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ABSTRACT

The crystal structures of twenty-five orthorhombic Fe-Mg-Mn amphiboles, a = 18.525�18.620, b =
17.806�18.034, c = 5.264�5.303 Å, V = 1737.6�1776.7, space group = Pnma, Z = 4, have been
refined to R indices in the range 2.1�7.8% using 790�1804 unique observed reflections measured with
Mo-Ka X-radiation on a Bruker P4 automated four-circle diffractometer equipped with a 1K CCD
detector. The quality of the refinements is strongly a function of the [4]Al content of the crystals
because of unmixing in the central part of the series due to the presence of a low-temperature solvus.
The amphibole crystals were analysed by electron microprobe subsequent to collection of the X-ray
intensity data and span the anthophyllite–gedrite series from 0.17�1.82 [4]Al a.p.f.u. Mössbauer
spectroscopy shows that the amphiboles of this series commonly contain small but significant amounts
of Fe3+. The amount of [4]Al is linearly related to the grand <T�O> distance by the equation <T�O> =
1.6214 + 0.171 [4]Al, R = 0.980; the slope of this relation is not significantly different from that
characteristic of a hard-sphere model. The <T�O> distances indicate the following site preference for
[4]Al: T1B > T2B > T1A >> T2A. The <M2�O> distances are compatible with all [6]Al and Fe3+
ordered at the M2 site. The grand <M1,2,3�O> distance is related to the mean radius of the constituent
cations, <rM1,2,3>, by the equation <<M1,2,3�O>> = 1.4684 + 0.8553(7) <rM1,2,3>.

KEYWORDS: anthophyllite, gedrite, orthorhombic amphibole, crystal-structure refinement, electron-microprobe
analysis, Mössbauer spectroscopy, site populations.

Introduction

THERE has been much less work done on the

crystal chemistry of the orthorhombic amphiboles

than on the monoclinic amphiboles. To some

extent, this reflects the less frequent occurrence of

the orthorhombic amphiboles. Furthermore, the

common orthorhombic amphiboles show exsolu-

tion features that complicate crystallographic and

spectroscopic work. Here, we try to remedy this

situation through a systematic examination of the

crystal chemistry of the Pnma amphiboles of the

anthophyllite–gedrite series. A view of the Pnma

amphibole structure is shown in Fig. 1, and

should be used in conjunction with the discussion

throughout this paper.

Previous work

Crystal structure
The crystal structure of anthophyllite was solved

by Warren and Modell (1930), who showed that

the structure is based on amphibole double-chains

with a staggered stacking of layers in the

c direction such that the symmetry is orthor-

hombic (e.g. Ito and Morimoto, 1950), and that

the structure contains essential (OH). Lindemann
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(1964) reported a refinement of the structure of

anthophyllite. Finger (1970) and Walitzi et al.

(1989) also refined the structure of two antho-

phyllites and presented site populations. Papike

and Ross (1970) refined the structures of two

gedrites and assigned site populations to both the

M and the T sites. Evans et al. (2001) refined the

structure of ten unheated and heat-treated crystals

of anthophyllite at a variety of temperatures and

presented site populations.

Spectroscopy
Site populations have been derived for

orthorhombic amphiboles by both Mössbauer

and infrared (IR) spectroscopies. Strens (1966,

1974), Bancroft et al. (1966), Burns and Law

(1970), Fabriès and Perseil (1971), Law (1976,

1981), Ishida (1998) and Ishida and Hawthorne

(2003) have reported IR spectra of orthorhombic

amphiboles of the anthophyllite–gedrite series, in

some cases deriving site populations from the

band intensities in the principal OH-stretching

region. Mössbauer spectra for these amphiboles

have been reported by Bancroft et al. (1966,

1967), Bancroft and Burns (1968), Barabanov and

Tomilov (1973), Seifert and Virgo (1974), Seifert

(1977, 1978) and Stroink et al. (1980) and site

populations were derived. Electronic absorption

spectra were reported for anthophyllite and

gedrite by Mao and Seifert (1974).

Chemical composition
The stoichiometry of the anthophyllite–gedrite

series was established in the course of many

studies following solution of the crystal structure

of anthophyllite by Warren and Modell (1930).

Rabbitt (1948) reviewed all previous work and

noted that orthorhombic amphibole has been the

subject of study by most of the better known

mineralogists and petrologists of the times. He

descr ibed the ser ies as varying from

Mg7Si8O22(OH)2 to Mg5Al2Si6Al2O22(OH)2, and

recommended that the term gedrite be dropped

and replaced by ‘‘aluminian anthophyllite’’.
Robinson and Jaffe (1969) and Robinson et al.

(1971) showed that Na is an essential constituent

of the gedritic amphiboles, and formulated the

currently accepted form for the general composi-

tion of gedrite. Berg (1985) showed that Na may

reach close to 1 a.p.f.u. (atom per formula unit),

completely filling the A site. Robinson and Jaffe

(1969) and Ross et al. (1969) found that

amphiboles intermediate in composition between

anthophyllite and gedrite are unmixed at the

microscopic or submicroscopic scale along

lamellae parallel to (010). Stout (1971) confirmed

the presence of a solvus by finding coarse

coexisting orthorhombic amphiboles. Spear

(1980) used natural samples to propose an

asymmetrical solvus with a critical temperature

of ~600ºC, expanding in width toward more Fe-

rich compositions. The occurrence of a solvus was

supported by the microstructural observations of

Gittos et al. (1976), Treloar and Putnis (1982),

Smelik and Veblen (1993), Champness and

Rodgers (2000) and Müller et al. (2003). Leake

et al. (1997) gave the (Li-free) formula of the

orthorhombic amphiboles as

Nax[(Mg,Fe
2+,Mn2+)(7�y)Aly]

[Si(8�x�y)Al(x+y)]O22(OH)2

where 0.0 < x < 1.0 and 0.00 < y < 2.0 a.p.f.u.

FIG. 1. The Pnma amphibole structure projected onto (100); polyhedra: T1A, pale yellow; T1B, bright yellow; T2A,

pale green; T2B, bright green; M1, mauve; M2, blue; M3, rose; sites: M4, blue circle; A, pink.
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Natural gedrite encompasses virtually the entire

possible range of Fe�Mg solid solution, from at
least 6% to 100% of the Fe end-member (Fabriès

and Perseil, 1971; Robinson et al., 1981).

Substitution of Fe in natural anthophyllite,

however, is limited to less (usually much less)

than ~47% of the Fe end-member, its place being

gradually taken over by cummingtonite–grunerite.

An azeotropic relation between the two enables

possible stable Fe-anthophyllite to surface at the

end-member composition (Evans et al., 2001).

Gedrite occurs principally in low-Ca amphibo-

lites, low-K metapelites, metagabbros, and high-

Mg-Al rocks formed by diffusive reaction at

contacts with ultramafic rock. Associated

minerals reflect these kinds of composition: Ca-

amphibole, orthopyroxene, plagioclase, biotite,

garnet, cordierite, staurolite, the aluminosilicates,

corundum, sapphirine and rutile. Igneous gedrite

has recently been reported (Claeson and Meurer,

2002). In contrast, low-Al anthophyllite occurs

predominantly in metaperidotite.

Experimental methods

The provenance of samples used in this work is

shown in Table 1. The twenty-five amphibole

samples (eleven of them heat-treated according to

the procedure of Hirschmann et al., 1994) cover

most of the anthophyllite–gedrite solid-solution

series and are primarily from amphibolite-facies

metamorphic rocks. Many of the samples have

been studied previously, and detailed descriptions

can be found in the references cited in Table 1.

TABLE 1. Sample numbers and provenance for the samples used in this work.

Sample no. Unheated Heated* Original

sample no.

Provenance Ref.

NMNH 103148-4 A1 A14 89 Shuyaratskaya, Karelia, Russia �
NMNH 105352 A2 A19 84 Cherry Creek, Madison Co.,

Montana (Rabbit #1)

(1)

NMNH 138342 A3 A21 87 Guidres, France

NMNH 146173 A4*** A17 92 Haddam, Connecticut

NHM 93327 A5 A18 93

NMNH 105354 A6 A12, A8 86 Dillon, Montana

(Rabbit #9)

(1)

I34I** A7, A9 Amphibole Hill area,

New Hampshire

(2),(3),

(4),(5)

Q544-P A10 A16 91 North-central Massachusetts (6)

OR26A A11 77 Orijärvi, Finland (7)

UBC 20257 (was M337E2) A13 88 Falun, Norway

W95S A20 A15 90 Amphibole Hill area,

New Hampshire

(6)

AMNH 166389 A22 Greenland

N30X-1 A23 Amphibole Hill area,

New Hampshire

(2),(4)

6A9X A24 Amphibole Hill area,

New Hampshire

(2),(4)

NHM 1936 A25 Kongsberg, Norway

AMNH 136484 A26 North Carolina

References: (1) Rabbitt (1948); (2) Robinson and Jaffe (1969); (3) Papike and Ross (1970); (4) Robinson et al.
(1971); (5) Law (1982, 1989); (6) Schumacher and Robinson (1987); (7) Schneidermann and Tracy (1991).
* Hydrothermally treated for 4 days at 700ºC, 2 kbar on the C�CH4 buffer.
** Collected by BWE.
*** Could not be refined adequately.
NMNH: National Museum of Natural History, Washington, D.C.: AMNH: American Museum of Natural History,
New York; NHM: Natural History Museum, London; UBC: University of British Columbia, Vancouver, BC.
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Collection of X-ray data

Crystals used for the collection of single-crystal

X-ray diffraction (XRD) data were mounted on a

Siemens P4 diffractometer fitted with a CCD

detector and using Mo-Ka X-radiation. For each
crystal, integrated intensities were collected for

the whole sphere of reciprocal space using 30 s

per frame. Unit-cell parameters were refined from

~4000 reflections with (I >10 sI). An empirical

absorption correction (SADABS; Sheldrick,

1998) was applied. Details of data collection

and refined unit-cell parameters are given in

Table 2.

M˛ssbauer spectroscopy

Mössbauer spectroscopy measurements were

done in transmission geometry at room temp-

erature (RT) using a 57Co(Rh) point source. The

spectrometer was calibrated with the RT spectrum

of a-Fe. For preparing the Mössbauer absorber,
powdered amphibole was mixed with sugar and

finely ground under acetone to avoid oxidation.

The mixture was then loaded into a Pb ring (2 mm

inner diameter) and covered by tape on both sides.

TABLE 2. Miscellaneous information for orthorhombic amphiboles.

a (D) b (D) c (D) V (D3) N (>4s) R (%) Dimensions
(mm)

A(1) 18.5553(5) 17.8275(5) 5.2795(1) 1746.4(1) 1804 2.6 0.1060.1060.03
A(2) 18.5804(6) 17.8347(6) 5.2819(2) 1750.3(2) 1711 2.5 0.0360.0660.02
A(3) 18.586(1) 17.907(1) 5.2892(3) 1760.3(2) 1379 5.5 0.0960.0760.03
A(5) 18.5711(6) 18.0256(6) 5.2885(2) 1770.4(1) 1794 2.9 0.1960.0660.06
A(6) 18.565(1) 17.900(1) 5.2881(3) 1757.3(3) 1562 6.6 0.1060.0460.03
A(7) 18.5998(9) 17.8477(9) 5.2853(2) 1754.5(2) 1459 2.9 0.0960.0460.04
A(8) 18.553(1) 17.903(1) 5.2894(3) 1756.9(2) 1530 5.9 0.1060.0960.02
A(9) 18.602(2) 17.838(2) 5.2863(5) 1754.1(5) 1140 3.7 0.0760.0460.03
A(10) 18.5988(8) 17.8611(9) 5.2873(3) 1756.4(2) 1488 2.7 0.2060.0560.03
A(11) 18.618(2) 17.945(2) 5.3033(4) 1772.0(5) 790 6.1 0.0860.0560.01
A(12) 18.547(1) 17.910(1) 5.2929(3) 1758.2(3) 1580 5.7 0.0960.0660.03
A(13) 18.525(1) 17.8198(9) 5.2637(2) 1737.6(3) 1105 4.4 0.0660.0660.02
A(14) 18.5539(8) 17.8442(2) 5.2813(2) 1748.5(2) 1295 3.3 0.1060.0660.02
A(15) 18.568(1) 17.882(1) 5.2818(4) 1753.7(3) 1319 5.6 0.0660.0660.01
A(16) 18.613(1) 17.875(1) 5.2890(3) 1759.6(3) 1247 3.0 0.0860.0660.02
A(17) 18.620(1) 17.971(1) 5.2931(3) 1771.1(3) 1617 7.8 0.2160.0660.02
A(18) 18.5716(9) 18.0307(8) 5.2903(2) 1771.5(1) 1401 2.9 0.2060.0660.02
A(19) 18.5812(9) 17.8483(9) 5.2859(2) 1753.0(2) 1336 3.3 0.0960.0660.02
A(20) 18.5603(9) 17.840(1) 5.2778(3) 1747.6(2) 1751 5.7 0.1760.0660.04
A(21) 18.559(1) 17.900(1) 5.2930(1) 1758.3(3) 1076 3.9 0.1660.0460.01
A(22) 18.572(1) 17.996(1) 5.2883(3) 1767.4(3) 1674 7.3 0.1460.0560.04
A(23) 18.583(1) 18.016(1) 5.2900(3) 1771.1(2) 1753 5.7 0.1760.0460.03
A(24) 18.602(1) 18.034(1) 5.2963(2) 1776.8(2) 1698 5.9 0.1860.0560.03
A(25) 18.574(2) 17.947(1) 5.2819(4) 1760.7(4) 1373 6.6 0.1260.0660.03
A(26) 18.550(1) 17.806(1) 5.2734(2) 1741.8(2) 1581 3.9 0.1060.0560.04

FIG. 2. Variation in R1 index with
[4]Al content in the

orthorhombic amphiboles of this work; the line is drawn

as a guide to the eye.
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Assuming a recoilless fraction of 0.7 for the

Mössbauer absorber, the amounts of sample used

corresponded to an absorber thickness of

~2.5�5.0 mg Fe/cm2.

Electron-microprobe analysis (EMPA)

The chemical compositions of 25 single crystals

used for collection of the X-ray intensity data

were determined by EMPA (10 points per crystal)

using a Cameca SX50 operating in wavelength-

dispersive spectroscopy (WDS) mode at 15 kV

and 20 nA, 10 mm beam. The following standards
were used: F-bearing riebeckite (F), albite (Na),

olivine (Mg), scapolite (Si, Al), apatite (P),

anhydrite (S), tugtupite (Cl), sanidine (K),

anorthite (Ca), titanite (Ti), spessartine (Mn),

fayalite (Fe), SrTiO3 (Sr) and barite (Ba). Data

FIG. 3. Mössbauer spectra of selected orthorhombic amphiboles; on the left are spectra with maximum, intermediate

and minimum (zero) amounts of Fe3+; on the right are enlarged views of part of the spectra around the high-velocity

peak of the Fe3+ doublet.

GEDRITE CRYSTAL CHEMISTRY. 1. CRYSTAL STRUCTURE

707



were reduced using the ZAF correction (PUMA

program). FeO and Fe2O3 contents were calcu-

lated from the Fe3+/(Fe2+ + Fe3+) values derived

from Mössbauer spectroscopy and the FeO values

(treating all Fe as FeO) from EMPA. Unit

formulae were calculated by normalizing on

24 anions assuming (OH) + F = 2 a.p.f.u. The

final chemical compositions and unit formulae are

given in Table 3.

Crystal-structure ref|nement

The structures of all crystals were refined with the

SHELXTL 5.1 software (Sheldrick, 1997).

Scattering factors for neutral metal atoms were

taken from the International Tables for X-ray

Crystallography (Ibers and Hamilton, 1992);

ionized scattering curves were used for O2� and

Cl�. Refinement was initiated using the atom
coordinates for anthophyllite (Finger, 1970) or

gedrite (Papike and Ross, 1970). The occupancies

of the T-sites cannot be refined because of the

very small difference in X-ray scattering between

Si (Z = 14) and Al (Z = 13). Based on the EMPA

data and the <T�O> bond-lengths derived from
the primary refinement, Si and Al occupancies

were assigned to each tetrahedral site and fixed

during subsequent stages of refinement. The M

sites are occupied by Fe2+, Mg, Al, Fe3+ and

minor Mn2+ and Ca; these scattering species were

combined as Fe* (= Fe2+ + Fe3+ + Mn) and Mg*

(= Mg + Al) and represented by the scattering

curves for Fe and Mg. The A site is occupied by

Na and & (vacancy). Site occupancies of the M

and A sites were considered as variable in the

refinement. Full-matrix refinement of all variables

TABLE 3. Chemical composition (wt.%) and unit formula (a.p.f.u.) of the anthophyllite�gedrite crystals of this
work.

A(1) A(2) A(3) A(5) A(6) A(7) A(8) A(9) A(10) A(11) A(12) A(13)

SiO2 45.02 42.82 44.00 56.18 46.53 42.24 46.59 42.72 42.84 43.05 46.70 50.66
Al2O3 16.24 17.68 14.20 2.32 12.54 17.65 12.59 17.68 16.95 15.10 12.70 13.31
TiO2 0.13 0.23 0.17 0.07 0.36 0.21 0.33 0.24 0.18 0.27 0.39 0.14
Fe2O3 0.72 0.84 0.81 0.00 1.20 1.70 1.03 1.75 1.81 1.77 1.02 0.23
FeO 15.45 18.19 23.69 14.23 16.97 17.54 17.72 18.11 18.78 24.91 17.48 2.40
MnO 0.00 0.08 0.20 0.42 0.06 0.27 0.06 0.27 0.47 0.39 0.06 0.00
MgO 18.04 15.10 12.69 23.96 17.85 15.05 17.81 15.18 14.88 11.43 17.71 29.31
CaO 0.10 0.12 0.09 0.62 0.32 0.23 0.31 0.23 0.24 0.18 0.33 0.14
Na2O 1.60 1.90 1.31 0.16 0.97 1.74 0.96 1.72 1.84 1.30 0.97 1.39
F 0.42 0.22 0.07 0.00 0.03 0.04 0.05 0.07 0.16 0.09 0.02 0.13
H2O* 1.90 1.95 1.98 2.16 2.06 2.03 2.07 2.03 1.98 1.97 2.07 2.19
O=F -0.18 �0.09 �0.03 0.00 �0.01 �0.02 �0.02 �0.03 �0.07 �0.04 �0.01 �0.05
Total 99.45 99.14 99.18 100.12 98.88 98.68 99.49 99.99 100.07 100.43 99.45 99.84

Si 6.42 6.23 6.55 7.81 6.72 6.18 6.71 6.18 6.23 6.39 6.72 6.75
Al 1.58 1.77 1.45 0.19 1.28 1.82 1.29 1.81 1.77 1.61 1.28 1.25
ST 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

Al 1.14 1.26 1.04 0.19 0.85 1.22 0.85 1.21 1.13 1.03 0.87 0.84
Ti4+ 0.01 0.03 0.02 0.01 0.04 0.02 0.03 0.03 0.02 0.03 0.04 0.01
Fe3+ 0.08 0.09 0.09 0.00 0.13 0.19 0.11 0.19 0.20 0.20 0.11 0.02
Fe2+ 1.84 2.21 2.95 1.66 2.05 2.15 2.13 2.19 2.28 3.09 2.10 0.27
Mg 3.84 3.30 2.82 4.97 3.85 3.30 3.83 3.29 3.24 2.54 3.80 5.83
Mn 0.00 0.01 0.03 0.05 0.01 0.03 0.01 0.03 0.06 0.05 0.01 0.00
Ca 0.02 0.02 0.01 0.09 0.05 0.04 0.05 0.04 0.04 0.03 0.05 0.02
SM 6.93 6.93 6.97 6.97 6.99 6.95 7.01 6.99 6.95 7.02 6.98 6.99

Na 0.44 0.54 0.38 0.04 0.27 0.50 0.27 0.49 0.52 0.38 0.27 0.36

F 0.19 0.10 0.03 0.00 0.01 0.02 0.02 0.03 0.07 0.04 0.01 0.06
OH 1.81 1.90 1.97 2.00 1.99 1.98 1.98 1.97 1.93 1.96 1.99 1.94

Calculated as OH = 2 � F a.p.f.u.
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for an anisotropic-displacement model converged

to R1 values in the range 2.5�7.8% with a mean

value of 4.7%. Figure 2 shows the R1 (%) index

of each refinement as a function of the TAl content

of the crystal. The R1 indices are small (<4%) at

both ends of the series, but rise to a maximum of

~8% at intermediate compositions. Of course,

there is much scatter in Fig. 2 as the coarseness of

the exsolution lamellae will affect the diffraction,

and this will vary from crystal to crystal,

depending on their P-T histories. Nevertheless,

Fig. 2 provides unmistakable evidence of the

effect of exsolution on the quality of the structure

refinement of crystals in this series. Final atom

positions and equivalent-isotropic-displacement

parameters are given in Table 4, selected

interatomic distances and angles are listed in

Table 5, and refined site-scattering values are

given in Table 6.

Fitting of M˛ssbauer spectra

Figure 3 shows typical RT Mössbauer spectra for

three anthophyllite–gedrite amphiboles. Most

spectra were adequately fitted using a Voigt-

based quadrupole-splitting distribution (QSD)

method (Rancourt and Ping, 1991) for a model

having three generalized sites, two for Fe2+ (A

and B) and one for Fe3+, with one Gaussian

component for each site. We allowed the line-

width (G) of the symmetrical elemental doublets
of the QSD to be an adjustable parameter, and the

centre shift (CS) to be linearly correlated to the

quadrupole splitting (QS). Selected Mössbauer

hyperfine parameters are listed in Table 7.

Following the site assignments summarized by

Hawthorne (1983) for amphiboles of the antho-

phyllite–gedrite series, we assign the generalized

site with the larger average QS [Fe2+(A)] to Fe2+

at the M1, M2 and M3 sites. In the spectra where

TABLE 3 (contd.).

A(14) A(15) A(16) A(17) A(18) A(19) A(20) A(21) A(22) A(23) A(24) A(25) A(26)

SiO2 45.26 48.78 42.62 46.46 56.30 42.96 48.09 42.88 50.34 51.56 50.99 52.54 45.25
Al2O3 15.98 12.01 17.14 10.55 2.25 18.10 13.90 14.96 7.38 6.45 6.50 8.56 17.74
TiO2 0.08 0.27 0.18 0.16 0.05 0.31 0.31 0.17 0.11 0.19 0.31 0.18 0.52
Fe2O3 0.54 0.40 1.33 1.32 0.00 0.87 0.00 1.05 0.82 0.52 0.63 0.43 0.00
FeO 15.84 11.71 18.81 18.57 14.03 18.74 12.18 22.61 17.61 15.21 18.34 9.27 9.90
MnO 0.00 0.21 0.44 0.23 0.40 0.10 0.19 0.21 0.02 0.38 0.75 0.08 0.16
MgO 18.22 21.70 14.51 18.00 23.94 14.67 21.27 13.65 19.63 21.40 18.54 25.13 21.86
CaO 0.16 0.54 0.26 0.45 0.66 0.11 0.55 0.10 0.28 0.52 0.57 0.83 0.25
Na2O 1.69 1.25 1.95 1.42 0.17 1.81 1.33 1.13 0.79 0.65 0.81 0.80 1.86
F 0.41 0.28 0.11 0.20 0.00 0.06 0.09 0.18 0.23 0.05 0.08 0.07 0.17
H2O* 1.91 2.00 1.99 1.95 2.15 2.04 2.11 1.92 1.97 2.08 2.04 2.15 2.08
O=F �0.17 �0.12 �0.05 �0.08 �0.00 �0.03 �0.04 �0.08 �0.10 �0.02 �0.03 �0.03 �0.07
Total 99.92 99.03 99.30 99.24 99.95 99.75 99.98 98.79 99.09 98.99 99.53 100.02 99.72

Si4+ 6.44 6.85 6.24 6.78 7.83 6.22 6.70 6.39 7.24 7.34 7.35 7.20 6.28
Al3+ 1.56 1.15 1.76 1.22 0.17 1.78 1.30 1.61 0.76 0.66 0.65 0.80 1.72
ST 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

Al 1.12 0.84 1.20 0.59 0.20 1.31 0.98 1.02 0.49 0.42 0.45 0.58 1.18
Ti4+ 0.01 0.03 0.02 0.02 0.01 0.03 0.03 0.02 0.01 0.02 0.03 0.02 0.05
Fe3+ 0.06 0.04 0.15 0.15 0.00 0.10 0.00 0.12 0.09 0.06 0.07 0.04 0.00
Fe2+ 1.88 1.38 2.30 2.27 1.63 2.27 1.42 2.82 2.12 1.81 2.21 1.06 1.15
Mg 3.86 4.55 3.18 3.92 4.97 3.17 4.41 3.02 4.22 4.54 3.98 5.14 4.52
Mn 0.00 0.03 0.06 0.03 0.05 0.01 0.02 0.03 0.00 0.05 0.09 0.01 0.02
Ca 0.02 0.08 0.04 0.07 0.10 0.02 0.08 0.02 0.04 0.08 0.09 0.12 0.04
SM 6.96 6.95 6.96 7.04 6.96 6.91 6.95 7.05 6.97 6.98 6.92 6.98 6.96

Na 0.47 0.34 0.56 0.40 0.05 0.51 0.36 0.33 0.22 0.18 0.23 0.21 0.50

F� 0.19 0.12 0.05 0.09 0.00 0.03 0.04 0.09 0.11 0.02 0.04 0.03 0.08
OH� 1.81 1.88 1.95 1.91 2.00 1.97 1.96 1.91 1.89 1.98 1.96 1.97 1.92

* Calculated as OH = 2 � F a.p.f.u.
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Fe2+(A) and Fe2+(B) are well resolved, the

average QS of Fe2+(B) ranges from 1.80 to

1.85 mm/s). These values are very close to the

QS of Fe2+ at the M4 site in anthophyllite–gedrite

amphiboles (Hawthorne, 1983), and therefore we

assign Fe2+(B) to Fe2+ at the M4 site. Fe3+ ranges

from 3 to 8% of the total Fe in 16 samples of the

25 amphiboles. The observed CS of ~0.40 mm/s

is characteristic of Fe3+ in octahedral coordina-

tion. According to Hawthorne (1983), Fe3+

preferentially occupies the M2 site in amphiboles,

and is so assigned here.

Site populations: general approach

General site-group contents (A, B, C and T) are

derived from the chemical compositions through

the formula-recalculation process, and the elec-

tron contents at the various individual sites are

derived through site-scattering refinement during

crystal-structure refinement. Although these two

sets of data are distinct, some of the same

information is common to both, and we need to

accommodate both sets of data in assigning the

site populations while recognizing that both

contain systematic errors. With regard to the

formulae, the sum of the B, C and T cations is

~15.0 a.p.f.u. There is no structural evidence for

significant vacancies at the B-, C- and T-sites;

hence we normalized the B, C and T cations such

that they summed to 15.00 a.p.f.u. (i.e. Na is an A

cation and is hence excluded) (note that we have

not (yet) done this in Table 3) when assigning site

populations.

Next, let us consider the refined site-scattering

values (Table 6). These are very precise, but their

accuracy depends on scaling the cation-scattering

to the rest of the scattering of the structure, i.e. the

scattering from the anions. This process is

dependent on the specific scattering factor used

for oxygen: (1) neutral; (2) ionized; or (3) partly

ionized (a mixture of (1) and (2)). Here, we used

an ionized scattering-factor for oxygen.

Recognizing that the relative accuracy of the

refined site-scattering values is greater than their

absolute accuracy, we have overcome this

difficulty by normalizing the site-scattering

values to the electron sum of the cations in the

normalized unit formula. The relative values of

(1) the cation contents of the unit formulae; and

(2) the site-scattering values, are more accurate

than their absolute values. Here, we take

advantage of this greater relative accuracy by

scaling the absolute values of the cation content

and the sum of the site-scattering values to the

structural constraint that vacancies do not occur at

the sites occupied by the B, C and T cations. The

resultant site-populations for all sites in the

anthophyllite-gedrite crystals of this work,

derived from the arguments given below, are

given in Tables 8 and 9.

Site populations: theTsites

Substitution of Al for Si in the tetrahedral double-

chain is a major compositional feature of the

orthorhombic amphiboles. The Al content of the T

sites in orthorhombic amphiboles varies in the

range 0.0�2.5 a.p.f.u., although compositions
extremely rich in [4]Al are uncommon. The

X-ray scattering factors of Al and Si are very

similar, and direct determination of Al-Si site-

populations by least-squares refinement of X-ray

data is accompanied by high parameter correla-

tion and concomitantly large standard deviations;

in addition, the final refined values will be

extremely sensitive to any systematic error in

the data. In principle, this problem may be

reduced by using high-angle X-ray data, but this

has not been an effective method for Al-Si site-

population determination, and we must rely on

crystal-chemical analysis.

Total [4]Al

The amount of [4]Al (tetrahedrally coordinated

Al) is determined directly from the calculation of

the unit formula from the chemical composition.

As Si and Al have different empirical radii (0.26

and 0.39 Å, respectively; Shannon, 1976), the

<<T�O>> distance (grand-mean bond-length)

should be linearly related to the amount of [4]Al.

This point is examined in Fig. 4; the results of

regression analysis are as follows: <<T�O>> =
1.6214(8) + 0.0171(6) [4]Al; R = 0.985. The data

form a linear trend with a slope that is not

significantly different from that characteristic of a

hard-sphere model.

Assignment to individual Tsites

There are four symmetrically distinct cation sites

with tetrahedral coordination in the orthorhombic

(Pnma) amphibole structure: T1A, T2A, T1B and

T2B (Fig. 1). The variation in individual <T�O>
distances is not linear as a function of total [4]Al,

and we need to develop relations to assign Al

contents to the individual T sites.
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TABLE 6. Refined site-scattering values* (e.p.f.u.) for cation sites in orthorhombic amphiboles.

A(1) A(2) A(3) A(5) A(6) A(7) A(8) A(9) A(10) A(11) A(12) A(13) A(14)

M1 29.4(1) 32.5(1) 35.1(2) 26.5(1) 29.1(2) 32.7(1) 32.3(2) 32.5(2) 32.5(1) 38.8(4) 32.5(2) 25.3(2) 31.6(1)
M2 25.8(1) 25.2(1) 27.0(2) 24.9(1) 26.8(2) 26.1(1) 28.1(2) 26.3(2) 27.2(1) 29.6(4) 27.9(2) 25.1(2) 27.0(1)
M3 15.1(1) 16.9(1) 18.4(2) 12.8(1) 15.4(2) 17.4(1) 15.6(1) 16.7(1) 17.0(1) 18.4(3) 15.8(1) 12.2(1) 15.3(1)
M4 40.9(1) 42.8(1) 47.8(2) 45.0(1) 45.0(2) 42.4(1) 40.6(2) 42.5(2) 43.9(1) 46.4(4) 40.6(2) 26.1(2) 38.8(1)
SM 111.2 117.4 128.3 109.2 116.3 118.6 116.6 118.0 120.6 133.2 116.8 88.7 112.7
EMPA 111.8 117.5 127.8 108.2 115.9 119.2 117.0 118.7 120.7 132.3 116.4 89.2 112.1

SA 4.9(1) 5.8(1) 4.5(1) 0.0 2.7(2) 5.9(1) 3.4(1) 5.8(1) 6.0(1) 5.0(2) 3.5(1) 3.9(1) 5.2(1)
EMPA 4.8 5.9 4.2 0.4 3.0 5.4 3.0 5.3 5.7 4.2 3.0 4.0 5.2

A(15) A(16) A(17) A(18) A(19) A(20) A(21) A(22) A(23) A(24) A(25) A(26)

M1 29.3(2) 34.8(1) 33.1(3) 28.3(1) 34.3(1) 27.5(2) 36.9(1) 28.4(2) 29.9(2) 31.7(2) 25.1(2) 26.6(1)
M2 25.8(2) 28.1(1) 28.8(2) 26.5(1) 27.0(1) 25.9(2) 28.4(1) 25.9(2) 27.4(2) 28.6(2) 24.3(2) 24.3(1)
M3 13.9(2) 16.9(1) 16.0(2) 13.8(1) 16.9(1) 13.6(1) 18.0(1) 14.2(2) 14.6(1) 15.5(1) 12.3(2) 13.4(1)
M4 36.4(2) 41.4(1) 42.4(3) 39.4(1) 40.4(1) 38.7(2) 44.1(2) 47.2(2) 40.1(2) 42.8(2) 37.5(2) 35.5(1)
SM 105.4 121.2 120.3 108.0 118.6 105.7 127.4 115.7 112.0 118.6 99.2 99.8
EMPA 105.6 120.5 118.8 107.4 118.0 105.5 126.6 115.8 112.0 117.6 101.2 101.9

SA 4.0(1) 6.4(1) 4.3(2) 0.5(1) 5.9(1) 4.0(1) 4.5(1) 2.0(2) 1.8(1) 2.3(1) 1.6(2) 4.6(1)
EMPA 3.7 6.2 4.4 0.5 5.6 4.0 3.6 2.4 2.0 2.5 2.3 5.5

TABLE 7. Selected hyperfine parameters at RT for the anthophyllite–gedrite amphiboles.

Sample ——— Fe2+ (A) ——— ——— Fe2+ (B) ——— ——— Fe3+ ———
CS

(mm/s)
QS

(mm/s)
A
(%)

CS
(mm/s)

QS
(mm/s)

A
(%)

CS
(mm/s)

QS
(mm/s)

A
(%)

A2 1.18 2.39 59 1.14 1.94 37 0.40* 0.76 4
A5 1.18 2.70 18 1.14 1.85 82 � � �
A6 1.17 2.47 49 1.13 1.86 45 0.40 0.55 6
A7 1.16 2.41 60 1.14 1.91 32 0.40 0.62 8
A8 1.16 2.53 54 1.14 1.86 41 0.40* 0.59 5
A10 1.16 2.47 59 1.14 1.88 33 0.40 0.57 8
A11 1.14 2.66 53 1.12 1.90 41 0.36 0.94 6
A13 1.16 2.50 40 1.15 1.96 52 0.42 0.82 8
A15 1.16 2.51 56 1.14 1.88 41 0.40* 0.61 3
A16 1.16 2.49 55 1.14 1.99 39 0.40 0.64 6
A18 1.16 2.76 38 1.13 1.83 62 � � �
A20 1.18 2.37 54 1.13 1.87 46 � � �
A22 1.16 2.60 34 1.13 1.85 62 0.40* 0.59 4
A23 1.17 2.54 36 1.14 1.84 61 0.36* 0.70* 3
A24 1.16 2.64 39 1.13 1.83 58 0.36* 0.70* 3
A25 1.17 2.54 26 1.14 1.88 68 0.36* 0.70* 6
A26 1.17 2.31 43 1.14 1.89 57 � � �
138342 1.16 2.53 52 1.13 1.90 45 0.40* 0.61* 3
UBC89 1.16 2.50 49 1.14 2.04 48 0.40* 0.61* 3
UBC92 1.15 2.54 59 1.12 1.80 35 0.40* 0.61* 6

* Fixed parameter

724

M. SCHINDLER ET AL.



There is crystal-structure information available

for the following [4]Al-poor amphiboles: A(5) and

A(18) of this study; anthophyllite[23] of Finger

(1970), see Hawthorne (1983); and the antho-

phyllite of Walitzi et al. (1989). Inspection of the

<T�O> distances in these amphiboles shows that
<T2B�O> at ~1.633 Å is significantly larger than
<T1A�O> at 1.621, <T2A�O> at 1.623, and
<T1B�O> at 1.625 Å. There are two possibilities
here: (1) all [4]Al is ordered at the T2B site in the

anthophyllite; (2) <T2B�O> is intrinsically

longer than the other T polyhedra in orthorhombic

amphiboles. Possibility (2) is quite reasonable as

<T(2)�O> is significantly longer than <T(2)�O>
in [4]Al-free monoclinic amphiboles (Oberti et al.,

1995). We will assign [4]Al to the T sites in the

anthophyllite structures according to the differ-

ences in <T�O> distances between these and the
most [4]Al-rich amphibole [A(9), Table 3], and

then extrapolate the <T�O> distances to zero
occupancy of Al. The resulting distances are as

follows: <T1A�O> = 1.616, <T2A�O> = 1.624,
<T1B�O> = 1.617, and <T2B�O> = 1.630 Å.
The resulting mean value is 1.622 Å, which

agrees reasonably well with the grand <T�O>
distance of 1.621(1) Å for [4]Al-free Pnma

amphiboles derived from Fig. 4. Assuming that

the individual T sites behave in a similar way as a

function of [4]Al, we may assign Al contents to

each of the T sites using the mean distances for

zero occupancy given above, together with the

slope of the regression line given above (multi-

plied by 4 to account for the difference in the

number of sites); the resultant site-populations are

given in Table 8.

Site populations: the M sites

There are four M sites that are occupied by the

small- to intermediate-sized (0.535�0.83 Å)

cations (Al, Ti4+, Fe3+, Fe2+, Mn2+, Mg and Ca,

Table 3), and site populations may be assigned on

the basis of the refined site-scattering values

(Table 6) and the observed <M�O> distances.
First, let us compare the total scattering at the M

sites as derived from the site-scattering results

with the analogous effective scattering calculated

from the aggregate M-site contents as derived

from the chemical compositions (Fig. 5). There is

a 1:1 relation between these two quantities, with

no significant outliers. Hawthorne (1983) has

shown that the grand mean bond-length at M1,

M2 and M3 sites, <M1,2,3�O>, correlates strongly
with the grand mean radius of the constituent

cations at these sites, <rM1,2,3>. Figure 6 shows

that this is the case for the data presented here.

Linear regression gives a correlation coefficient, R

= 0.973, and the resulting equation is shown in

FIG. 4. Variation in grand mean T�O distance,

<<T�O>>, as a function of [4]Al content in a.p.f.u.;
the regression line (Table 8) is shown.

TABLE 8. Assigned Al site-populations at the T sites
in orthorhombic amphiboles.

T1A T2A T1B T2B

A(1) 0.46 0.03 0.65 0.40
A(2) 0.53 0.03 0.74 0.45
A(3) 0.38 0.04 0.74 0.39
A(5) 0.06 �0.01 0.10 0.04
A(6) 0.36 0.10 0.38 0.30
A(7) 0.55 0.06 0.77 0.43
A(8) 0.40 0.13 0.42 0.20
A(9) 0.56 0.04 0.77 0.39
A(10) 0.55 0.03 0.74 0.39
A(11) 0.48 �0.01 0.71 0.42
A(12) 0.46 0.12 0.41 0.25
A(13) 0.46 0.12 0.52 0.23
A(14) 0.46 0.09 0.62 0.32
A(15) 0.33 0.10 0.39 0.23
A(16) 0.59 0.09 0.79 0.33
A(17) 0.48 0.36 0.24 0.18
A(18) 0.07 0.04 0.10 0.01
A(19) 0.59 0.07 0.74 0.33
A(20) 0.36 0.07 0.56 0.36
A(21) 0.48 0.09 0.65 0.33
A(22) 0.22 �0.04 0.20 0.17
A(23) 0.23 0.03 0.25 0.13
A(24) 0.26 0.00 0.25 0.13
A(25) 0.25 0.09 0.26 0.22
A(26) 0.56 0.03 0.79 0.36
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Fig. 6: <M1,2,3�O> = 1.4684 + 0.8553 <rM1,2,3>.
This agreement indicates that the unit formulae are

in good stereochemical accord with the refined

crystal structures. Hence the M-site contents of

Table 3 may be used in the assignment of the M-

site populations (after normalization to complete

occupancy of the M- (and T-) site contents).

Inspection of the individual <M�O> distances
(Table 5) shows that <M2�O> is generally much
smaller than <M1�O> and <M3�O> in [6]Al-rich
crystals, indicating that [6]Al tends to be ordered at

the M2 site. Moreover, by analogy with non-

dehydroxylated monoclinic amphiboles, we expect

any Fe3+ present to occur at the M2 site. Thus we

will start with examination of the M2 site.

The M2 site

All octahedrally coordinated trivalent and tetra-

valent cations are assigned to M2, and we can

calculate preliminary Mg and Fe2+ site-popula-

tions from the refined site-scattering value at the

M2 site. Figure 7 shows the variation in <M2�O>
as a function of aggregate radius of the constituent

M2 cations. There is a well developed linear

relation: <M2�O> = 1.447 + 0.899 <rM2>, R =

0.992, see = 0.004; the slope of ~0.90 is to be

compared with the slope of ~0.85 for the

analogous relation in monoclinic amphiboles

(Hawthorne and Oberti, 2007). The high correla-

tion strongly supports the assigned site popula-

tions at the M2 site (Table 9), particularly the

assigned Fe3+ contents.

The M1and M3 sites

There is no evidence that either M1 or M3 is

occupied by cations other than Mg and Fe2+, or

that O(3) has significant contents (of F, Cl or O)

other than (OH). Hence we may calculate the Mg

and Fe2+ contents of M1 and M3 directly from the

site-scattering values of Table 6, as discussed

above; resulting site-populations are given in

Table 9.

The M4 site

In the amphiboles of the anthophyllite-gedrite

series, the M4 site is occupied by Fe2+ and Mg,

with minor Mn2+, Ca and Na. Thus we assign

FIG. 5. Total M-site scattering from EMPA as a function

of total M-site scattering from SREF (Structure

REFinement); the line shows the 1:1 relation.

FIG. 6. Variation in <M1,2,3�O> distance as a function of
mean constituent-cation radius in orthorhombic amphi-

boles: the solid line is a least-squares fit to the data.

FIG. 7. Variation in <M2�O> distance as a function of
mean constituent M2-cation radius in orthorhombic

amphiboles: the solid line is a least-squares fit to the

data.

726

M. SCHINDLER ET AL.



Mn2+ and Ca from the unit formula, together with

sufficient Na to fill the site, and then calculate the

Fe2+ and Mg contents from the refined site-

scattering values; values are given in Table 9.

The A site

The A site is occupied by Na that does not often

exceed 0.50 a.p.f.u. The refined and EMPA

contents of the A site, expressed in e.p.f.u., are

compared in Fig. 8. Again, the agreement is quite

close, and we assign the A-site populations as

[ANaSREF + NaEMPA]/2. Site populations are given

in Table 9. In some of the crystals, a small

amount of positional disorder was present at the A

site; weak subsidiary maxima were present. These

maxima were included in the structure refinement

in order to represent all of the scattering in the A

cavity (hence the close agreement in Fig. 8);

however, no pattern of disorder could be readily

discerned. It seems likely that this disorder is

associated with the partial unmixing of antho-

phyllite and gedrite components, and will be

affected both by the bulk composition of the

crystal and by the degree and coarseness of the

unmixing.

TABLE 9. Assigned site-populations in orthorhombic amphiboles.

– M1 – ————— M2 ————— – M3 – ———— M4 ———— A
Mg Fe2+ Al Ti Mg Fe2+ Fe3+ Mg Fe2+ Mn2+ Ca Fe2+ Mg Na

A(1) 1.59 0.41 1.15 0.01 0.76 0.00 0.08 0.77 0.23 0.00 0.02 1.23 0.75 0.44
A(2) 1.39 0.61 1.27 0.03 0.61 0.00 0.09 0.63 0.37 0.01 0.02 1.36 0.61 0.54
A(3) 1.20 0.80 1.04 0.02 0.81 0.04 0.09 0.54 0.46 0.03 0.01 1.67 0.29 0.38
A(5) 1.83 0.17 0.19 0.01 1.76 0.04 0.00 0.95 0.05 0.05 0.09 1.39 0.47 0.04
A(6) 1.62 0.38 0.85 0.04 0.98 0.00 0.13 0.76 0.24 0.01 0.05 1.45 0.49 0.27
A(7) 1.39 0.61 1.23 0.02 0.56 0.00 0.19 0.63 0.37 0.03 0.04 1.30 0.63 0.50
A(8) 1.40 0.60 0.85 0.03 0.92 0.09 0.11 0.74 0.26 0.01 0.05 1.16 0.78 0.27
A(9) 1.36 0.64 1.21 0.03 0.57 0.00 0.19 0.65 0.35 0.03 0.04 1.31 0.62 0.49
A(10) 1.39 0.61 1.14 0.02 0.64 0.00 0.20 0.64 0.36 0.06 0.04 1.35 0.55 0.52
A(11) 0.96 1.04 1.03 0.03 0.65 0.09 0.20 0.54 0.46 0.05 0.03 1.52 0.40 0.38
A(12) 1.39 0.61 0.87 0.04 0.90 0.08 0.11 0.73 0.27 0.01 0.05 1.15 0.79 0.27
A(13) 1.90 0.10 0.84 0.01 1.13 0.00 0.02 0.98 0.02 0.00 0.02 0.15 1.83 0.36
A(14) 1.44 0.56 1.13 0.01 0.74 0.06 0.06 0.76 0.24 0.00 0.02 1.03 0.95 0.47
A(15) 1.60 0.40 0.85 0.03 1.05 0.03 0.04 0.85 0.15 0.03 0.08 0.81 1.08 0.34
A(16) 1.23 0.77 1.21 0.02 0.58 0.04 0.15 0.65 0.35 0.06 0.04 1.16 0.74 0.56
A(17) 1.37 0.63 0.59 0.02 1.11 0.13 0.15 0.72 0.28 0.03 0.07 1.23 0.67 0.40
A(18) 1.68 0.32 0.20 0.01 1.62 0.17 0.00 0.86 0.14 0.05 0.10 1.02 0.83 0.05
A(19) 1.25 0.75 1.33 0.03 0.53 0.01 0.10 0.64 0.36 0.01 0.02 1.17 0.80 0.51
A(20) 1.74 0.26 0.97 0.03 0.94 0.06 0.00 0.88 0.12 0.02 0.08 1.00 0.90 0.36
A(21) 1.09 0.91 1.02 0.02 0.74 0.10 0.12 0.58 0.42 0.02 0.02 1.39 0.57 0.33
A(22) 1.68 0.32 0.49 0.01 1.40 0.01 0.09 0.84 0.16 0.00 0.04 1.64 0.32 0.22
A(23) 1.58 0.42 0.42 0.02 1.36 0.14 0.06 0.81 0.19 0.05 0.08 1.06 0.81 0.18
A(24) 1.44 0.56 0.45 0.03 1.24 0.21 0.07 0.75 0.25 0.09 0.09 1.22 0.60 0.23
A(25) 1.88 0.12 0.58 0.02 1.36 0.00 0.04 0.96 0.04 0.01 0.12 0.92 0.95 0.21
A(26) 1.79 0.21 1.18 0.05 0.77 0.00 0.00 0.88 0.12 0.02 0.04 0.83 1.11 0.50

FIG. 8. Variation in A-site scattering from SREF

(Structure REFinement) as a function of A-site scatter-

ing from EMPA; the line shows the 1:1 relation.
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Summary

(1) Despite the problems in unmixing due to the

low-temperature solvus present in the anthophyl-

lite–gedrite series (Spear, 1980), we have

obtained reasonably good refinement results on

amphiboles along this series.

(2) The grand <T�O> distance is related to the
TAl content (in a.p.f.u.) by the relation

<<T�O>> = 1.6215(9) + 0.0173(6) [4]Al
(3) Tetrahedrally coordinated Al shows the

following pattern of order: T1B > T2B > T1A >>

T2A.

(4) The grand <M1,2,3�O> distance is related to
the mean radius of the constituent cations,

<rM1,2,3>, by the relation

<<M1,2,3�O>> = 1.4684 + 0.8553 <rM1,2,3>.

(5) Octahedrally coordinated Al is ordered at

the M2 site.

(6) Mössbauer spectroscopy indicates small

(0.00�0.20 a.p.f.u.) amounts of Fe3+ present, and
these were assigned to the M2 site; the resultant

M2 site populations give a well developed linear

relation (<M2�O> = 1.447 + 0.899 <rM2>, R =

0.992, see 0.004 Å) between mean bond length

and constituent-cation radius at the M2 site.

(7) Mg and Fe2+ are fairly evenly distributed

between the M1 and M3 sites.
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