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Abstract: The crystal structures of two synthetic C2/ra amphiboles, manganoan fluor-edenite 
Nai.o6(Cai.4iNao.i2Mno.47)(Mg4.44Mno.4ilAlo.i5)(Si6.9iAli.o9)O22F2, a = 9.829(4), b = 18.024(9), c = 5.284(2) Å, 
ß = 104.66(2)°, and manganoan fluor-pargasite (Nao.96Cao.13XCa1.51Mno.49) (Mg3.47Mno.73Alo.8o)(Sis.95Al2.o5)022F2, 
a = 9.812(4), b = 17.926(6), c = 5.308(3) Å, ß = 105.10(3)°, have been refined to R indices of 2.0 % and 1.4 %, 
respectively, using MoKa X-ray data. Site-scattering refinement and electron-microprobe data both indicate that 
there is a large amount (~ 0.50 apfu) of Mn2+ at the M(4) site in each synthetic amphibole. C-group Mn2+ shows 
the ordering pattern M(2) » M(l) » M(3) in these amphiboles as in many natural sodic-calcic and alkali 
amphiboles. This behaviour is significantly different from that of Fe2+ which shows the ordering pattern M(l) < M(3) 
in Mn-poor calcic, sodic-calcic and alkali amphiboles. The presence of significant Ca at the A site in F-rich 
pargasite is also confirmed. 

Key-words: amphibole, crystal-structure refinement, manganese, synthesis. 

Introduction 

Manganese can be a significant component in 
all of the major groups of amphiboles, and yet its 
behaviour is not very well known, particularly 
when it is in the divalent state. As Mn2+ shows 
a strong geochemical coherence with Fe2+, the 
problem of adequately characterizing the dis­
tribution of Mn2+ in the amphibole structure is 
rather intractable because of the similarity in X-

ray scattering factors of Mn and Fe. The small 
size of most amphibole crystals with appropriate 
compositions precludes the use of neutron 
diffraction to distinguish between Mn and Fe. 
The fact that the Mossbauer spectra of most 
complex natural amphiboles cannot adequately 
be resolved prevents combined crystal-structure 
refinement and Mossbauer spectroscopy from 
being used to resolve the distribution of Mg, Fe 
and Mn over the octahedrally coordinated sites in 
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amphiboles. Site-scattering refinement coupled 
with crystal-chemical analysis (Ungaretti, 1980; 
Hawthorne, 1983) can resolve this problem in 
principle, but can be defeated in some cases by 
the complexity of natural amphibole composi­
tions. This problem can usually be overcome by 
making some 'reasonable assumptions' about the 
ordering behaviour of one or more cation species. 
In such cases, the accuracy of the result depends 
on the accuracy of these reasonable assumptions, 
and a general knowledge of the ordering be­
haviour of major ionic species in amphiboles is 
important in assessing the accuracy of the resul­
tant site-populations. Consequently, we have 
focused our attention on amphiboles in which 
Mn2+ is the principal transition metal. Oberti & 
Ghose (1993) and Oberti et al (1993) charac­
terized the ordering behaviour of Mn2+ in alkali 
and sodic-calcic amphiboles, respectively. Here, 
we examine the behaviour of Mn2+ in synthetic 
calcic amphiboles manganoan fluor-edenite 
(MFE) and manganoan fluor-pargasite (MFP). 

Experimental 

Synthesis 

The intention of the syntheses was to grow 
crystals large enough for single-crystal structure 
refinement by slowly cooling from a stoch-
iometric melt, a technique which generally works 
well for congruently-melting compounds. 

Dry mixtures of nominal fluor-amphibole 
stoichiometry were prepared from commercial 
reagent-grade oxides and other materials (NaF, 
CaF2, CaCO3, MnCO3, MgO, >-Al2O3, and SiO2 

glass) according to the nominal compositions 
specified in the following. After weighing out 
components, mixtures were blended by hand for 

Table 1. Miscellaneous crystallographic information for 
manganoan fluor-pargasite (MFP). 

MFE MFP 

Space group Cllm C2lm 

a (A) 9.829(4) 9.812(4) 

b (Å) 18.024(9) 17.926(6) 

c (Å) 5.284(2) 5.308(3) 

ßi°) 104.66(2) 105.10(3) 

l/(Å3) 905.6 901.4 

/? = Σ ( | F 0 | - | F C | ) / Σ | F 0 | 

5 minutes and ground in a powered alumina mor­
tar under alcohol for 1 hour. Mixtures were dried 
and decarbonated overnight at 1000°C. Fluor-
amphibole charges consisted of 20 to 40 mg of 
mix, sealed by welding into flattened 4 x 23 mm 
Pt tubes. The experiments were done at 1 atm, 
starting at 1200°C and cooled to 770°C at a cool­
ing rate of 1.2°C/h for 15 days. As these were 
intended as reconnaissance experiments, no 
attempt was made to control oxygen fugacity; 
however, octahedral-site geometries clearly show 
that oxidation to Mn3+ did not occur. Further 
experimental details are given by Raudsepp et αl. 
(1991). 

Crystal MFP (pink to reddish, roughly 0.18 x 
0.16 x 0.10 mm in size) comes from sample 
FMg3MnPA-A2 (nominal composi t ion 
NaCa2Mg3MnAlSi6Al2O22F2); the run product 
contains about 50 % phlogopite, 40 % amphi­
bole, the remainder being clinopyroxene and cris-
tobalite. 

Crystal MFE (pink, roughly 0.23 x 0.16 x 0.10 
mm in size) comes from sample FMg3MnKA-Al 
(nominal composition NaCaNaMg3MnAlSi7 
A1O22F2); the run product contains 70 % amphi­
bole, the remainder being clinopyroxene and 
plagioclase. The deviations from the expected 
stoichiometry are discussed in the following. 

X-ray data collection 

Crystals were mounted on a Philips PW-1100 
four-circle diffractometer and examined with 
graphite-monochromatized Mo^α X-radiation; 
crystal quality was assessed via the profile and 
width of Bragg diffraction peaks. Unit-cell 
dimensions were calculated from least-squares 
refinement of the d values obtained from 50 rows 
of the reciprocal lattice by measuring the centroid 
of gravity of each reflection and of the corre-

synthetic manganoan fluor-edenite (MFE) and synthetic 

MFE MFP 

Total Ref. 1375 1371 

Mobs) > 5α(l)] 757 965 

Final fl(all) 5.5% 2.8% 

Final/?{obs) 2.0% 1.4% 
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Table 2. Final positional parameters and equivalent 
isotropic displacement parameters (Å~) for MFE and 
MFP*. 

I 0(1) 

0(2) 

0(3) 

0(4) 

0(5) 

I 0(6) 

0(7) 

/"(I) 

T(2) 

M{1) 

M(2) 

M(3) 

/W(4) 

M(A') 

A 

A{m) 

A(2) 

X 

0.11109 

0 .10757 

0 .12030 

0 .11940 

0 .10460 

0.10486 

0.36555 

0.36929 

0.34975 

0.35293 

0.34669 

0.34603 

0.34495 

0.34403 

0 .28276 

0 .28308 

0.29062 

0.29281 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.0441 

0.0442 

0 

0 

/ 
0.08493 

0.08763 

0.17079 

0.17303 

0 

0 

0.24881 

0.25143 

0.13632 

0.14081 

0.11598 

0.11656 

0 

0 

0.08428 

0.08548 

0 .17140 

0.17301 

0.08881 

0.09012 

0.17688 

0.17613 

0 

0 

0 .27573 

0.27900 

0.25212 

0.26570 

1/2 

1/2 

1/2 

1/2 

0 .4734 

0.47227 

z 

0.21840 

0.21490 

0.72608 

0.73483 

0 .71264 

0.71233 

0.78522 

0.78655 

0.10108 

0.11259 

0.59908 

0.60869 

0.27958 

0.27491 

0.29818 

0.30233 

0.80456 

0.81272 

1/2 

1/2 

0 

0 

0 

0 

1/2 

1/2 

1/2 

1/2 

0 

0 

0.1024 

0.0997 

0 

0 

Be,. 

0.66 

0.83 

0.78 

0.81 

0.89 

0.98 

1.09 

1.07 

1.10 

1.06 

1.10 

1.20 

0.99 

1.06 

0.49 

0.47 

0.59 

0.57 

0.57 

0.63 

0.66 

0.52 

0.59 

0.58 

1.16 

0.86 

0.73 

1.03 

2.51 

2.18 

2.33 

2.37 

2.54 

2.66 | 

* MFE and MFP are the upper and lower sets of parameters, 
respectively 

sponding antireflection in the 9 range between 
-30 and +30°. Intensity data were collected for 
the monoclinic equivalent pairs (hkl and hkl) in 
the 0 range 2 < 0 < 30°. Intensities were then 
corrected for absorption, Lorentz and polarization 
effects, averaged and reduced to structure factors. 
Reflections with I > 5(5(1) were considered as ob­
served during structure refinement. 

Structure refinement 

Structure-refinement procedures were as de­
scribed in Oberti et al. (1992) following the 
model of Ungaretti (1980). Refinement informa­
tion and final R values are given in Table 1. 
Atomic positions and isotropic displacement 
factors are given in Table 2, refined scattering 

powers in Table 3, and selected interatomic 
distances and angles in Table 4; structure factors 
may be obtained from the authors (or through the 
E.J.M Editorial Office, Paris). 

Electron-microprobe analysis 

Following collection of the X-ray intensity 
data, the same crystals were mounted in epoxy, 
polished, carbon-coated and analyzed with a fully 
automated Cameca SX-50 electron microprobe 
according to the procedure of Raudsepp et al. 
(1991). Ten points were analyzed and the average 
compositions are given in Table 5 together with 
the unit formula calculated on the basis of 22 
oxygen atoms and assuming 2 F atoms. 

Comparison of SREF and EMPA results 

The scattering powers at the cation sites were 
refined unconstrained, and the resulting occu­
pancy values provide the number of electrons at 
each site, calculated for neutral atoms. Summing 
over all sites corresponding to the A-, B- and 
C-group cations of the standard chemical formula 
gives the values for these three groups. The 
formula unit calculated from the electron-micro-
probe analysis provides an independent evalua­
tion of the equivalent electron content of the A-, 
B- and C-groups, and a comparison of these two 
sets of values is given in Table 3. The numbers 
of electrons obtained by both methods are gener­
ally in very close agreement: the overall differ­
ence is less than 2 %. The higher (positive) 
difference observed for the C-group cations in 

Table 3. Refined site-scattering values (electrons per 
formula unit) and equivalent electrons (EMP) from the 
unit formulae of Table 5. 

M(1) 

M(2) 

M(3) 

Σ[/W(1),M(2),M<3)] 
EMP[M(1),/W(2),M(3)] 
M(4) + M(4') 
EMP /W(4) 
A 
EMPA 

ΣSREF 

Σ EMP 

MFE 

26.30 
29.80 
12.78 
68.88 
65.59 
40.57 
41.29 
10.74 
11.00 

120.19 

117.88 

MFP 

27.96 
30.74 
13.47 
72.17 
70.36 
42.16 
42.44 ! 
12.11 i 
12.12 

126.45 

124.92 
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Table 4. Selected interatomic distances (Å) and angles (°) for MFE and MFP. 

Π D - Ο I D 

ΠD-Ο(5) 

ΠD-Ο(6) 

πi)-o(7) 
<7" {1 ) -0> 

m)-o{2) 
7"(2)-0{4) 

7-(2)-0(5) 

Γ(2)-0(6) 

<T(2)-0> 

/W(1)-0(1)x2 

/W(1)-0(2)x2 

/W(1)-0{3)x2 

< M ( 1 ) - 0 > 

0 (5 ) -0 (6 ) -0 (5 ) 

π i ) - 0 ( 5 ) - Γ ( 2 ) 

πu-o(6)-π2) 
7 { 1 } - 0 ( 7 ) - π i ) 

MFE 

1.632 

1.657 

1.656 

1.650 

1.649 

1.620 

1.593 

1.653 

1.668 

1.633 

2.058 

2.072 

2.073 

2.068 

164.2 

135.4 

136.4 

134.1 

MFP 

1.663 

1.682 

1.677 

1.665 

1.672 

1.643 

1.616 

1.651 

1.663 

1.643 

2.059 

2.091 

2.082 

2.077 

161.2 

133.2 

137.3 

133.9 

/W(2)-0{1)x2 

M{2)-0{2) ×2 

/W(2)-0{4) x2 

< /W(2) -0> 

M ( 3 ) - 0 ( 1 ) x 4 

M(3)-0(3) x2 

<M(3)-0> 

/W(4)-0(2} ×2 

M(4)-0<4) x2 

/W(4)-0(5) x2 

M(4) -0 |6 ) x2 

<M(4)-0> 

.4-0(5) x4 

A-0{Q) x4 

A-0(1) x4 

<A-0> 

MFE 

2.152 

2.091 

2.017 

2.087 

2.057 

2.038 

2.050 

2.385 

2.285 

2.750 

2.599 

2.505 

2.984 

3.084 

2.376 

2.902 

MFP 

2.075 

2.053 

1.964 

2.031 

2.063 

2.051 

2.059 

2.403 

2.296 

2.614 

2.564 

2.469 

3.043 

3.054 

2.374 

2.914 

( standard deviations are < 1 in the last digit 

MFE (5 %) couples with negative differences for 
the A- and B-group cations; this pattern has been 
taken into account during the calculation of the 
site populations reported in Table 6. 

Table 5. Results of electron-microprobe analysis of 
MFE and MFP. 

Si02 

Al 2 0 3 

MgO 

MnO 

CaO 

Na20 

F 

0 = F 

Sum 

Si 

Al 

Sum 

Al 

Mn 

Mg 

Sum 

Mn 

Ca 

Na 

Sum 

Ca 

Na 

Sum 

F 

MFE 

w t % 48.37 

7.35 

20.83 

7.37 

9.20 

4.27 

4.87 

2.05 

100.21 

6.909 

1.091 

8.000 

0.146 

0.892 

4.435 

5.473 

0.473 

1.408 

0.119 

2.000 

-
1.064 

1.064 

2.000 

MFP 

40.32 

16.39 

15.77 

9.96 

10.36 

3.37 

4.53 

1.91 

98.79 

5.947 

2.053 

8.000 

0.796 

1.224 

3.468 

5.488 

0.488 

1.637 

0.000 

2.125 

0.125 

0.964 

1.089 

2.000 

Comparison with the nominal compositions 

As shown by both EMPA and SREF, there are 
significant deviations from the stoichiometry of 
the starting mixtures. For crystal MFP, the low 
Ca content is a consequence of the strong pref­
erence of Mn2+ for the B-sites, as it will be 
discussed later; CA1 is also lower than expected. 
On the other hand, crystal MFE is definitely off-
composition, so as to be classified as edenite 
instead of the expected katophorite. In particular, 
the very low CA1 content is paralleled by the very 
low BNa content. These deviations have most 
probably to be ascribed to crystal-chemical con­
straints due to the difference in the ionic radii 
between Al and Mn2+ in 6-fold coordination and 
Na and Mn2+ in 8-fold coordination, respectively 

Site populations 

Combination of the results of the site-scatter­
ing refinement and electron-microprobe analysis 
allows site populations to be derived (Table 6) 
according to Hawthorne et al (1995). Bosch-
mann et al (1994) refined the structure of syn­
thetic fluor-edenite, and Oberti et al (1995c) 
refined the structure of synthetic fluor-pargasite; 
these data provide useful comparisons with the 
results of the present work. 
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Table 6. Site populations {apfu) in MFE and MFP. 

7"(1) 

Γ{2) 

M(1) 

M{2) 

M[3) 

M(4) 

A 

MFE 

1.04AI + 2.96 Si 

4 .00 Si 

1.85 Mg + 0.15 Mn 

0.18 Al + 1.52 Mg + 

0.98 Mg + 0.02 Mn 

0.44 Mn + 1.42 Ca + 

1.00 Na 

0.30 Mn 

0.14 Na 

MFP 

1.90 Al + 2.10 Si 

0.09 Al + 3.91 Si 

1.68 Mg + 0.32 Mn 

0.86 Al + 0.76 Mg + 0.38 Mn 

0.94 Mg + 0.06 Mn 

0.48 Mn + 1.52 Ca 

0.13 Ca + 0.87 Na 

A-group sites 

In crystal MFE, both site-scattering refinement 
and electron-microprobe analysis indicate 
complete occupancy of the A site by Na. The 
pattern of electron density in the A cavity is 
shown in Fig. 1; the Na is split approximately 
equally between the Λ(2) and A(m) sites, as was 
found for fluor-edenite by Boschmann et al. 
(1994). 

In crystal MFP, the nominal content of the A 
site is 1.0 Na. However, site-scattering refine­
ment gives a value of 12.11 epfu at this site, 
indicating that a stronger X-ray scatterer than Na 
must also occur at the A site. The unit formula 
calculated from the electron-microprobe analysis 
indicates an excess of Ca over that required to 
fill the M(4) site after assignment of excess C-
group cations to ß-group sites. If the slight 
excess of Na (by EMPA) is ignored, the electron 
contents of the A site by SREF and by EMPA are 
nearly identical (Table 3). Thus there is a signif­
icant amount of Ca (0.10 apfu) at the A site in 
MFP. The results for both MFE and MFP exactly 
parallel the results of Boschmann et al (1994) 
and Oberti et al. (1995c) on synthetic fluor-
edenite and synthetic fluor-pargasite, respec­
tively: the synthetic edenite crystals have the A 
site occupied just by Na, whereas the synthetic 
pargasite crystals have significant Ca at the A 
site. 

B-group sites 

There are two sites that can accommodate the 
ß-group cations, the Λf(4) site which can be 
occupied by Ca and Na, and the M(4') site which 
can be occupied by Mn2+, Fe2+ and Mg [cf 
Oberti et al. (1993) for more details]. For both 
MFE and MFP, site-scattering refinement 
showed significant occupancy of the Λf(4') site, 
indicating significant amounts of Mn and 

possibly Mg at this site. This is in accord with 
the results of electron-microprobe analysis 
(Table 5) which indicates a significant amount of 
excess C-group cations (approximately 0.45 
apfu) that must be assigned to the ß-group. 
Assuming that this excess amount of C-group 
cations is actually Mn2+, there is almost exact 
agreement between the SREF and EMPA values 
of the scattering at the M(4) + M(4') sites 
(Table 3). The occupancy of Λf(4') by a consid­
erable amount of Mn2+ is immediately apparent 
from the SREF value for MFP as the refined 
Λf(4) + M(4') scattering (42.16 epfu) exceeds that 
from 2.0 apfu of Ca (= 40.0 epfu). The same 
feature is not as apparent for MFE. Although 
significant Mn occurs at M(4'), there is also suffi­
cient Na to maintain the total M(4) + M(4') scat­
tering close to 40 epfu (Table 3). 

C-group sites 

There are three atomic species, Mg, Al and 
Mn, that occur at the M(l), M(2) and Λf(3) sites. 
On the basis of the observed site-scattering 
(Table 3), the unit formulae (Table 5) and the 
mean bond-lengths (Table 4), the site populations 
were assigned as shown in Table 6, such that they 
fit equally well to the site-scattering, overall elec-
troneutrality requirement, mean bond-length and 
chemical composition data, using the mean bond-
lengths in synthetic fluor-pargasite (Oberti et al, 

** b • 

Fig. 1. Difference Fourier map through the (A2/m) site 
parallel to (201) for synthetic manganoan fluor-edenite. 
The contour interval is 1 e/Å3 and the broken line is 
the zero contour; the tick marks at the top of the figure 
denote 1 Å. 

Downloaded from http://pubs.geoscienceworld.org/eurjmin/article-pdf/9/1/115/4003860/115_gseurjmin_9_1_115_122_oberti.pdf
by University of Manitoba user
on 23 February 2023



120 R. Oberti, F. C. Hawthorne, M. Raudsepp 

Table 7. Selected site-populations {apfu) in Mn-rich amphiboles. 

MR1 

MR2 

MR3 

MR4 

OG* 

MFE 

MFP 

Mg 

1.90 

1.92 

1.90 

1.86 

1.84 

1.85 

1.68 

Mil) 

Fe2 + 

0.10 

0.08 

0.10 

0.14 

-
-
-

M n 2 + 

-
-
-
-

0.16 

0.15 

0.32 

Mg 

1.34 

1.36 

1.38 

1.08 

1.12 

1.52 

0.76 

Al 

0.08 

0.04 

0.04 

0.06 

-
0.18 

0.86 

M(2 

Mn 2 + 

0.46 

0.46 

0.46 

0.82 

0.22 

0.30 

0.38 

Fe2 + 

0.12 

0.14 

0.12 

0.04 

-
-
-

Fe3 + 

-
-
-
-

0.66 

-
-

Mg 

0.98 

0.98 

0.98 

0.98 

0.88 

0.98 

0.94 

M(3) 

Fe2 + 

0.02 

0.02 

0.02 

0.02 

-
-
-

Mn 2 + 

-
-
-
-

0.06 

0.02 

0.06 

0(3) 

OH 

1.67 

1.66 

1.70 

1.65 

1.60 

-
-

F 

0.33 

0.34 

0.30 

0.35 

0.40 

2.00 

2.00 

Ref. 

(1) 

(1) 

(1) 

(1) 

(2) 

(3) 

(3) 

References: (1) Oberti et al. (1993): (2) Oberti & Ghose (1993): (3) this study. 
* M(3) site-population includes 0.06 Li. 

1995c) and synthetic fluor-edenite (Boschmann 
et αl, 1994) as the ideal values for complete Mg 
occupancy of the M{ 1,2,3) sites. 

Γ-group sites 

The mean interatomic distances (Table 4) and 
unit formulae (Table 6) indicate significant Al at 
the tetrahedral sites. In MFE, the <Γ(1)-O> and 
<7\2)-O> distances are conformable with no 
more than 1.06 Al αpfu at Γ(l) and complete 
occupancy of T(2) by Si, respectively (Table 6). 
In MFP, the <Γ(2)-O> distance indicates signif­
icant Al occupancy of Γ(2); this is in accord with 
the <Γ(1)-O> distance (Table 4) which indicates 
no more than 1.90 Al αpfu at the Γ( 1) site (Oberti 
et αl, 1995b). Similar partial disorder of 141A1 
over T(\) and Γ(2) also occurs in synthetic fluor-
pargasite (Oberti et αl, 1995c). 

Ordering 

/?-group sites 

Ghose, 1993; Schau et αl, 1993) have shown 
over 0.5 αpfu of Mn2+ at the M(4') site in alkali 
amphiboles. Oberti et al. (1993) have shown that 
manganoan richterite (/.e, a sodic-calcic amphi-
bole) has Mn2+ strongly ordered at ß-group sites, 
with M4' site population of up to 0.35 Mn2+ apfu. 
Several hundred calcic amphiboles have been re­
fined at the CSCS over the past fifteen years, and 
only minor Mn2+ at the ß-group sites has been 
found. Those data are in accord with a trend of 
decreasing Mn2+ with decreasing Na content at 
the Z?-group sites in alkali and sodic-calcic am­
phiboles, and led us to suspect that synthetic cal­
cic amphiboles would have only a small amount 
of Mn2+ at M(4'). This is certainly not the case 
for both synthetic amphiboles examined here. 
The Mn2+ site-populations of ß-group sites 
exceed those of the natural manganoan richterite 
crystals of Oberti et al (1993) and approach that 
of a Mn2+-rich alkali amphibole described by 
Oberti & Ghose (1993). Presumably it is geo-
chemical factors, rather than crystal-chemical 
factors, that inhibit the crystallization of natural 
calcic amphiboles with large amounts of Mn2+ at 
the ß-group sites, as it is rare to find Mn- and 
Ca-rich environments with Mn » Fe. 

The ideal compositions of F-edenite and F-
pargasite have the ß-group sites completely oc­
cupied by Ca. However, site-scattering refine­
ment and electron-microprobe analysis show that 
both these amphiboles have nearly 0.50 apfu of 
Mn at the Λf(4') site. We found this result to be 
somewhat surprising. It is well established that 
Mn2+ strongly favours the #-group sites in ferro-
magnesian amphiboles (Papike et al., 1969; 
Ghose & Hexiong, 1989) and both chemical and 
structural work (Ghose et al, 1973; Oberti & 

C-group sites 

The work of Oberti et al (1993), Oberti & 
Ghose (1993) and this study provide significant 
information as to the behaviour of Mn2+ when it 
is a C-group cation. The site populations of the 
C-group cations for the amphiboles from these 
studies are summarized in Table 7. In all these 
amphiboles, Mn2+ preferentially occupies the 
M(2) site relative to the M(\) and M(3) sites. This 
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ordering pattern occurs irrespective of the anionic 
composition at 0(3), as both the hydroxy-rich-
terites of Oberti et al (1993) and the synthetic 
fluor-amphiboles of this study show Mn2+ 

strongly ordered at the M(2) site. Regarding the 
distribution between M(l) and M(3), in the man­
ganese-rich alkali amphibole of Oberti & Ghose 
(1993) and the fluor-amphiboles of this work, 
Mn2+ clearly shows preferential ordering at the 
M(l) site (Table 7). This behaviour is signifi­
cantly different from the ordering behaviour of 
Fe2+ in Mn-poor calcic, sodic-calcic and alkali 
amphiboles in which Fe2+ shows a strong prefer­
ence for M(3) relative to M(l) (e.g., Hawthorne 
et al, 1993, Fig. 3). Thus, the ordering pattern of 
Mn2+ over the C sites in non-ferromagnesian, 
Li-free amphiboles is: M(2) » M(l) » M(3). In 
Li-bearing amphiboles, Mn2+ tends to order at 
M(3); this is probably due to the entrance of the 
(large) Li+ at M(3), which is paralleled by the 
entrance of additional (small) high-charged 
cations at M(2) in order to achieve local charge-
balance (Hawthorne et al, 1996a). 

A-group sites 

As already discussed, MFE has no Ca at the A 
site whereas MFP has a significant amount of Ca 
at the A site. This is in accord with the occur­
rence of Ca at the A site in some pargasites from 
marbles. Hawthorne et al (1996b) report a new 
amphibole end-member, tluor-cannilloite [ideally 
CaCa2(Mg4Al)(Si5Al3)O22F2], in which the A site 
is completely occupied by Ca. The holotype 
specimen actually has 0.52 Ca apfu at the A site. 
Re-examination of several other pargasite ana­
lyses from the same locality (Pargas, Finland) 
shows the systematic presence of small amounts 
of Ca at the A site in every sample of pargasite 
from this locality (Hawthorne et al, 1996b). This 
cumulative evidence indicates that the common 
assumption that Ca occupies only the M(4) site 
in amphiboles is not correct. However, the 
chemical and paragenetic evidence does suggest 
some sort of chemical constraints for the pre­
sence of Ca at the A site. The marble at Pargas 
contains significant amounts of fluorite, and we 
have identified the presence of A-site Ca in syn­
thetic fluor-amphiboles. Furthermore, careful 
work on F-free pargasites (Oberti et al, 1995a) 
has shown that there is no Ca at the A site in 
these amphiboles. All this evidence suggests that 
the presence of F at the O(3) site promotes the 

occurrence of Ca at the A site in pargasitic am­
phiboles. 
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