion of the cell dimensions with an
increase in Fe/I\,Ig ratio follows a pattern similar to that of thermal expansion, and a and

B are influenced by cummingtonite-grunerite solid solution. The data are consistent with
a cell volume of 942.8 A3 (or molar volume of 2.8388 J/bar) for end-member ferro-
actinolite, a first approximation that assumes a reciprocal, quadrilateral LV of zero.

InrnonucrroN mation for the series, which will assist calculation of the

Successful thermodynamic modeling of the solution i\rmoavllmtc 
solution properties of the entire amphi-

properties of multisits minerals such as tft" u-fftiUof"r bole quadrilateral' The only possibility for order-disorder

i"qui.", a description of the tempe.ut*", p."rrir.", unJ in, strictly quadrilateral amphiboles, of course' is Fe2* and

compositional dependence of atom ordering on sites. This Mg-:n the M sites'

information is needed to make an informed decision on The actinolite series, ideally nCa'(Mg,Fe)'Si8O"(OH)r,

the degree of complexity of the solution model that is has. a crystal structure characterized by double silicate

ultimately adopted. Ordering of Mg and f'"r- on tn" U chains running parallel to c. The chains are composed of

cation siies of amphiboles ii known to proceed down to two crystallographically distinct tetrahedra, Tl and T2,

temperatures as low as -300'C, and amphiboles in nu- and are linked together by strips of cations occupying

merous terrestrial parageneses are pafticipants in equilib- three-nonequivalent octahedra, Ml, M2' and M3, and an

ria corresponding io ternperatures ut *t lit site frattion- eightfold-coordinated polyhedron, M4. Published X-ray

ation is pronounced. Configurational entropies may be structure refinements of members of the actinolite series

calculated directly from such data, and the overall ener- include very few that are significantly Fe-bearing and

getics of solution (enthalpy and Gibbs energy) show a none whose state of order has been re-equilibrated at high

temperature and compositi,on dependency thaiieflects the temperature. Refinement of a natural manganoan ferro-

ordering states (e.g., Ghiorso et al. 1995). actinolite (Mitchell et al. 1910, 1971) showed nearly ran-

An earlier study (Hirschmann et al. 1994) presented dom mixing of Fe2* and Mg on the octahedral sites Ml,
the results of a single-crystal X-ray diffraction study M2, and M3: Fe'z*/(Fe'**Mg) : 0.61(M1), 0.57(M2),
(XRD) of heat-treated and quenched natural amphiboles and 0.58(M3); in this refinement all Mn, and no Fe, was
on the cummingtonite-grunerite binary join. This com- assigned to M4, and Fe3" was assigned to M2. A low-Fe
panion study of the upper join in the Ca-Mg-Fe amphi- actinolite was refined by Litvin et al. (1972) and Litvin
bole quadrilateral, tremolite-actinolite-ferro-actinolite (1913). If in this sample Fe3* is assigned to M2 (Haw-
(the actinolite series, for short), was conducted to com- thorne 1983, p. 382) rather than equally to Ml, M2, and
plete a database of ordering and crystallographic infor- M3, then there is a preference of Mg for M2 and Fe2*
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Tnele 1. Sample characteristics

Specimen no Rock type
Fel(Fe + Mg)

(/"\ Location References

NMNH 93728
67-3172
67-3701
NMNH 156831
1 1 8
12BA
AMNH 44973
tD4-4C
NMNH 168215

act-talc rock
cpx hornfels
cpx hornfels
uralite from cpx
iron formation
iron formation
quartzite
iron formation
alteration of hbl

18-19
23

27-38
3J-J4

53
57-59

62
81 -85

Greiner. Zillertal. Austria
Carr Fork Mine, Bingham, Utah
Carr Fork Mine, Bingham, Utah
Green Monster Mine, Prince of Wales ls , Alaska
Luce Lake, Labrador, Canada
Bloom Lake, Quebec, Canada
Cumberland, Rhode lsland
lsua Belt, East Greenland
Goose Creek Quarry, Leesburg, Virginia

( 1 )
(21
(2)
(3)
(4), (5), (6)
(5), (6), (7)
(6), (8), (e)
(10)

Notes: (1) Skogby and Annersten (1985; cf sample 679), (2) Atkinson and Einaudi (1978), (3) Kennedy (1953), (4) Klein (1966), (5) Wilkins (1970),
(6) Burns and Greaves (1971), (7) Mueller (1960), (8) Mustard (1992), (9) Mitchell et al (1970, 1971), (10) Dymek and Klein (1988)

for M1 and M3; however, the cummingtonite component
(2lVo) reported in this actinolite is suspiciously large.
These actinolite site-occupancies are similar to those in
the cummingtonite series, except that the preference of
Mg for M2 appears to be less strong in the actinolites.
Measurements using infrared and M<jssbauer absorption
spectroscopy, notwithstanding ongoing reassessments
(Wilkins 1970; Burns and Greaves 1971: Goldman and
Rossman 1911; Goldman 1979), have suggested stronger
site preferences for Fe and Mg atoms between the Ml +
M3 and M2 sites than the X-ray refinements. In all these
studies, no Mg was placed on M4.

Synthetic and natwal tremolites and actinolites (up to
l3%o ferro-actinolite end-member) were studied by Mciss-
bauer spectroscopy at 77 K following heat treatment at
600 to 800'C by Skogby and Annersten (1985), Skogby
(1987), and Skogby and Ferrow (1989). Fe,* was found
to strongly favor M4 over M2 and slightly favor Ml +
M3 over M2. A decrease in equilibration temperature was
accompanied by the transfer of some Fe2* from M2 to
M4, while the contents of Ml + M3 were unchanged.

Many more X-ray structure refinements have been
done on aluminous calcic amphiboles or hornblende sen-
su lato. Relative to Mg, the Fe2* preference on the M-
sites is M3>M1>M2 (Robinson et al. 1973; Litvin 1973;
Hawthorne and Grundy 1973, 1917,1978; Bocchio et al.
1978; Hawthorne et al. 1980; Ungaretti et al. 1983; Phil-
lips et al. 1988; Makino and Tomita 1989; Oberti et al.
1993a, I995a, 1995b). The preference of Fe2* for M3
over M1 is consistent although not strong, differing sig-
nificantly from quadrilateral amphiboles. The reported ra-
tio of Fe,*/IVIg of M2 is variable; its accuracy suffers
from the difficulty of assessing the content of other cat-
ions occupying that site, such as A1, Fe3", Ti, and Cr. It
has been claimed that high-temperature (volcanic) horn-
blendes have Fe2* and Mg randomly distributed on Ml,
M2, and M3, in contrast to low-temperature (metamor-
phic and skarn) samples (Makino and Tomita 1989).
There are no published accounts of X-ray diffraction
studies of temperature-dependent M-site ordering in horn-
blendes based on heat treatment.

We report the results of single-crystal X-ray structure
refinements of unheated and heat-treated natural samples
of the actinolite series covering a range of macroscopic

Fe2*/(Fe2*+Mg) values from l0 to 857o. Natural rather
than synthetic actinolites were chosen because their rel-
ative freedom from crystal defects (e.g., Ahn et al. I99I;
Maresch et al. 1994), their larger crystal size, and their
ease of characteization offset slight departures from bi-
nary compositions. Given the decreased resolution of
Mcissbauer spectra of actinolite with increasing Fe con-
tent (Goldman 1979; Skogby and Annersten 1985) and
the site resolution of XRD, we chose the latter as the
preferred technique to determine the M-site occupancies
of actinolite as a function of temperature. We discovered
that the Ml, M2, and M3 site preferences in the actinolite
series as a whole are not pronounced, and therefore con-
centrated primarily on a comparison between unheated
samples and samples re-equilibrated hydrothermally and
under reducing conditions at high temperature, mostly
700'c .

ExpnnrrvrnnrAl PROCEDURES

Specimen preparation

Electron microprobe analysis (see below) was used to
select samples of naturally occurring members of the ac-
tinolite series (Table l) from an extensive collection as-
sembled from many sources (see Acknowledgments) by
rejecting those with more than minimal amounts of non-
quadrilateral components. To obtain a wide spread in bulk
XF. contents, this meant including some samples with
variable Fe/Mg ratios from grain to grain (e.g., sample
NMNH 156831). Fe-rich actinolites with very small Al,
Na, and Fe3* contents are quite rare. The best source
rocks were found to be metamorphosed banded iron for-
mations and skarns where calcic pyroxene had been re-
placed by uralitic actinolite. Almost all samples show mi-
nor correlated variations in Na, Al, Si, Mg, and Fe,
representing incipient coupled substitutions of the types
that lead to hornblende. The final list (Thble 1) comprises
near-binary actinolites with <1 to l}Vo cummingtonite in
solution. Samples were crushed, washed, sieved, and pu-
rified with a Frantz magnetic separator, when necessary
also with heavy liquids, and by final hand-picking.

Heat treatment was performed by sealing 20-80 mg of
the sample with 5-10 mg distilled H,O in annealed
AguJ{o capsules 2-3 cm long, enclosing three at a time
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TeeLe 2. Percent ferrous iron/total iron in actinolite series samples

Specimen no Run no. rfc) wc MS XREF
Preferred

vatue

NMNH 93728
NMNH 93728
67-3172
67-3172
67-3701
67-3701
NMNH 156831
NMNH 156831
1 1 8
1 1 B
1 1 8
1 1 8
1 2BA
12BA
AMNH 44973
AMNH 44973
tD4-4C
tD4-4C
NMNH 168215
NMNH 168215

unheated
c78
unhealed
c70
unheated
c71
unheated
c79
unheated
c46
c28
c41
unheated
c60
unheated
UJU

unheated
u c l

unheated
c80

100(1)

92.2e)

88.7(3)

79.4183 1
8 9 6
81  3
9 0 6
7 4 7
88.9
89.t

95.8/94.2
94.7
947
9 6 8
91  3
9 7 7

86 6/91 1
9 5 6
9 7 3
9 7 5
88.3

do

94
84
90
84
90
91
g4
95
96
96
96
93
96
90
94
96
96
97
97

89
100
86
89
86
90
9 4 5
98
95
YC

94
93
93
95
90
94
95
95
98
98

98

96

700

700

700

700

600
700
800

700

700

700

700

Notes: Percenls as determined previously by wet chemistry (WC), by photochemical methods at University of lll inois (PM), by Mossbauer spectroscopy
(MS), and f rom mean bond length (M2-O) (XREF). WC literature data: (1) Klein (1966, Table 5), J lto analysis; (2) Burns and Greaves (1971 , Table
1), J H. Scoon analysis, sample from Mueller (1960); (3) Mitchell et al (1970), P Elmore and E. Little, analysis; see also Burns and Greaves (1971)

" Lost in mail

with steel and carbon filler rods in cold-seal pressure ves-
sels, and raising the vessels to two kbar of CH4 pressure.
With one exception (experiment Csl, 24 h), experiment
duration was between 48 and 7I h at 700 'C, 31 d at 600
'C, and 4 h at 800'C. Skogby (1987) showed that equi-
librium disorder in tremolite was reached in 5 d at 650
'C or in 5 h at 750 'C. The temperature of treatment is
believed accurate to within -t- 10 "C. Vessels were
quenched inside a coil of air jets, which achieved a cool-
ing rate of 7 "C per s over the first 200'C of cooling.
The reducing atmosphere inside the pressure vessels in
some cases caused a reduction in the sreen color of the

sample powder and in most of them a measurable in-
crease in ratio Fe'?*/Fe.,,, (Table 2).

X-ray diffraction

A single crystal was selected from each sample and
checked for crystal quality using o-scans of diffraction
peak shapes. Some of the unit-cell dimensions and X-ray
diffraction intensities of suitable crystals were measured
at the University of Washington, Seattle, on a four-circle
diffractometer (Huber 512) equipped with a graphite
monochromator using MoKct radiation (50 kV and 32
mA); the remainder (Table 3) were measured on a Sie-

Tnele 3. Crystal data and refinement statistics for actinolite series samples

Specimen no a (A) b (A) c (A) B f) v(A1 R_

Total
reflec-
tions

Reflec-
tions.
)3 o,

NMNH 93728
c78
67-3172
c70
67-3701
c71
NMNH 156831
c79
1 1 8
u4b

c28
c41
12BA
vou

AMNH 44973
u5v

tD4-4C
u 3 l

NMNH 168215
c80

e 834(1) 18 078(2) 5 283(1)
I  833(1) 18.078(2) 5 282(1)
s.85s(1) 18 06e(3) s 283(1)
s 8s2(1) 18 066(2) 5282(1)
s.866(2) 18.098(4) 5.284(1)
9 863(2) 18.090(4) 5.282(1\
e 881(1) 18.13s(2) 5.2e8(1)
e 886(1) 18.150(2) s.300(1)
9.891(1) 18 190(2) 5.297(1\
I  890(1) 18 1e8(2) 5 2e6(1)
e  8s1 (1 )  18  200 (1 )  5  2e6 (1 )
9.890(1) 18 192(2) s.294(1\
9 886(1) 18 171(2\  5257(11
I  900(1) 18 1e8(1) 5 2es(1)
e.884(1) 18 18s(2) 5 302(1)
e.8s0(2) 18 1e4(3) 5.306(1)
I  908(2) 18 218(3) 5 301(1)
e e03(1) 18211(2) s 2e9(1)
ss77(2) 18.287(3) s.308(1)
s.e86(2) 18.2s6(4) 5.306(1)

104 63(1) 908 8
104 58(1) 908 7
104 79(1) 909 6
104 89(1) 908 6
10477 (1 )  9123
104 78(1) 911 2
104  78 (1 )  918  1
104.79(1) 919 5
104.54(1) 922.5
104 57(1) 922.5
104.55(1) 922.8
104.53(1) 922.0
104.61(1) 920.7
104.63(1) 923.7
104 60(1) 522.4
104 62(1) 923 8
104 59(1) 926 0
104 64(1) 924 6
104  81 (1 )  936  3
104 79(1) 937 3

1771  1318
1830 1417
1835 1378
1845 1483
1780 1042
1857 1459
1777 1287
1791 1174
1793  1413
1870 1543
1872 1568
1859 1643
1876 '126'l

1872 1427
'r 85s 1400
1865 1497
1801 1141
1884 1520
1 8 1 4  1 1 9 1
1820 1299

0.037 cu
0.036 cu
0.031 uw
0 026 uw
0 043 cu
0031 uw
0036 uw
oo44 cu
0 036 cu
0028 uw
0031 uw
oo27 uw
0 035 uw
oo27 uw
0.033 uw
0.027 uw
0.040 CU
0.030 uw
0 035 cu
oo47 cu

0.039
0.043
0.038
0.033
0.037
0 040
0 041
0 043
0 043
0 036
0 039
0 037
0 043
0 035
o.044
0.037
0.038
0.038
0.036
0 051

Note: CU : University of Colorado at Boulder; UW - University of Washington at Seattle.
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mens P4 four-circle diffractometer at the University of
Colorado, Boulder. All unit-cell dimensions were deter-
mined by least-squares refinements of 20 to 30 reflections
with 20' < 28 < 35'. XRD intensity data of one quadrant
of reciprocal space up to 20 : 65" were collected in the
o-scan mode at a scan speed of 3' per minute at the
University of Washington, and with a constant-precision
0-20 scan mode with variable speed scans at the Univer-
sity of Colorado. Three standard reflections were checked
after every 97 reflections; no systematic or significant
variation in the intensities of the standard reflections was
observed. All X-ray intensity data were corrected for Lor-
entz and polarization effects. A semi-empirical absorption
correction method (North et al. 1968) was applied to the
data collected at the University of Washington, and an
analytical method to the data collected at the University
of Colorado. Only reflections having intensities =3o,
were considered as observed and included in the refine-
ments, where o, is the standard deviation determined from
the counting statistics.

Chemical analysis

The chemical compositions of the crystals used for the
X-ray data measurements were determined by wave-
length-dispersive analysis with a JEOL 733 microprobe
at the University of Washington (Table 4). Our analytical
procedure was the same as in the cummingtonite study
by Hirschmann et al. (1994, p. 865). At least ten spots
per crystal were measured and then averaged. Composi-
tions were recast to formula proportions incorporating an
independent estimate of FerO. and variable formula bases
as described below.

Ferrous iron and total iron were determined in sample
powders by J. Wu and J.W. Stucki at the University of
Illinois by a photochemical method that utilizes the same
aliquot (Stucki and Anderson 1981; Stucki 1981; Ko-
madel and Stucki 1988). The method is accurate to within
2-5Vo (J.W. Stucki, personal communication). An esti-
mate of ferrous and ferric iron was also made (Table 2)
from refined site occupancies of total Fe using the re-
gression equation of Hawthorne (1983, Table 27) for the
mean bond-length (M2-O) of Alm amphiboles: (M2-O)
: 1.488 + 0.827(r-,), (where (r) is the mean ionic radius)
under the assumption of complete Fe3* ordering on M2.
The two methods for the percent of ferrous iron/total iron
agree to within 3Vo for more than half our samples (Table
2). Laryer differences may be attributed to one or more
of the following: analytical error, poorer precision at low-
er total iron contents, and error in our assumption of com-
plete ordering of Fe3* on M2 (discussed below). Inde-
pendent measures of redox state by wet-chemical analysis
were available in the literature for three samples and by
Mcissbauer spectrometry for an additional three (Table 2).
To compute formulae, we opted to use compromise "pre-
ferred" values of Fer*/total Fe (Table 2), realizing that
they are not well established for some samples, and that
this has implications for our estimates of Fe2* on the oc-
tahedral sites.

With few exceptions, the photo-chemical and M2
bond-length data both show that the Fe3* in our samples
was partially reduced as a result of their heat treatment
in H,O-fluid buffered on CCH". This is especially true for
two actinolites from skarns (67-3172 and 61-3701),
which is not surprising because they are believed (Atkin-
son and Einaudi 1978) to have formed at an /o, corre-
sponding to about HM-l log unit (-NNO + 3). The fer-
ro-actinolites from metamorphosed banded iron
formations were poor in Fe3* at the outset; ferro-actino-
lites 11B, 12BA, and lD4-4C coexisted with cumming-
tonite containing 64,61, and 69Eo grurrerite component,
respectively, indicating that these rocks equilibrated un-
der log "fo. conditions less than NNO + I (Evans and
Ghiorso 1995). The generally small amount of Fe3* in
naturally occurring actinolites, as compared to all calcic
and subcalcic amphiboles, is well known (Leake 1968;
Popp et al.1995, in Fig. 1C).

The results of our heat treatments are consistent with
published experimental studies, which have strongly sug-
gested that the proportions of Fe3* and Fe2* in calcic am-
phibole can be re-equilibrated in response to newly im-
posed gas compositions in a few days at 600'C or higher.
For example, Skogby and Annersten (1985) showed that
natural tremolites and Mg-rich actinolites could be re-
duced by heating in a hydrogen atmosphere for 7 h at
600'C. Clowe et al. (1988) found that steady-state values
of ferric/ferrous ratios in magnesio-hornblende and
tschermakitic hornblende could be achieved in oxygen-
buffered hydrothermal experiments at 650'C and I kbar
in experiments of 4 to 8 d duration. Popp et al. (1995)
showed that equilibrium values of Fe3*/Fe,",", in kaersutite
(0.12) could be attained in about 2 d atl0O 'C and 1 kbar
on the CCH* buffer. These authors attributed experimen-
tally induced changes in ferrous/ferric ratio to progress in
either direction of the dehydrogenation (oxy-amphibole)
reaction: Fe2* + OH- : Fe3* + O, + y2Hr, and we agree
with this inference. In our case, hydrothermal heat treat-
ment at 700'C on the CCI! buffer caused hydrogenation
and partial reduction of Fe3" to Fe2*. However, not all the
Fe3* was reduced, even though this buffer is three log

"fo, units below NNO. Some of the remaining Fe3' rep-
resents group C ferric iron that is charge-balanced against
the cations rAl or BNa, substitutions that probably cannot
readily be influenced by laboratory treatment. However,
four of our ferro-actinolites ( 1 18, 1 28A, ID4-4C, NMNH
168215) are so low in Al and Na (Table 4) that cation-
balanced substitutions cannot account for much of the
Fe3* remaining after heat treatment. These samples are
sufficiently close to binary Fe-Mg solid solutions that for-
mula constraints are indicative of the type of Fe3* sub-
stitution. Given the analytical values of Fe3*, satisfactory
formulae (Si + Al = 8.000, and lcations except K >
15.000) can only be obtained if analyses are recast on the
assumption that some oxy-amphibole component is pres-
ent, that is, having a formula basis with more than 23.0
anhydrous O atoms. (Without independent analysis of H,
the relative proportions of cation-charge and anion-charge



462 EVANS AND YANG: Fe-Ms ORDER IN ACTINOLITES

Taele 4. Chemical analyses of actinolite series crystals with formulae

Sample no 93728
Treatment

no

93728 67-3172 67-3172

c78 - C70

67-3701 67-3701 156831

w t l

1 56831

c79

1 1 8

sio,
Tio,
Al,o3
FerO.*
FeO
Mgo
MnO
CaO
Naro
KrO
F
cl
H"Ot

Total

57 73
o02
0 7 5
0 7 7
426

21 85
0 1 6

t z  1 0

0 3 5
0 0 4
0 0 0
0 0 0
2 1 1
0.00

100 27

7.941
0.059
8.000
0.063
0 002
0 080
0.490
4 481
0  0 1 9
5  135
1 802
0 063
7 000
0 030
0 007
0 000
0 000
1 .940
0 060

57 50
0 0 0
0 8 5
0 3 4
482

2't 49
0 1 8

1 1  9 7
0 4 0
0 0 3
0 0 1
0 0 0
2 . 1 4
0 0 0

99.73

7.954
0.046
8.000
0 092
0 000
0.036
u cco

4 432
0 021
5.1 40
'l 774
0 087
7.000
0.020
0 005
0 004
0.000
1 976
0 020

55 57
0. '13

1 .36
6.41

19  54
0 1 4

12 67
0 5 4
0 2 7
0.82
0.01
t o o

0 3 5
100 30

7 785
0 .215
8 000
0.038
0 .014
0.1 43
0.751
4.081
0 .017
5.044
1 902
0.054
7 000
0 092
0 048
0 363
0 002
1 565
0 080

55 54
0.04
1 2 0
0.89

19  20
0 1 1

12 94
0 3 4
0.27
0 6 2
0 0 0
1 8 1
0.26

99 94

55  10
0 0 9
1 5 3
1 .71
8 0 6

'18 47
o .17

12.28
0.65
0 2 5
1 .04
0 0 0
1 .53
0.44

10044

55.04
0 0 5
'1.06

1 .09
8 8 5

1 8  1 2
u .  t c

12.38
0.50
0 .18
0.90
o 0 2
1 .64
0 3 8

99.60

7 836
0  164
8 000
0  0 1 4
0 005
o 117
1 053
3.846
0  0 1 8
C.UCJ

1.888
0.057
7.000
0.080
0.033
0.405
0 005
1.556
0 034

54.84
0 0 1
1  1 6
1 2 8

1 1  6 1
15 .68
0 4 5

12  47
0 1 6
0.03

2 0 0
0 0 0

99.69

7.888
0 .1  12
8.000
0 084
0 001
0 .138
1 397
3 362
0.055
5 037
1.922
0 045
7 000
0 003
0 005
0.000
0.000
1 920
0 080

52.65
0 1 2
248
t u o

14  95
1 3  6 1
0.36

1 2 . 1 3
0.41
0 .18
0.20
0.03
1 .89
0.09

99 98

7 690
0 .310
8 000
o'117
0  0 1 3
0  1 1 6
1.826
2 964
0 045
5 081
1 898
0.021
7.000
0.095
0.033
0.092
0 007
1.843
0.058

53 52
0 0 0
0.05
'l 23

21.0'l
10  45
o.23

1 1 . 4 8
0 . 1 3
0 0 0
0 0 4
o 0 7
1 8 6
0 0 3

10004

7 997
0 003
8 000
0 006
0 000
0  138
2 626
2.324
0 029
5  127
1 838
0.035
7 000
0 003
0.000
0  0 1 9
0.018
1.853
0 .1  10

Si
rarAl
>T
16rAl
Ti
Fe3*
Fe'?*
Mg
Mn

B N a

>  B + C
ANA

K
F

OH
os

Atoms per formula unit+
7.822
0  178
8.000
0.021
0.004
0.095
0.852
4.031
0 .013
5 .016
t . v c J

0.030
7.000
0 063
0.048
o 276
0 000
I  ovo

0 028

7 776
0.224
I 000
0 030
0  0 1 0
0  1 8 1
0.952
3.886
0 020
5.079
1.857
0 065
7 000
0  1 1 3
0.045
0.464
0 000
1 436
0.1 00

Note: - : untreated
" Fe3* from Table 2
f Calculated assuming (OH + F + Cl + O) : 2 000
+ Anhydrous oxygen basis ot 23.0 O atoms + Xo*..,,no,n"
S See text for calculation method; note that X.,"..",,.o,,,. : O/2.

balanced Fe3* cannot be determined. To be helpful in the
present context, analysis of H in our crystals, such as by
ion probe, would need to be accurate to !2Vo relative).

To arrive at chemical formulae (Table 4), we have as-
sumed that all Fe3* in the high-Fe ferro-actinolite USNM
168215 represents oxy-actinolite (there being virtually no
possibility in this specimen for cation-charge balanced
Fe3*) and that for the heat-treated samples the percentage
of oxy-actinolite component is linearly proportional to
their content of ferro-actinolite component. This first ap-
proximation is implied at constant T, P, and /", by the
dehydrogenation equil ibri um:

cEFe?*si8orr(oH), : cazFe.'*Fel*siroro + H,

The unheated samples have been normalized to formulae
with the assumption that their additional p":+ (in excess
of the amount in the heated equivalent) is related to ad-
ditional oxy-amphibole component. The corresponding
anhydrous oxygen formula bases used (23.0 + 7/zFe3*o*r_

.-on,oo"oru) are given in Table 4; they range from 23.0I to
23.07. Our choice of normalization scheme influences not

only the total cations per formula unit, but also the as-
signment of Al to the Z and M sites, calculated percent/
cummingtonite solid solution (Fe, Mn, and Mg on M4),
and the allocation of Na to the M4 and A sites. and. as
a result, the ratio Fe/Mg on M4 from the structure re-
finement. However, its effect on Ml, M2, and M3 site
assignments is negligible.

Preparatory to structure refinement, the following as-
sumptions were made for the assignment of atoms among
the crystallographically distinct sites: (1) rlrAl : 8.0 - Si
per formula unit (pfu) and all tarAl ordered in T1; (2) t0r41
(: A1.o, - t4rAl) and Ti were confined to M2; (3) the
scattering factors of Fe were used for Fe, Mn, and Fe3*,
and all three were designated as Fe*; (4) the fractionation
of Fe* and Mg among the four M cation sites was deter-
mined from the refinements; (5) Ca was constrained in
Ma; (6) MaNa : 7.0 - Ca - (Mg + Fe* + Ti + t6rAl);
(7) K and residual Na (: N4*' - M4Na) were assigned
to the A site; (8) Cl and F (if any) were assumed to
occupy the 03 position.

We tried at the outset to minimize the problem of mul-
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T^BLE 4-Continued

168215  16821544973

c59

tD4-4C tD4-4C

c51

12BA

c60

1 1 8  1 1 8  1 1 8

c46 C28 C41

co co JJ.3b

0 0 0  0 0 0
0  1 5  0 . 1 2
0.97 0 99

20.92 21 27
10.92 10 78
021 024

1 1  0 9  1 1  1 6
o 2 4  0 1 8
0 01 0.03
0.05 0 05
0 0 7  0 0 7
1 89 1.89
0 04 0.04

100 04 100 30

7 985 7 979
0 015 0021
8.000 8 000
0.011 0 000
0.000 0.000
0 .109  0  1  10
2.608 2 650
2427 2394
0 026 0 030
5  181  5 .184
1 771 1.781
0 048 0.034
7 000 7.000
o o21 0.018
0 002 0 006
0 023 0.023
0  018  0 .018
1 879 1 879
0 080 0 080

53 52
0.00
0.09
0.98

10.73
o20

1 1 . 1 4
0 1 9
0.01
0 0 5
0 0 8
1 8 8
0 0 4

100 05

7.989
0.01 1
8.000
0.005
0.000
0  1 1 0
2 649
2.388
0 025
5 .177
1 782
0 041
7 000
0 .014
0.002
o.o24
0.020
1.876
0.080

53 09
0.02
0 4 5
1 .69

20 21
10  82
0 3 4

' I  1.43
0 2 6
0.04
0 0 0
0 0 0
1 8 9
0 0 0

100 24

7 911
0.079
7.990
0.000
0.002
0.190
2.518
2 403
0.043
5 146
1 825
0 029
7 000
0 046
0 008
0.000
0.000
1.880
0.1 20

CJ.UO

0 0 2
0 4 0
0 9 5

20 54
10  79
032

1 1  6 9
0 .18
0.01
0 0 5
0.04
1 8 9
0 0 3

99.92

51 42
0 0 4
1 6 9
243

19  68
9 1 3
248

10  97
0.37
0 0 6
0.05
0.00
1 .83
o.o2

1 00.1 3

c t - J +

0.05
1 .65
1 .48

20.87
8.70
265

10  68
0 3 8
0 0 6
0 0 5
0 0 0
1 .87
o 0 2

99 76

52.58
o.o2
0 1 5
1 .09

23.52
8 6 3
067

1 1 1 5
0 0 6
0.01
0 0 1
0.06
1.84
0.02

99 77

7.988
0  0 1 2
8.000
0  0 1 4
0 002
o 124
2.988
1 954
0.086
5  168
1  8 1 5
0 .015
7.000
0.002
0.002
0.005
0  0 1 5
1 860
o.120

52.71
0 0 0
0 1 5
1 1 1

24 06
8.53
0.74

11  20
0.06
0.01
0.05
0 0 5
t o o

0 0 3
100.50

7.967
o o27
7 994
0 000
0.000
o  127
3.041
1.922
0.095
5 178
1  814
0 .018
7.000
0  0 1 0
0 002
o 024
0  0 1 3
1 .871
0 092

Atoms per formula unit+

50 96 50.58
0 0 1  0 0 4
0 1 0  0 1 0
1  03  1 .05

2984 30 s1
3  5 0  2 9 7
1 43 1.34

1 1  7 8  1 1  5 7
0 04 0.06
0  11  0 .02

0.01
0.01

1 80 1.78
0 0 0  0 0 1

100.59 100 13

7 974
0.018
7 992
0 000
0.001
o 121
3 904
0 .816
0  190
5 024
1 975
0 001
7 000
0 0 1  1
0.022
0 000
0 000
1 880
0  120

7.929
0 071
8 000
0 000
0 002
0 .107
2.567
2.404
0.040
5.'120
1.872
0.007
7.000
0 045
0.002
o 024
0  0 1 0
1 .886
0 080

7 756
o 244
8 000
0 056
0 004
o 276
2 483
2 053
0  3 1 7
5.1 89
1.773
0.038
7.000
0.070
0 .011
o 024
0 000
1 .836
0  140

7.790
0 .210
8.000
0.085
0.006
0.169
2.648
1 .968
0 341
5 .217
1 736
0 048
7 000
0.064
0  012
0 024
0.000
1.894
0.082

7 979
0  0 1 9
7 998
0 000
0 005
0 .124
4.O25
0 700
0  179
5.030
1.956
0 .015
7.000
0.003
o 024
0 005
0.003
1 868
0.124

tiple occupancy of M sites, namely by Ti"*, Al.*, Fe:*,
and Mn2* in addition to Fe2* and Mg, through our selec-
tion of samples, but we were not entirely successful. For-
tunately, Ti is present near the detection limits (Table 4),
and the amounts of Al are low enough to rule out signif-
icant disorder on both M and T sites (Oberti et al. 1995a,
1995b), particularly in light of relarively low crystalli-
zation and equilibration temperatures. However, the site
preferences of Fe3* and Mn are more problematic, as dis-
cussed in the section "M-site fractionation of Fer* and
Mg."

Structure refinements were done on two crystals for
each of nine samples, one untreated, and the other equil-
ibrated at high temperature (Table 2) and quenched prior
to X-ray examination. All refinements were carried out
based on the space grotp C2lm, and procedures for the
refinements are similar to those described by Hirschmann
et al. (1994). During all cycles of refinement, chemical
compositions were required to match those determined
from electron microprobe analysis. Some refinements
were also undertaken using the split M4- and A-site mod-
els to test their influence on the refined site occupancies.
The resulting Fe*/(Fe* + Mg) ratios for the four M sites
were not significantly different from those based on the
unsplit M4- and A-site model. Hence, only the refinement

results performed with the unsplit M4- and A-site model
are presented here. Final atomic positional coordinates
and anisotropic displacement parameters are listed in Ta-
bles 51 and 6r, respectively. Selected bond distances are
given in Table 7 and angles in Table 8.

Rnsur,rs AND DrscussroN

Crystal chemistry

The replacement of Mg and Fe by Ca in quadrilateral
clinoamphiboles induces major changes in the geometry
of the M4-O polyhedron, from an irregular 4 + 2 octa-
hedron in the cummingtonite series to an eightfold-co-
ordinated polyhedron in the actinolite series. As evi-
denced in natural parageneses and experiments (Cameron
1975), the resulting miscibility gap between the two se-
ries is wide and fails to close prior to thermal decompo-
sition to pyroxene, qvrlz, and H.O. Because this work
greatly expands the crystallographic database for the ac-
tinolite series, our discussion here focuses on the com-
parative crystal chemistry of quadrilateral clinoamphi-
boles and its relevance to the ordering of cations on the
M sites.

ln CUm clinoamphiboles the mean bond lengths, (Mi-
O), of the Ml, M2, and M3 octahedra vary linearly with
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TaeLe 7. Interatomic distances (A) in actinolite series samptes

93728 C78 67-3172 C70 1 1 8c71 c79

M1-O1  ( x2 )
M1-O2 (x2)
M1-O3 (x2)
Avg.
M2-O1 (x2)
M2-O2 (x2)
M2-O4 (x2)
Avg
M3-O1 (x4)
M3-O3 (x2)
Avg.
M4-O2 (x2)
M4-O4 (x2\
M4-O5 (x2)
M4-O6 (x2)
Avg.
T1-O1
T1-O5
T1-06
r1-o7
Avg.
T2-O2
T2-O4
I z-u5
|  1 -VO

Avg

2 06e(2)
2 088(2)
2 091(2)
2.083
2 134(21
2088\2)
2.016\2)
2.080
2.o79(2)
2.061(3)
2.O73
2.389(2)
2 30s(2)
2.781(2)
2 s52(2)
2 507
1 608(2)
1 635(2)
1 634(2)
1 620(1)
1 624
1 617(21
1 .5s1(2)
1 656(2)
1 676(2\
I oJc

2 067(2)
2 091(2)
2.088(2)
2 082
2.140(2)
2 08s(2)
2 O2O(2)
2 083
2.078(2)
2.063(3)
2.O73
2.388(2)
2,304(2\
2.7e3(2)
2.556(2)
2 .510
1 607(21
1.635(2)
1 630(2)
1 622(1)
1.624
1 615(2)
1 587(2)
1.654(2)
1 676(2)
I  ooJ

2.067(1 )
2.085(2)
2 086(1 )
2 080
2 141(2\
2.0e3(1)
2.o14(2)
2.083
2 075(2)
2.062(2)
2 071
2 3se(2)
2.324(11
2769(21
2.544(21
2.509
1 .610(1  )
1.636(2)
1.640(21
1.622(11
|  . o 1 I

1 .615(1)
1.5e0(2)
1.6s4(2)
1 670(2)
1.632

2 O7O(11
2 O8O(21
2 0e6(1 )
2.079
2.144(2)
2  102 (1 )
2 .016 (1 )
2.087
2.071(2)
2.065(2)
2.069
2.3e8(2)
2.326(1)
2.773(1)
2 544(2)
2  5 1 0
1 .607(1)
1 .635(1)
1 635(1)
1 620(1)
1.624
1  6 1 1 ( 1 )
1 585(2)
1 653(1 )
1  671 (1 )
1 630

2 072(3)
2.084(4)
2 086(5)
2.081
2 141(41
2 0s7(3)
2 014(4)
2 084
2 082(3)
2 0s8(7)
2 074
2.406(4)
2.319(3)
2.765(4)
2.549((4\
2 .510
1.608(3)
1.645(4)
1.641(4)
1.622(2)
1.629
1 .617(3)
1 594(4)
1 651(4)
1 672(4)
I  O J J

2.O70(1\
2.O79(2\
2.0s1 (1)
2.080
2.147(2)
2 .1o2 (1 )
2o1s (2 )
2 089
2.O74\21
2063(2)
2 070
2.400(21
2 323(1)
2 777(2)
2 547(2)
2 512
1  6 1 1 ( 1 )
1.637(21
1 637{.21
1 .623(1 )
1.627
1  . 615 (1  )
1.586(2)
1.655(2)
1.671(2)
1.632

2083(21
2.oes(2t
2.104\21
2.095
2.143(2)
2.1o3(2)
2.01s(2)
2 088
2.086(2)
2 o7e(3)
2 084
2.399(2)
2323(2)
2783(2)
2 547(2)
2 513
1 610(2)
1 637(2)
1.638(2)
1 .623(1)
1 627
1 61e(2)
1.s85(2)
1.659(2)
1.673(21
1.634

2.082(3) 2.0e1(3)
2.102(4) 2.111(4\
2 099(3) 2120(3)
2 094 2.107
2 146(4) 2 157(4)
2.107(3) 2 118(3)
2.022(4) 2 028(4)
2.092 2.'tO1
2.088(3) 2 100(3)
2.070(5') 2.083(5)
2.082 2.094
2.400(41 2.386(4)
2.321(3) 2.2se(31
2.777(3\ 2.839(3)
2.54e(41 2.567(41
2.512 2.523
1.60e(3) 1.602(3)
1.647(4\ 1 .633(4)
1 643(3) 1.632(3)
1 627(2) 1.622(2)
1 631 1.622
1 .617(3) 1.608(3)
1 588(4) 1.58s(4)
1 656(3) 1 6s7(3)
1 680(3) 1 673(4)
1 635 1 631

(rr,), the average effective radius of the cations occupying
individual sites (Robinson et al. 1973; Hawthorne 1978,
1983). These relationships provide constraints on site oc-
cupancies in addition to those derived from site-scattering
refinements, and they provide a measure of mean bond
lengths (M-O volumes) for given mean ionic radii. For
cummingtonite and grunerite, the experimental data of
Hirschmann et al. (1994) agree well with the relationships
given by Hawthorne (1983), although it should be pointed
out that Hirschmann et al. (1994) adopted a radius of 0.71
A for Fe'* (Shannon and Prewitt t4OS) in their regres-
sions. For consistency with the study of Hawthorne
(1983), we use a radius of 0.78 A for Fe,* (Shannon
1976) and have recalculated all the (rr) values for octa-
hedral sites in 30 cummingtonite and grunerite crystals
studied by Hirschmann et al. (1994). The relationships
for ferromagnesian clinoamphibole are:

(Ml-o) : L419 + 0.839(r,,) R' = 0.97

(M2-O) : 1.462 + 0.864(r,,) R' : 0.97

(M3-O) = L434 + 0.888(r',) R2 : 0.96

(M123-O) : 1.456 + 0.867(r,,,.) R' : 0.98

By combining our data (Table 7) with those reported
previously for ferro-actinolite (Mitchell et al. 1970) and
tremolite (Papike et al. 1969; Yang and Evans 1996), lin-
ear regression yields the following relationships between

' For a copy of Tables 5 and 6, Document AM-98-009, contact
the Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information Deposit
items may also be available on the American Mineralogist web
site at http://www.minsocam org.

(Mi-O) and (r*) for the Ml,M2, and M3 octahedral sites
in the actinolite series:

(Ml-O) : t.471 + 0.838(r,,) R' : 0.96

(M2-O) : L52l + O.774(r*,) R : 0.96

(M3-O) = 1.449 + 0.857(r'.) R'z : 0.96

(M123-O) = 1.476 + 0.831(r' ' ,,) R' : 0.98

For (r,) between 0.72 and0.78 A, both (Ml-O) and (M3-
O) values determined for the actinolite series are system-
atically smaller (by 0.005 to 0.010 A) than those we
would obtain from the equations of Hawthorne (1983) for
Alm amptnboles and Hirschmann et al. (1994) for cum-
mingtonite-grunerite (Fig. 1). For (M2-O), our fit incor-
porates values of (rrr) based on Fe3* and Fe2* derived in
part from the equation of Hawthorne (1983), as discussed
earlier. Nonetheless, it appears that in the actinolite series,
for a given (rr,), the relative sizes of the octahedra are:
M2-O> Ml-O> M3-O. In the unlikely case that all Fe
on M2 is Fe2*, the difference between (M2-O) and (Ml-
O) is reduced but not eliminated. In cummingtonite-gru-
nerite the Ml and M2 sites have indistinguishable mean
bond lengths (Hirschmann et al. 1994). The preference of
Al'* for the M2 site in aluminous calcic amphiboles must
therefore be related to factors other than site dimension
(see below).

Examination of individual M-O bond lengths shows
that the shorter (M1-O) and (M3-O) distances for the ac-
tinolite series, for a given (rr,) value, are due to signifi-
cant shortening of the M1-O2 and M3-O1 bond distances
relative to those in cummingtonite-grunerite. For a given
(r) value, the Ml-O2 and M3-O1 bond lengths in the
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Taete 7-Continued

c41 12BA c60 ucv c51 'I 68215

2.o87(1)
2 106(2)
2 . 1 1 1 ( 1 )
2 .1  01
2.157(2)
2.1 1 9(1 )
2.026\1)
2 100
2 os5(2)
2.082(2)
2 091
2 384(2)
2 302(1)
2.832(11
2.568(21
2.522
1 60e(1 )
1 632(1)
1 634(1 )
1 622(1)
1 624
1  . 615 (1 )
1 591 (2)
1 .656(1 )
1  . 671 (1 )
1.634

2.08e(1) 2087(1)
2 106(2) 2.105(2)
2  1 1 0 ( 1 )  2  1 1 0 ( 1 )
2 102 2 101
2158(2) 2.158(2)
2 120(1) 2 121(1)
2.029(1) 2028(11
2.102 2102
2.0s4(2) 2.os4(2\
2,084(2) 2.083(1)
2 091 2.090
2384(2\ 2.381(2)
2.303(1) 2.302(1)
2 835(1) 2 838(1)
2571 (2 )  2571 (2 )
2.523 2 522
1.609(1) 1.608(1)
1.634(1) 1.632(1)
1 633(1) 1.633(1)
1 620(1) 1.620(0)
1.624 1.623
1  6 1 3 ( 1 )  1  6 1 4 ( 1 )
1 s8e(2) 1 se0(2)
1.658(1) 1 656(1)
1 674(1) 1 673(1)
1 633 1.633

2.0s1(2) 2.088(1)
2.106(2) 2 105(2)
2j10(2) 2112(1')
2 .103 2  101
2154(2) 2160(2)
2 117(2) 2 124(1)
2.023(2) 2027(2)
2 098 2.104
2 090(2) 2.0s4(2)
2.085(3) 2.082(2\
2.089 2.090
2.37e(2) 2 386(2)
2 306(2) 2.30s(1)
2832(2) 2828(1)
2.566(2) 2 s68(2)
2 521 2.523
1.60s(2) 1 610(1)
1 63s(2) 1.637(1)
1 633(2) 1.637(1)
1  .61e(1)  1 .619(1)
1 .624 1.626
1.613(2)  1  614(1)
1 585(2) 1 587(2)
1 6s4(2) 1.6s7(1)
1.670(2) 1 673(1)
1 631 1 633

2 088(2) 2087(1)
2114(2) 2109(21
2  1 1 3 ( 1 )  2  1 1 3 ( 1 )
2105 2 103
2.150(2) 2.155(2)
2  113 (1 )  2 .122 (1 \
2.022(2\ 2.026(2)
2.095 2.102
2.0e8(2) 2.oe2(2)
2084(2\ 2084(2)
2094 2 090
2.382(2) 2382(21
2.303(2) 2.302(11
2 819(2) 2.821(1)
2.562(2) 2.572(2\
2.517 2.519
1 .61 5(2)  1 .614(1 )
1.640(2) 1.640(1)
1 .640(2) 1 .641 (1)
1 623(1) 1 624(1)
1 630 1.630
1  617 (1 )  1  615 (1 )
1 5s0(2) 1 591(2)
1 651(2) 1.655(1)
1 668(2) 1.670(1)
1.632 1.633

2.098(3) 2.092(11
2.117(4) 2 108(2)
2 .118 (3 )  2 .113 (1 )
2.111 2.104
2.160(4) 2.161(2)
2152(3) 2.130(1)
2029(4) 2.033(2)
2 104 2 108
2107(3) 2 096(2)
2 090(5) 2.0s1(2)
2101 2.094
2.380(4) 2381(21
2.303(3) 2302(1)
2.834(3) 2.842(1',)
2.571(4) 2.573(2)
2,522 2.525
1 600(3) 1 608(1)
1 628(4) 1 63s(1)
1 637(3) 1.635(1)
1 619(2) 1 620(1)
1.621 1 624
1 .613(3) 1 .610(1 )
1.587(4) 1 587\2)
1.666(3) 1.6s3(1)
1.674(41 1 .673(1)
1.635 1.631

2.114(3) 2.107(3)
2.123(3\  2122(4)
2125(31 2j23(4)
2120 2.117
2172(3\  2175(4\
2147(3) 2.147(3)
2 043(3) 2.043(4)
2 121 2 122
2.109(3) 2.114(3)
2.0e5(4) 2.102(5)
2.104 2.110
2.3ee(4) 2401(41
2.322(3) 2 317(3)
2 841(3) 2.842(3)
2 s69(4) 2572(4)
2533 2 533
1 600(3) 1 604(3)
1.633(3) 1.631(4)
1.642(3\ 1 .640(4)
1.621(2\ 1.620(2)
1.624 1.624
1 610(3) 1.61s(3)
1 581(4) 1 586(4)
1.666(3) 1 663(4)
1676(3) 1.675(4\
1.633 1 635

actinolite series are 0.044 and 0.015 A shorter than the
corresponding bonds in cummingtonite-grunerite. As a re-
sult, the Ml and M3 octahedra in the former are slightly
more regular than those in the latter in terms of quadratic
elongation (Robinson et al. I97l). Among the M1, M2,
and M3 octahedra in the actinolite series, M3 shows the
largest angular deviation from a perfect octahedron and
M2 the smallest (Table 9). With increasing macroscopic
Xo" [: Fe(Fe+Mg)], the angular distortions of all three
octahedra decrease, in contrast to cumrningtonite-gruner-
ite in which the angular distortions of the M2 and M3
octahedra increase considerably (Hirschmann et al. 1994).

There is no apparent correlation between (M4-O) and

Taale 8. Selected interatomic bond angles in actinolite series
samptes

Specimen no 05-06-05 05-07-06 T1-O5-T2 T1-06-T2 T1-O7-T1

(rr) in the actinolite series. Similar observations were
made by Hawthorne (1983) and Hirschmann et al. (1994)
for Alm amphiboles and cummingtonite-grunerite, re-
spectively. However, (M4-O) appears to be a function of
macroscopic X.. (Fig. 2). The increase in (M4-O) with
increase in macroscopic Xo" results principally from the
lengthening of the two longer distances M4-O5 and M4-
06, because the two shorter distances M4-O2 and M4-
04 arc virtually independent of macroscopic Xo.. Because
05 and 06 are the bridging atoms of the silicate chains,
the above observation indicates that the variation in (M4-
O) depends strongly on the configuration of the silicate
chains, which in turn is correlated with changes in the
octahedral strips. In other words, the variation in (M4-O)
is strongly subject to change in the rest of the structure.

The mean tetrahedral bond lengths of the T1 and T2
tetrahedra, (Tl-O) and (T2-O), do not correlate with mac-
roscopic X..; (T1-O) ranges from 1.620 to 1.631 A with
an average value of 1.625(2) A and (T2-O) from 1.630
to 1.635 A with an average value of 1.633(l) A. fne
correlation between tarAl from microprobe analysis (Table
4) and (T1-O) (Fig. 3) shows that the larger variation in
(T1-O) stems from the preference of Al for the T1 site
over the T2 site, as discussed in detail by Obeti et al.
(1995b). The average (T1-O) and (T2-O) distances in the
actinolite series are both longer than the corresponding
distances t1.620(1) A for (Tl-O) and 1.628(l) A for (T2-
O)l in cummingtonite-grunerite. A comparison of indi-
vidual T-O bond lengths shows that the longer (T1-O) and
(T2-O) distances for the actinolite series primarily result
from the large differences in the T-O5 and T-06 bond
lengths. The average T1-O5, T1-06, T2-O5, andT2-06
bond distances in the actinolite series are 1.636(3),

NMNH 93728
c7a
67-3172
c70
67-3701
c71
NMNH 156831
c79
1 1 8
c46
c28
c41
12BA
uou
AMNH 44973
c59
tD4-4C
c51
NMNH 168215
c80

167.6(1) 166.7(1)
167.8(1)  166.s(1)
167 7(1)  166.7(1)
167  e (1 )  166 .9 (1 )
167 .1(2)  166 8(2)
167.e(1 )  166.e(1)
168  3 (1 )  167 .0 (1 )
167.5(2)  166 6(2)
169 1(2) 1682(2)
168.8(1)  167 e(1)
168.7(1)  168 0(1)
168.7(1)  167.9(1)
168.9(1)  167.s(1)
168 7(1)  168.0(1)
168  4 (1 )  167  6 (1 )
168 .1 (1 )  167  0 (1 )
16e.0(2)  167 9(2)
168  8 (1 )  168  1 (1 )
16e.5(2)  168 6(2)
169.5(2) 168 5(2)

136.4(1)  138 3(1)  139 6(2)
136.7(1)  1383(1) 1392(2\
136 .6 (1 )  138 .1 (1 )  13s  1 (1 )
136 .8 (1 )  138 .3 (1 )  13e  1 (1 )
136.3(2)  138.0(2)  13e.5(3)
136.7(1)  138.2(1)  138.e(1)
137 0(1)  138.e(1)  140.1(2)
136 4(2) 138.0(2) 140.0(3)
137 4(2) 138.e(2) 140.s(3)
137 4(1)  13s.0(1)  140.6(1)
137 .2 (1 )  1387 (1 )  14O7(1 \
137 .3 (1 )  138 .8 (1 )  140  5 (1 )
137 .6 (1 )  139  1 (1 )  1407 (2 \
137 .3 (1 )  138  9 (1 )  140  8 (1 )
137 .4 (1 )  13s .1 (1 )  140  5 (1 )
137 3(1)  138.8(1)  140.4(1)
137 4(2) 138.8(2) 141.2(3)
137  6 (1 )  138 .8 (1 )  140 .9 (1 )
137 6(2)  138 6(2)  141.2(3)
137 7(2) 138.6(2) 141 5(3)
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2 .13

2 .12

2 .11

2 .10

2.09

2.08

2.07

2.06

2 .13

2 .12

2 . 1 1

2 .10

2.09

2.08

a

1t
o cummingtonite
^ previous work
. actinolite

0.72

2.07

2.06
0.71 0.72 0.73 0.74 0.75 0.76 0.77

( I  p12  )

ries structures are apparent, as described above. From the
crystal-chemical viewpoint, these structural differences
can be rationalized in terms of the bond-valence model.
For comparison purposes we choose ferro-actinolite
12BA (this study) and grunerite 2b (Hirschmann et al.
1994) for the bond-valence calculation, because these two
samples show similar Fe-Mg site occupancies in the Ml,
M\ and M3 sites and differ mainly in the cations occu-
pying the M4 site. For simplicity, the trace amount of
cations in the A site in sample 12BA were ignored in the
calculation. Bond-valence arrangements for the two sam-
ples (Table 10) were calculated using the curve of Brown
(1981). One of the most marked differences resulting
from the substitution of Ca in ferro-actinolite for
(Fe+Mg) in grunerite is the significant change in the
bond-valence distribution around the M4 site. Specifical-
ly, the bond-valence distributions from M4 to 02 and 04
are decreased considerably and those from M4 to 05 and
06 are increased. The direct impact of such changes on

0.73 0.74 0.7s
(f tvt t

0.76 0.77 0.78

2 . 1 3

2-12

2 . 1 1

2-10

2.09

2.Oa

2.O7

c

2,tr
aE-

2.06
0.72 0.73 0.74 0.75 0.76 0.77 0.78 0.73 0.74 0.75 0.76 0.77 0.78

<fu tzg  >( I  g 3  )

FrcunB 1. Correlation between mean bond length and mean cation radius for the actinolite and cummingtonite series Actinolites
(filled circles) this work; cummingtonite-grunerite (open squares) from Hirschmann et al. (1994); previous work (filled triangles) :
remolite from Papike et al. (1969) and Yang and Evans (1996); and ferro-actinolite from Mitchell et al. (1910, l97l)

1.637(3), I.655(4), and 1.671(5) A. respectively, whereas
in cummingtonite-grunerite they are 1.619(2), I.626(2),
L634(2), and.1.649(2) A. In all samples studied here, the
Tl tetrahedron is much less distorted than T2, as mea-
sured by the tetrahedral quadratic elongation (TQE) and
angle variance (TAV). Similar to the three MOu octahe-
dra, the angular distortions of both T1 and T2 tetrahedra,
which become less distorted with increasing macroscopic
Xo., appear to be correlated with the configuration of the
silicate chains in that the chains become straighter (mea-
sured by the 05-06-05 kinking angle) and wider (mea-
sured by the T1-O7-T1 angle) with increasing macro-
scopic Xo" Qable 9). The 05-06-05 angle ranges from
167.5' in tremolite to 169.5' in the ferro-actinolite CgO,
whereas in cummingtonite-grunerite the 05-06-05 angle
(-171) is essentially independent of composition (Yang
and Hirschmann 1995).

Despite their fundamental structural similarity, several
differences between the cumminstonite and actinolite se-
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Taele 9. Distortion indices for polyhedra in actinolite series samples

46'7

Specimen no Parameter M1 M2 T1

NMNH 93728

c78

67-3172

67-3701

c71

NMNH 156831

1 1 8

c46

c28

c41

12BA

c60

AMNH 44973

c59

tD4-4C

u 3  l

NMNH 168215

c80

11  86 (1 )
1  . 0 1  1 ( 1 )

35.1 (2)
1 1 .84(1)

1  . 010 (1  )
34.4(2\
1 1 .80(1)

1 0 1 1 ( 1 )
3 6  1 ( 1 )
1 1  7 9 ( 1 )
1  . 01  1 (1 )

3s 0(1 )
1  1  81 (3 )
1 01 1(3)

37 O(4\
1 1  8 1 ( 1 )
1  0 1 1 ( 1 )

3s.1 (1 )
12  08 (1 )

1  0 1  1 ( 1 )
34.8(2)
12.04\2)

1 . 0 1 1 ( 2 )
36 7(3)
12.3O(2)
1.00e(2)

31 2(3)
1 2  1 9 ( 1 )
1  0 1 0 ( 1 )

33.0(1)
12 20(1)
1  010 (1 )

32 6(1 )
1 2  1 8 ( 1 )

1  010 (1 )
32.7(1)
12.23(2\

1  . 010 (1  )
33 3(2)
1 2  1 9 ( 1 )
1  010 (1 )

33 0(1 )
12  24 (1 )
1  . 0 1  1 ( 1 )

35 0(1 )
1 2  2 1 ( 1 )
1  . 010 (1 )

34 2(1)
12 35(21
1 010(2)

32 2(3)
12  24 (11

1  . 010 (1  )
32.1 (1 )
12.53(2',)
1 .010(2)

32.2\3)
12 48(2\
1 009(2)

31 4(3)

1  1 .87 (1 )
1 .007(1)

223(21
1 1  9 3 ( 1 )
1 007(1 )

226(2\
1 1  9 2 ( 1 )
1 .008(1)

23 8(1 )
11  99 (1 )
1 .008(1)

24  5 (1 )
1 1 95(2)
1 OO7(2)

23.3(2)
12.03(1 )
1 008(1 )

24.6(11
12.02(1)

1 .007(1)
23 0(1 )
12 08(2)
1.oo7(2)

tt 4i2\
12 25(2)
1 007(2)

22.o(2)
12  23 (1 )
1 008(1)

23 3(1 )
12.26(1)
1 008(1 )

23  4 (1 )
12.26(11

1 007(1)
23  2 (1 \
1 2  1 e ( 1 )
1 .008(1)

23  2 (1 \
12 29(1)
1 008(1 )

23 6(1 )
12 14('t)
1 007(1 )

226(1)
12 26(11
1 008(1 )

23.4(1)
12.29(21
1.007(2)

21.3(2)
12  37 (1 )

1 .007(1)
23 .1 (1 )
12 59(2)
1 007(1 )

22 5(2)
12.62(2)
1 007(2)

22 5(2)

11.64(2)
1 .014 (1 )

44 3(2)
1 1 65(2)
1  . 01  3 (1 )

43 7(2)
1 1 .60(1)
1  . 014 (1 )

45 0(1)
11  58 (1 )
1  . 013 (1  )

43.8(1)
11 .65 (4 )
1 .014(3)

46.3(4)
11  60 (1 )
1  . 013 (1  )

43.6(1)
11 82(2)
1 .014 (1 )

44 e(2)
1 1 79(3)
1 .014(2)

46 1(4)
12 02(3)
1 013(2)

41 .e (3 )
1 1 .e5(1)

1  013 (1 )
44.0(11
1  1 .e5 (1 )
1  . 013 (1 )

43 4(1)
11  94 (1 )
1 .013 (1 )

43 4\1)
1 1 91(2)
1  013 (1 )

43 4(2)
11  e3 (1 )
1  . 013 (1  )

43.2(1)
11  98 (1 )
1  014 (1 )

47.0(21
1 1 .92(1)
1  014 (1 )

45.0(1)
12  13 (3 )
1.013(2)

42.7\3)
1 2 0 1 ( 1 )
1  013 (1 )

43  2 (1 )
12  19 (3 )
1 013(2)

41 4(3)
12.2e(3)
1 013(2)

42 2(3)

26 08(2)

26.18(21

26 23(21

26.24\1)

26.26(4)

26 29(2)

26 33(2)

26.30(4)

26.57(4)

26.53(2)

26 56(2)

26.54(2)

26 51(2)

26.57(21

26.42(2)

26 48(2)

26 52(4)

26 61(2)

26 s1(41

26.s3(4)

2 19s(4)
1  001 (1 )
4  s (1 )
2 1e3(4)
1  . 001 (1 )
4  6 (1 )
2.206(s)
1 .001 (1)
4.8(1)
2.1s5(2)
1 .001 (1 )
4  7 ( 1 \
2 215(6)
1  001 (1 )
5.1 (2)
2 207(3)
1 001 (3)
5 . 1  ( 1 )
2 207\3)
1 001(5)
4 .2 (11
2224(6\
1  . 001 (1 )
5.4\21
2.1 88(6)
1 .001 (1 )
3.e(2)
2.196(2)
1  001 (1 )
3  6 (1 )
2.1 s5(2)
1  001 (1 )
3  8 (1 )
2 1s3(21
1  001 (1 )
3.8(1)
2.196\4)
1 .001 (1)
3 .2 (1 )
2.202(2)
1 .001 (1 )
3 .7 (1 )
2218(31
1  001 (1 )
3  3 (1 )
2 21s(21
1  001 (1 )
3  4 ( 1 )
2  181 (6 )
1  001 (1 )
4.0(2)
2.19712)
1  . 001 (1 )
3 .4 (1 )
2.1 e5(5)
1  . 001 (1 )
4.6(21
2.1 s5(6)
1  . 001 (1 )
4 3(2)

2 227(4)
1 .005 (1 )

20 6(2\
2.219(4)
1 005(1)

20.2(2)
2 216(3)
1 005(1)

19 9(2)
2.207\31
1 .005(1 )

20.1(21
2.221(7)
1.005(2)

20.4(4\
2 214(3)
1 005(1 )

20 4(2)
2 224(4)
1 .005 (1 )

20.2(2)
2 227(7)
1 005(2)

20 O(4)
2.211(71
1 006(2)

1 e.1 (4)
2.224(3\
1 .006(1)

17.8\2)
2.223(3)
1 005(1 )

17.7(21
2.222(3)
1 .005(1)

17 3(2\
2 211(4)
1 .005(1)

18 3(2)
2.219(31
1 005(1 )

18.5(2)
2.216(3)
1 .005(1)

17  1 (2 )
2.220(3)
1 004(1)

17  1 (2 \
2 226(7)
1 005(2)

18 4(4)
2212 (3 )
1 .005(1)

18 0(2)
2 221(6)
1 005(2)

18.7(41
2 228(71
1.005(2)

18.7(4\

V

V
U E

OE

QE

QE

QE
AV

OE

V
U E

V
QE

QE

V

U E

V
OE

QE

QE

QE

V
U E

V
OE

A E

Note: V - polyhedral volume; QE : quadratic elongation; AV - angle variance (Robinson et al. 1971).

the actinolite structure is the pronounced shortening of
the Ml-O2 a\d M2-O4 bond distances relative to those
in cummingtonite-grunerite, and significant elongation of
the T-O5 and T-06 bond lengths as a consequence of
compensation of the bond valence for these four O atoms
(O2, 04, 05, and 06). The shortening of the M3-Ol bond
distance in actinolite compared with that in cummington-
ite-grunerite is an inductive effect due to the reduced

bond valence of the Ml-Ol bond (to meet the bond-va-
lence requirement for O1), which in turn results from the
increased bond valence for the M1-O2 bond (to satisfy
the bond-valence requirement for O2). According to
Hawthorne (1983), the increase in the bond valences for
the M4-O5 and M4-O6 bonds is one of the major factors
affecting the distribution of bond valences in the tetra-
hedral double chains and responsible for the increased O-
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rotation of the silicate chains. This conclusion is sup-
ported by our data; the 05-06-05 kinking angle in the
actinolite series is always smaller than that in C2lm cum-
mingtonite-grunerite.

Another noticeable difference in the bond-valence ar-
rangement for the two series is the appreciable decrease
in the summed bond valence for 04 (1.883 against 1.945
v.u. for cummingtonite) that is already strongly deficient
relative to the ideal value of 2.0 v.u. As 04 is bonded to
I|d2, IM4, and T2, our results suggest that, given the same
conditions, the M2 site in the actinolite series is more
favored by higher-valence cations than M2 in cumming-
tonite-grunerite, to maintain a high bond-valence value
for 04, despite the fact that (M2-O) in actinolite is longer
than (Ml-O) and (M3-O). Hawthorne (1983) and Oberti
et al. (1995b) also attributed the ordering of Al in the T1
site to the deficiency of the bond valence for 04 because
any Al at T2 will further reduce the bond valence of 04.
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Frcuns 3. Mean tetrahedral bond lengths in the actinolite
series as a function of tatAl: Filled squares - (Tl-O), open circles
: (T2-O) Straight line : fit to the Pavia database of amphiboles
(Oberti et al. 1995b).

M-site fractionation of Fe2* and Mg

Because our goal is to evaluate the site preferences of
Fe2* and Mg on the four M sites in the actinolite series,
and the refinements provide Fe* (: Fe2* * Fe3* * Mn),
we must first assess the likely locations of Mn and Fe3*.

Manganese is only a problem in this respect in two
samples (AMNH 44973 and NMNH 168215, and their
heated equivalents), because Mn in all others constitutes
less than 0.05 atoms pfu (Table 4). Based on considera-
tions of cation size and data on manganoan cummington-
ite (Papike et aL. 1969), previous authors (e.g., Mitchell
et al. l9'll; Hawthorne 1983; Skogby and Annersten
1985) assumed that all Mn occurs on the M4 site in calcic
amphiboles (see also McGavin et al. 1982). Recently, ev-
idence has been presented (Oberti et al. 1993b) for strong
ordering of Mn2* on M2 as well as M4 in manganoan
richterite. The two refinements done on our most Mn-rich

0.40.3o.20.1

Teele 10. Bond-valence table for ferro-actinolite (upper set) and grunerite (lower set)

T1

01 o 368 x2J
01 o382x2!
02 o 355 x2J
02 0 319 x2J
03 o 352 x2J->
03 0.352 x21-+
o4
o4

o6
UO

07
07

0.315 x2J
o 310 x2J
o 344 x2!
0 350 x2J

o $1 x2!
0.388 x2J

0 366 x4J
o 348 x4J

0371 x2 !
0 376 x2J

2 206
2.144

1 035
1  . 013

2.084
2 053
2 017
2.O02
1.075
1.080
1.883
1 945
1.999
2.O14
2.O49
2.O15
2 .016
2.O22

0.294 x2I
0.344 x2I

0.348 x2J
o  5 1 1  x 2 J
0 1 1 3 x 2 J
0.038 x2J
0  196  x2J
0 096 x2J

1 902
1 976

0.966
1.005
0.971
0.987
1.008 x2-r
1 .011  x2 -+

3.981
4.016

1 024
0 989

1  104
1 046
0.920
0 971
0 882
0.932

3.930
3.939

2  2148
:  2 1 0 6

2 180
2 098

Note: The ferro-actinolite and grunerite samples used in the calculation are 12BA from this study and 2b from Hirschmann et al. (1994). Arrows
determine whether to add across or down or bolh.
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crystals (AMNH 449'13 and C59) allow only 0.15 and
0.17 atoms of Fe* pfu on M4, whereas 0.32 and 0.34 Mn
atoms pfu, respectively, are present according to the mi-
croprobe analyses. Thus, in these samples, at least one-
half of the Mn must reside on one or more of the Ml,
M2, and M3 sites. In fact, to achieve any consistency at
all in Fe,*/(Fe,* * Mg) ratio on M4 relative to M1-3
between these samples and all the others (see below) re-
quires most of the Fe* on M4 to be Fe2*; this implies
that nearly all Mn must reside on Ml, M2, or M3. Fur-
thermore, consistency in partitioning of Fe2* and Mg
among the M1-3 sites in heat-treated manganoan ferro-
actinolite (C59) with those of composirionally similar but
low-Mn heated ferro-actinolites (see below) can be
brought about by assuming zero Mn on M3 and an Mn/Fe
ratio on both M4 and M2 three times larger than the
Mn/Fe ratio on Ml. This assignment of Mn, although
nothing more than an intelligent guess, reflects relative
mean bond-lengths in the actinolite series and known
preferences in other amphibole groups, and was adopted
for all samples in this study.

Because dehydrogenation creates local charge-imbal-
ance at the 03 site, calcic amphiboles with appreciable
oxy-amphibole content, that is, strongly dehydrogenated,
are believed to have Fe3* on the Ml and M3 sites (Ghose.
1965; Ungaretti et al. 1983; phillips et al. 1988, t9g9),
or more precisely, first on Ml and then on M3 (Zanetti
et al. 1997; R. Oberti, personal communication). Infrared
spectra of ferro-actinolites have been interpreted as show-
ing some Fe3* on Ml + M3, although there is a question
of possible oxidation during sample preparation (Burns
and Greaves 1971). On the other hand, ferric iron charge-
balanced against other cations (BNa or rAl) enters M2
along with other R3* cations (Hawthorne 1983). Changes
in the content of Fe3* on Ml, M2, and M3 in amphibole
may be obtained from measured mean bond-lengths in
experimentally treated samples (Phillips et al. 1989).
These authors, for example, showed that experimental ox-
idation-dehydrogenation of tschermakitic hornblende was
accompanied by shortening of the mean bond-lengths
(Ml-O) and (M3-O) and lengthening of (M2-O), cone-
sponding to increased Fe3* on the Ml and M3 sites and
decreased Fe3* on M2. Gain or loss of Fe3* on a site Mi
resulting from experimental treatment may be estimated
from changes in A(Mi-O) as a function of change in Fe3*
pfu using the linear fits of Hawthorne (1983), where
A(Mi-O) : (Mi-O)",," - (Mi-O).b" and (Mi-O).",c assumes
that all Fe is Fe2*. A positive slope for A(Mi-O) vs. Fer*
pfu shows that a small trivalent cation such as Fe3* is
increasing on that site with increasing oxidation (Phillips
et al. 1989, Fig. 1). In our samples, heat treatment on the
CCH* buffer (reduction-hydrogenation) resulted in in-
creased values of A(Mi-O) for Ml (0.001 to 0.005, av-
erage 0.003 A) and M3 (-0.001 to 0.006, average 0.002
A) and decreased -values for M2 (-0.005 to 0.003 A,
average -0.0014 A). Heating-induced changes in total
Fe3* and Fe2* in our samples were small; the mean bond-
length changes are not more than the precision of mea-

surement (mostly 0.002 to 0.003 A, Table 7), but at face
value the changes are the reverse of those to be expected
from the loss during heat treatment of Fe3* on Ml and
M3. We saw earlier that the Fe3+/Fe2+ ratios inferred from
(M2-O) are in approximate agreement with the photo-
chemical data. Distortions of the M1-O and M3-O octa-
hedra that could be related to hydrogenation, such as
changes with heat treatment in the ratios (M1-O3y(M1-
O) and (M3-O3/(M3-O), are small and inconsistent.
Strictly speaking, our bond-length data are inconclusive
regarding this issue; they neither prove nor disprove the
presence of Fe3* on Ml or M3 in our mildly dehydro-
genated natural actinolites and ferroactinolites. Interest-
ingly, Skogby and Annersten (1985) reported significant-
ly increased Fe2* on M2 in actinolite as a result of heat
treatment in a hydrogen atmosphere at 600 'C. Possibly
there is a difference in the crystal chemical response to
dehydrogenation between the actinolites and the horn-
blendes that already have much t6rAl on M2. Lacking ev-
idence to the contrary, we will first examine Fe2*/(Fe2*
+ Mg) ratios on sites under the assumption that all Fe3*
is located on M2, even though our samples are possibly
up to 77o dehydrogenated (Table 4).

From the listing of M-site occupancies (Table 11) the
projected ratios Fe,*/(Fe,* * Mg) on sites (: Xo".-) are
plotted against each other in three Roozeboom diagrams
(Fig. 4). All Fe on Ml, M3, and M4 is assumed to be
Fe2*, and for the moment, Fe3t based on the preferred
values for Fe'z*/total Fe given in Table 2 is considered
ordered on M2 (as in Table 11).

Figure 4b shows a small but consistent preference in
the actinolite series for Fe'* in favor of the Ml site over
the M3 site; the mean intracrystalline partition coefficient
K" [: (Fe/IUg) Mtl(Fe/lvlg)',] in all crystals is L22 +
0.18. This establishes a point for non-aluminous calcic
amphibole; Ko decreases with increasing occupancy of
M2 by R3* (Ungaretti et al. 1983). For cummingtonite-
grunerite (Hirschmann etal. 1994) K" is 1.09 + 0.31, but
both series, cummingtonite and actinolite, show no con-
sistent detectable change in Fe-Mg site preference be-
tween unheated and heat-treated samples.

In unheated samples, Mg clearly prefers M2 over Ml
(Fig. 4a), but heat treatment at'700 "C renders the parti-
t ioning close to equal: K": 1.08 -f 0.10, where Ko:
(Fe,*/Mg)M,/(Fe2*/1VIg)M,. The same trend with an in-
crease in equilibration temperature was observed in
Mtissbauer spectra by Skogby and Annersten (1985),
Skogby (1981), and Skogby and Ferrow (1989) for trem-
olite and Mg-rich actinolite. The unheated crystals no
doubt underwent variable cooling rates in nature and so
cannot be expected to define a unique isotherm. The re-
sults for sample 1lB at 600, 700, and 800'C are identical,
within the uncertainty limits (Table 1l). In comparison to
the actinolite series, both unheated and heat-treated crys-
tals of cummingtonite-grunerite show stronger preference
for Mg on M2 over Ml (Hirschmann et al. 1994), and
this difference could be reflective of the relative different
mean bond-lengths ((M2-O) vs. (Ml-O)) in the two se-
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Teele 11. Occupancies of the M sites in actinolite

Sample no.
Heat treatment ('C)

c78 67-3172
700 none

93728
none 700

c71
700

c70
700

67-3701
none

1 56831
none

1 1 8
none

Fe- 0.097(3)
Fe2* 0 095
Mn 0.002
Mg 0 903
Fe,t/(Fe,* + Mg) 0095

0.0e5(3)
0 040
0.052
0.003
0 873
0 031
0 001
0.056

0.1 08(4)
0 .106
0 002
0 892
0 106

0.oee(4)
0 ,018
0 076
0 005
0 856
0.045
0 000
0 082

0 0s2(6)
0 092
0 908
0 092

0.054
0 051
0 003
0 .013
0 887
0 046
0 8 0

0 1 68(3)
0  165
0.003
0 832
0 166

0.200(3)
0 071
o.123
0.006
o 773
0 020
0.007
0.1 37

0 .131 (5 )
0 .131
0.869
0 .131

0 022
0 021
0.001
0 002
0 952
o o24
0 9 1

M1
0 18s(2)
0 .183
0.002
0 .815
0.183

M2

0.222(2)
o.o47
0.1 70
0.005
0.764
0.012
0.002
0  182

M3
0 1 33(4)
0  133
0 867
0 133

M4
0.007
0 007
0 000
0.003
o 977
0 .013
0.69

0 200(6)
0 .197
0 003
0 800
0  198

o252(6)
0 090
0  156
0 006
o 722
0  0 1 6
0 .010
o 177

0.1 83(9)
0.183
0.817
0.1 83

0.033
0 032
0 001
0.009
0.928
0.030
078

o 217{3)
o 2 ' 1 4
0.003
0.783
0.215

0.266(3)
0.058
0.201
0.007
0.723
0.009
0 002
0 .217

0 1 78(5)
0  178
o 822
0 178

o 022
o 021
0.001
0 007
0 945
0.026
o.75

0 332(4)
o324
0 008
0.668
o 327

0 306(4)
0 069
o220
0  0 1 7
0.653
0 041
0 001
0.252

0.2e6(6)
0 296
o 704
0 296

0 009
0 008
0 001
0 009
0 961
0 023
0.48

0.381(5) 0 567(5)
0.375 0 564
0 006 0 003
0 619 0 433
0377 0 566

0 401(5) 0 508(5)
0 058 0 069
0 328 0 431
0 015 0.008
0 534 0.490
0.059 0.002
0 006 0.000
0 380 0.468

0 344(8) 0 510(8)
0.344 0.510
0 656 0.490
0344 0 510

0.039
0.037
0.002
0.001
0.949
0  0 1 1
097

0 063
0.062
0 001
0 000
0 .919
0  0 1 8
1 0 0

Fe.
Fe3*
Fe'?*
Mn
Mg
AI
Ti
Fe'?*/(Fe'?* + Mg)

Fe'
Fe2*
Mn
Mg
Ca
Na
Fe'*/(Fe'* + Mg)

Fe* 0.095(6)
Fe2* 0 095
Mg 0 905
Fe,-/(Fe,* + Mg) 0.095

0.056
0.053
0.003
0.01 1
0.901
0.032
0.83

Nofe: All Fe3* is assumed to be on M2.

ries. The two unheated samples of actinolite containing
appreciable fluorine (67-3172 md 61-370I) are slightly
discordant with the remainder; the substitution of F for
OH on the 03 site can be expected to destabilize Fe2* on
Ml and M3 but not M2; or, alternatively, we have un-
derestimated Fe3* in these two samples.

The Roozeboom plot for M2 vs. M3 (Fig. 4c) resem-
bles that for M2 vs. Ml, but data points are displaced to
smaller abscissa values. The result is that heat treatment
has apparently reversed the Mg-Fe,* site preference; the
Ko for heated samples is 0.90 -r O.12. This behavior was
unexpected because models for intrasite partition have
corrnonly assumed that configurational entropy is max-
imized as temperature is increased, although olivine is
apparently an exception (Artioli et al. 1995). The behav-
ior is accentuated in the two F-rich samples. Such a re-
versal in preference for M2 vs. M3 did not occur as a
result of heat treatment of cummingtonite-grunerite. The
extent of reversal is not great, and must be evaluated in
the context of instrumental uncertainty of refined Xo. on
M3, which is greater than on Ml and M2 ('Iable 11), and
the general problem of amount and location of Fe3*. Heat-
treated samples 118 and 12BA show excellent reproduc-
ibility in Figure 4c (where four data points overlap) and
are consistent in Fe-Mg site preference with the more Fe-
rich, also near-binary heated ferro-actinolite ID4-4C. For
purposes of inter-laboratory comparison, two crystals
A(1) and A(2) of heat-treated ID4-4C (C51) were also
refined and unconstrained by Frank Hawthorne at the

University of Manitoba with the following results for X"".
[in the order crystals A(1), A(2), and C51 from Table l1]:
Ml 0.600(9), 0.619(9), o.621(3); M2 0.617(8), 0.629(9),
0.643(3), M3 0.s83(6), 0.s96(6), 0.s90(4), M4 0.028(6),
0.079(6), O.072. In terms of relative site preferences,
these data are in agreement within the limits of experi-
mental error.

In Figure 5, Roozeboom plots were calculated by as-
suming that anion charge-balanced Fe3* (related to de-
hydrogenation) is located on Ml, and cation charge-bal-
anced Fe3t is located on M2 (this equivalent of Table 11
is available on request). In contrast to assuming that all
Fe3* is on M2, a reversal is suggested in Mg-Fe'?* parti-
tioning for heat-treated samples (Fig. 5a) between Ml and
MZ (K" : 092 + 0.06 at 700'C) as well as between M3
and M2 (Fig. 5c). Fe2* and Mg on Ml and M3 (Fig. 5b)
are more nearly completely disordered than before (mean
K" : 1.09 + O.2O vs. 1.40 t 0.25), and there remains no
temperature dependency. Now, at 700 'C, the site pref-
erences are ffi- > XHI- : XH3-. This exercise empha-
sizes the sensitivity of possible partition reversal in the
actinolite series to the problems of Fe3* analysis and the
structural location of the minor amounts of Mn and Fe3*.
We are reluclant at this stage to conclude that the reversal
behavior is real. At the very least, we can conclude over-
all that Fe2*-Mg ordering on the octahedral sites is slight,
and that for low-F actinolite Mg is enriched on M2 with
slow cooling.

Additional light may perhaps be shed on the issue of
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c80
700

c51
700

c59
700

c60
700

c41
800

12BA
none

44973
none

tD4-4C
none

1 6821 5
none

0.s30(2)
o 527
0 003
0.470
0 529

0 s3s(2)
0.054
o 472
0 009
0 465
0 000
0 000
0 504

o 479(4)
o 479
o 521
0 479

0 064
0.063
0 001
0  0 1 6
0.885
0.035
0 7 8

0.068
0.067
0.001
0 .018
0.891
0.023
o.79

0.059
0.057
0 002
0 .015
0  9 1 2
0  0 1 4
o 7 9

0.495(5)
0.495
0 505
0.495

0.036
0.035
0.001
0.025
0.936
0.003
0.58

0 076
0 059
0 .017
0 .012
0.886
0 026
0.83

0.085
0 068
o o17
0 023
0 868
0 024
0.75

0.o77
0 073
0 004
0.007
0 907
0 009
0.91

0.o72
0 068
0 004
0  0 1 2
0 907
0 009
0.85

0 538(3) 0.s3s(2) 0.55e(4)
0.534 0.536 0.553
0.004 0.003 0.006
0.462 0.461 0.441
0 536 0.538 0.557

0.544(3) 0.543(2) 0.s00(4)
0.055 0.055 0.094
0 479 0.479 0.394
0 010 0.009 0.012
0.456 0.455 0 499
0.000 0.002 0.000
0 000 0.000 0 001
0  512  0 .513  0 .441

0 483(4) 0.483(4) 0.515(7)
0 483 0.483 0.515
0.517 0.517 0.485
0.483 0.483 0 s15

0 069
0.068
0.001
0.021
0.890
0.020
0.76

M2
0.547(3) 0 581(3)
0 053 0 155
0.479 0.330
0.015 0 096
0.452 0 392
0.000 0.025
0.000 0.002
0.514 0 457

0 626(3) 0 584(3) 0 643(3)
0 084 0 062 0 063
0.432 0 494 0.549
0 1 1 0  0 0 2 8  0 0 3 1
0 335 0 409 0 357
0.037 0.006 0.000
0 003 0.001 0 000
0 564 0547 0 606

0.823(5) 0.856(5)
0 060 0 062
0.694 0.730
0.069 0.064
0.176 0.142
0.000 0.000
0.001 0.002
0.798 0.837

0.012 0.01 5
0.009 0.012
0.003 0.003
0.000 0.000
0.985 0.976
0.003 0.009
1 .00  1 .00

M1
0 527(3) 0 602(3) 0 598(3) 0 643(3) 0.621(3) 0 867(5) 0 8s0(s)
0.522 0 557 0 557 0.631 0.610 0.841 0827
0.005 0 045 0 041 0 012 0 01 1 0.026 0.023
o 473 0 398 0 402 0 357 0 379 0.133 0.150
0.524 0 583 0.581 0.639 0.617 0.863 0.846

M3
0.555(5) 0 541 (5) o 5e2(4\ 0 5e0(4) 0.772(8\ 0.842(8)
0 555 0 541 0 592 0 590 0.772 0.842
0 445 0 459 0 408 0 410 0.228 0.158
0.555 0 541 0.592 0 590 0.772 0 842

M4

partition reversal by further consideration of bond va-
lences. As shown earlier, the bond valence of 04 is
strongly deficient. To satisfy the bond-valence require-
ments of 04, the bond lengths of T2-O4, M2-O4, and
M4-O4 tend to be as short as possible. Because the T2
and M4 sites in the actinolite series are predominantly
occupied by Si and Ca, respectively, the bond valences
of T2 and M4 to 04 should not vary significantly with
macroscopic X... Hence the contribution of bond valence
from M2 becomes the most critical for the bond-valence
requirement for 04. A strengthening of the M2-O4 bond
may be achieved either by incorporating more higher-va-
lence cations or by introducing more Fe2* into the M2
site as Fe2* can form the stronger covalent bond (consid-
ering the short M2-O4 bond distance, e.g., Ghose 1982).
For a given composition, it is apparent that only the latter
case is possible. Therefore, there appear to be two major,
but competitive driving forces controlling the Fe-Mg or-
dering state of the M2 site at high temperature; one is to
increase entropy (disorder) and the other is to reduce the
bond-valence deficiency of 04 through increasing the
Fe2* content. Our data perhaps suggest that the latter driv-
ing force prevails in the actinolite series at high temper-
ature at least up to 700 "C. For cummingtonite-grunerite,
the bond-valence deficiency of 04 is not as large as that
in the actinolites; thus, the former driving force
dominates.

Because M4 is largely occupied by Ca, refined values
of X"",* [Fe/(Fe+Mg)] on M4 are not very accurate and
are not figured. The refinements nevertheless suggest a

small amount of Mg on M4 in most samples (Table 11),
more than I7o in our most Mg-rich sample (as in trem-
olite, Yang and Evans 1996), and in some of the ferro-
actinolites equilibrated at high temperature. X.",. on M4
is larger than Xo.,* on all other sites, as in cumrningtonite-
grunerite. In fact, heat treatment increased the refined Xr,
on M4, as also found by Skogby and Annersten (1985),
Skogby (1987), and Skogby and Ferrow (1989) using
Mrissbauer spectroscopy.

Unit-cell dimensions

The lengths of unit-cell edges of the actinolite series
all increase with macroscopic (Fe + Mn)/(Fe + Mn +
Mn), the relative changes being: a > b ) c (Fig. 6), with
the change in c less than half that in b. This behavior
suggests similar mechanisms for chemical and thermal
expansion (Sueno et al. l9l3). On the other hand, under
increased pressure, a of tremolite compresses twice as
much as b and c (Comodi et al. 1991). As expected from
a comparison with cummingtonite-grunerite (Hirschmann
et al. 1994, Fig. 1), the a dimension is noticeably shorter
for actinolites with more cummingtonite in solid solution.
This is the case for the natural tremolite studied by Papike
et al. (1969) and Sueno et al. (1913), and the synthetic
ferro-actinolite ofErnst (1966), and indeed for many nat-
ural actinolites. The B angle increases, if at all, by no
more than 0.1'from Mg to Fe end-member. On the other
hand, the B angle correlates well with the content of Ca
on M4, increasing from 104.55' in specimens with I}Vo
cumminstonite solid solution to 104.80'in those with l-
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a

F

tr Unheated
o Heat-treated

o.2 0.4 0.6 0.8

xF"(M1)

0-2 0.4 0.6 0.8

xF"(M1)

0.2

o 0.2 0.4 0.6 0.8 1

xF"(M3)
Frcuns 4. Roozeboom plots of Ml, M2, and M3 site pref-

erences in the actinolite series, assuming all Fe3* is on M2 X""
- Fe'?+/(Fe'?+ + Mg) on sites. Open squares : untreated; open
circles - heat treated (Table 2).

2Vo of cummingtonite (Fig. 7). These variations are con-
sistent with B of the end-members magnesio-cummingon-
ite and grunerite being 101.9' and 102.1', respectively
(Hirschmann et al. 1994). With rare exceptions (Maresch
et al. 1994), all synthetic tremolites and actinolites have

o.2 0.4 0.6 0.8

xF"(M1)

o.2

0.2 0.4 0.6 0.8

xF"(M1)

o-2

0 0.2 0-4 0.6 0.8 1

xF"(M3)

Frcunr 5. Roozeboom plots of Ml, M2, and M3 site pref-
erence in the actinolite series, this work, assuming Fe'* is located
on Ml and M2 (see text)

B in the range 1M.5'to 104.65", and are therefore cum-
mingtonite- or grunerite-bearing (Yang and Evans 1996).
As expected from the small heat-induced changes in M-
site ordering, no detectable systematic differences in cell
dimensions between unheated and heated samples are
apparent.
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The volumes of natural samples of the actinolite series
correlate imperfectly with (Fe + Mn)/(Fe + Mn + Mg)7o
owing to variable contents of cummingtonite solid solu-
tion, Al, and ! all of which tend to shrink the cell volume
(Fig. 6d). A unit-cell volume of 907.0(2)Ar for end-mem-
ber tremolite (CalMg : 0.4) was established by Yang and
Evans (1996), a value larger than almost all natural and
synthetic tremolites owing to their tendency to contain
some cummingtonite component in solid solution. A first
approximation of the cell volume for end-member ferro-
actinolite of 942.8 A3 may be derived by assuming a re-
ciprocal (quadrilateral) AV of zero, that is: V.." : V,, t
%(Vr^ - V."-), where V,,., V,,, %-, -d %"- are the vol-
umes of end-members ferro-actinolite, tremolite, gruner-
ite, and cummingtonite, respectively. A possible set of
cell dimensions for end-member ferro-actinolite consis-
tent with this volume and Fisure 6 is: a : 10.01 A. b :
18.34 A, c : 5.3I3 A, and B-: 104.83'. This cell volume
corresponds to a molar volume of ferro-actinolite of
2.8388 J/bar, somewhat larger than the volumes of 2.828
J/bar adopted by Holland and Powell (1990) and 2.81'70
J/bar by Miider and Berman (1992). Ferro-actinolite sam-
ple NMNH 168215 and its heated equivalent C80 are

o

ao_

105.0

104.9

104.8

104.7

104.6

104.5

104.4
0.94

b

t
I

Cal(z -
Frcunr 7. Variation of B of actinolite series with content of

cummingtonite or grunerite solution, expressed in projection as
Ca/(2 - 'oNa) or mole fraction actinolite. Data from this work,
Yang and Evans (1996) and Papike et al. (1969).
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very nearly binary in composition (with 0.3Vo cumming-
tonite, Al : 0.02, and Na + K = 0.04 pfu) and lie close
to the straight line joining the volumes of the end-mem-
bers (Fig. 6d).
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