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Structural study of magnesioaxinite
and its crystal-chemical relations with axinite-group minerals
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and GIORGIO GRAZIANI

Dipartimento di Scienze della Terra, Universita di Roma “La Sapienza”, P.le A. Moro 5,
1-00185 Roma, Italy

Abstract: The magnesium end-member of the axinite mineral group was studied by single-crystal X-ray diffraction
and refined in the P1 space group (R = 2.2 %). Cell parameters are a = 7.1381(3) A, b =9.1626(4) A, c = 8.9421(4)
A, 0.=91.903(4)°, B = 98.105(3)°, Y= 77.468(4)°, ¥ = 565.21(4) A3. Magnesioaxinite is isostructural with (Mn,Fe)-
axinites, but shows structural features which may account for the compositional gap observed between magnesioax-
inite and manganaxinite.

Electron and ion microprobe analyses and refined site occupancies gave the following crystal chemical formula:
161[Cay go(Ca; 9sMng 03)(Mg1.92M1g 04V 0,03CT0.01) Al 00Al 001 #1[B3 01515 02030](OH 9O0.1), very close to the ideal Mg
end-member. The octahedron occupied by Mg (<Mg-O> = 2.17 A) is distorted and closely connected with both tetra-
hedral and octahedral structure components. Its modification (when Mg substitutes for Fe2+ and Mn) causes lattice

deformations and also influences T-O-T angles and geometry of octahedral sheets.

Key-words: borosilicates, axinite, magnesioaxinite, crystal structure, crystal chemistry.

Introduction

The axinite-group minerals are borosilicates
commonly occurring as accessory phases in skarn
and other contact metamorphic rocks (Grew,
1996, and references therein). Moreover, as in
some localities they are the only borosilicates in
regionally metamorphosed rocks, axinites are
believed to be alternative to tourmalines in Al-
poor, Ca-rich parageneses at low temperature
(Pringle & Kawachi, 1980). Their chemical com-
position is characterised by variable Mn, Fe, Mg
contents, Fe3*/ZFe ratios and by the presence of B
and H as constituent elements. The structural for-
mula (Ca,Mn)4(Mn,Fe,Mg)2Al4B2Si8030(OH)2

* E-mail: SERGIO.LUCCHESI@UNIROMAL1.IT

was proposed by Sanero & Gottardi (1968), who
also defined the nomenclature for the different
members of the group. When calcium is close to 4
atoms per formula unit (apfu), the end-members
manganaxinite, ferroaxinite and magnesioaxinite
depend upon Mn, Fe2* and Mg contents. In the
end-member tinzenite (2 < Ca < 4 apfu), Mn
excess (> 2 apfu) substitutes for Ca (Milton et al.,
1953; Basso et al., 1973; Belokoneva et al.,
1997).

_ The crystal structure of axinite was solved in
P1 by Ito et al. (1969) and refined by Takéuchi et
al. (1974). Axinite structure was described as a
sequence of layers, almost parallel to (121),
formed by tetrahedrally- and octahedrally-coordi-
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Fig. 1. Crystal structure of axinite as seen approximately along [211]. Note evident tetrahedral and octahedral lay-
ers, the former represented by coordination polyhedra, the latter by atoms. Si-centred tetrahedra: light grey; B-cen-

tred tetrahedra: medium grey.

nated cations (Fig. 1). Corner-sharing tetrahedra
Si(1) and Si(2) form two disilicate groups [Si,O],
which are connected by two BO, tetrahedra to
form a six-membered ring. Two additional disili-
cate groups, made up of Si(3) and Si(4) tetrahedra,
share corners with the BO, tetrahedra, forming a
[B,Sig03] planar cluster (Fig. 2a). The [B,SigO30]
groups are not linked to each other and constitute
the interrupted tetrahedral layer (Fig. 2b). Slightly
distorted octahedra (Fig. 3a) share edges to form a
six-fold finite chain, (Mn,Fe,Mg)-Al(1)-Al(2)-

Al(2)-Al(1)-(Mn,Fe,Mg). These chains are almost
parallel to [211], and lateral connection among
them is provided by strongly distorted Ca(1) and
Ca(2) octahedra (Fig. 3a). As a result, continuous
octahedral sheets are formed (Fig. 3b) and tetrahe-
dral layers are sandwiched between them (Fig. 1).
The hydrogen atom is bonded to O(16), which is
shared by Al(1), Al(2) and Ca(2), and forms a
hydrogen bridge with O(13). The structure of
tinzenite, the Ca-deficient member of the group,
was refined by Basso et al. (1973). Results of this

Fig. 2. Tetrahedral sites in axinite structure; projection plane near (121). Si-centred tetrahedra: light grey; B-centred
tetrahedra: medium grey. a) [B,SigO;] cluster; a black circle marks position of inversion centre. b) Interrupted tetra-
hedral layer.

Fig. 3. Octahedral sites in axinite structure; projection plane near (121). Mg-centred octahedra: dark grey; Al-cen-
i Ao oy g, nowtend nntnhadra: lioht arev 2) Mo Mo chain with adioining Ca octahedra: a
hedral layer.

Fig. 3. Octahedral sites in axinite structure; projection plane near (121). Mg-centred octahedra: dark grey; Al-cen-
tred octahedra: medium grey; Ca-centred octahedra: light grey. a) Mg...Mg chain with adjoining Ca octahedra; a
black circle between the two Al(2) octahedra marks position of inversion centre. b) Octahedral sheet; “A” identifies
the lozenge-shaped cavities separating the Mg...Mg chains.
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Fig. 2a Fig. 2b

Fig. 3a Fig. 3b
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work confirmed the model of Ito et al. (1969) and
revealed the excess of Mn atoms ordered in Ca(2),
the smaller of the two independent Ca-octahedra.

The crystal chemistry of axinites was consid-
ered by Lumpkin & Ribbe (1979) and revised in
Andreozzi et al. (2000), who proposed the general
formula for the group:
[6][Ca(Ca;_Mn,)(Mn,Fe2+*, Mg,Zn,Al,Fe3* )s_;
(Al Fe3+)[4[(B;.,Si,)S18]O30(OH;.Ow)2,
wherex<l,u<<l,v<<l,y<l,z<<landw=
(u+v+z).

Ferroaxinites and Mg-poor manganaxinites are
the compositions most frequently found, whereas
magnesioaxinites are rarer and generally limited to
compositions close to the boundary with the fer-
roaxinite (Fig. 4). The only known specimens
close to the magnesioaxinite end-member are
gem-quality crystals from Tanzania (Jobbins et al.,
1975; Andreozzi et al., 2000).

The large compositional gap existing between
the Mg and Mn end-members of axinite group
(Fig. 4) was first observed by Chaudhry & Howie
(1969) and Pringle & Kawachi (1980), and further
emphasised by Andreozzi et al. (2000). This gap
may be due to the scarcity of rocks simultaneous-
ly impoverished in Fe and enriched in Mn, Mg and
B or also to the tendency of axinites to fractionate
Mn and Fe (Grew, 1996). Whether the absence of

solid solution between manganaxinite and magne-
U ur ast o abs tudacatoy~brakmmalus~ertrainte.otil)

Mn and Fe (Grew, 1996). Whether the absence of
solid solution between manganaxinite and magne-
sioaxinite is also due to structural constraints still
remains to be clarified. Since the only two axinites
refined so far are intermediate (Mn-Fe) samples,

G.B. Andreozzi, S. Lucchesi, G. Graziani

Fig. 4. Mn-Fe2*-Mg contents of
axinites [normalised to (Mn + Fe2* +
Mg) = 1] and their distribution in sub-
fields of manganaxinite, ferroaxinite
and magnesioaxinite (after Andreozzi
et al, 2000). Compositional gap
between manganaxinite and magne-
sioaxinite is evident. Open diamond:
this study; full circle: sample BEL
(Belokoneva et al., 1997); full square:
sample TAK (Takéuchi et al., 1974);
full triangle: sample SW (Swinnea et
al., 1981). Tinzenite BAS (Basso et al.,
1973) cannot be properly represented
in this diagram, however its position
would plot at the Mn comner.

the framework details of the three end-members,
particularly Mg, need to be clarified. Conse-
quently, a structural study on the end-member
magnesioaxinite is of fundamental importance for
the definition of the crystal chemistry of the axi-
nite group minerals.

Materials and methods

The specimen studied consists of a light-blue,
gem-quality idiomorphic crystal (approximately
10 x 9 x 6 mm) kindly provided by Dr. J. Saul to
one of the authors (G.G.). This magnesioaxinite
was found in the Merelani Hills, south of Arusha,
Tanzania, with diopside, gem-quality blue zoisite
(tanzanite) and green grossular garnet (tsavorite)
(J. Saul, personal communication). The embed-
ding rocks consist primarily of graphite-bearing
gneisses and marbles. Magnesioaxinite crystals
show the typical axe-shaped habit, with a well-
developed {010} pinacoid with evident [001] stri-
ae. Refractive indexes o = 1.650(2), B = 1.660(2)
and 7= 1.670(2) were measured by the immersion
method using a universal stage. Density was mea-
sured at 294 K with a Berman balance.

X-ray diffraction data (Table 1) were collected
using a Siemens P4 four-circle automated X-ray

diffractometer at 298 K. The unit cell parameters
wora rafjned by eallecting 13 indenendent reflec-

using a Siemens P4 four-circle automated X-ray
diffractometer at 298 K. The unit cell parameters
were refined by collecting 13 independent reflec-
tions (at + 20) and their Friedel pairs (MoKa, radi-
ation, A = 0.70930 A) in the range 85-95° 20.
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Table 1. Magnesioaxinite: crystal data and structure
determination summary.

Color Light blue
Habit pinacoidal
Crystal size (mm) 0.2x0.3x0.3
Space group Pl
a(d) 7.1381(3)
b(A) 9.1626(4)
c(A) 8.9421(4)
a(®) 91.903(4)
B 98.105(3)
&) 77.468(4)
Unit cell volume (A?) 565.21(4)
Z 2
Density (g/cm®): obs. 3.16(1)
calc. 3.167
26 range (°) 3 to 65
Scan type o
Scan speed (°/min.) 2.93t029.30
Scan range (°) 22
Index ranges -10<h<10
-13<k<13
0<1<13
Reflections collected 4320
Observed reflections 4094
Isotropic extinction coeff. 0.0267(7)
N. of parameters refined 244
Final R* index (%) 221

* in the form R = (Z|F gbs — Feate| /(ZF obs)

X-ray diffraction intensities were collected with
MoK radiation (A = 0.71073 A). Scan speed was
variable and depended on reflection intensity esti-
mated by means of a pre-scan. Background was
measured with stationary counter and crystal at the
beginning and at the end of each scan, in both
cases for half of the scan time. Three standard
reflections were monitored every 47 measure-
ments.

Data reduction was performed with the
SHELXTL-PC program package. Absorption cor-
rection was accomplished with a semi-empirical
method, using intensities obtained from the ¥-
scans of 13 non-equivalent reflections in the range
10° - 65° 26. Reflections with I > 20(I) were con-
sidered as observed, and the original set of 4320
was reduced to 4094 reflections. Initial fractional
coordinates were taken from Takéuchi et al.

was reduced to 4094 reflections. Initial fractional
coordinates were taken from Takéuchi et al
(1974). Fully ionised curves were used for all ele-
ments. Isotropic secondary extinction was correct-
ed according to Larson’s algorithm (Larson,
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1970). Three cycles of isotropic full matrix refine-
ments were followed by anisotropic cycles until
convergence, with a satisfactory final disagree-
ment factor (R = 2.2 %). Final atomic coordinates,
refined site scatterings (reported as site mean
atomic number) and equivalent-isotropic displace-
ment-parameters (U) are listed in Table 2.
Position of H atom was localised from inspection
of a difference Fourier map; successive isotropic
refinement confirmed these coordinates (Table 2),
while occupancy was constrained to the value
obtained from chemical analysis. The program
ATOMS (copyright 1995 by Eric Dowty) was used
for drawing structural details. The anisotropic dis-
placement parameters and observed and calculated
structure factors may be obtained from authors (or
through the E.J.M. Editorial Office - Paris).

The chemical composition of the refined crys-
tal fragment (Table 3) was determined by a multi-
analytical approach. Elements with Z > 9 were
analysed by a Cameca SX-50 electron microprobe
operated with five wavelength-dispersion (WDS)
spectrometers and a Link eXL energy-dispersion
system (EDS), both controlled by Specta software,
at the “Centro di Studio per il Quaternario e
I’Evoluzione Ambientale” C.N.R., Rome. Data
were reduced with ZAF-4/FLS software. The nat-
ural and synthetic standards used were: wollas-
tonite (Si, Ca), corundum (Al), jadeite (Na),
periclase (Mg), fluorphlogopite (F), magnetite
(Fe), orthoclase (K), rutile (Ti), and metallic Mn,
Cr, V and Zn. Among the examined elements, Fe,
Zn, Ti, Na, K and F were not observed since their
concentration was below their 6. Analyses for H
and B were carried out on the same crystal frag-
ment by means of a Cameca IMS 4f ion micro-
probe, at the C.N.R.-CSCC, Pavia, with a 160-
primary ion beam. Matrix effects were reduced
and reproducibility was improved using the ener-
gy-filtering technique (~ 75-125 eV) and measur-
ing the variation of ion yield (IY) for B and H with
respect to 30Si, with Si selected as the matrix-ref-
erence element (Ottolini et al., 1993). Accuracy
for B <3 % rel. and H ~ 5 % rel. were obtained by
calibrating both I'Y(B/Si) and IY(H/Si) versus the
(Fe + Mn) contents of each sample included in the
experimental calibration curves (more details may
be found in Andreozzi et al., 2000).

Results

Results
Chemistry and cell parameters

The chemical composition of the sample
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Table 2. Fractional atomic coordinates, mean atomic numbers (m.a.n.) and equivalent displacement parameters (A2)

of magnesioaxinite.

Atom X y z m.an Ueq
Si(1) 0.21090(5) 0.44980(4) 0.23102(4) 14 0.0040(1)
Si(2) 0.21846(5) 0.27405(4) 0.52188(4) 14 0.0033(1)
Si(3) 0.69967(5) 0.25808(4) 0.01122(4) 14 0.0041(1)
Si(4) 0.64224(5) 0.01769(4) 0.23078(4) 14 0.0037(1)
B 0.4627(2) 0.6347(2) 0.2859(2) 5 0.0049(4)
Al(1) 0.05319(6) 0.79946(5) 0.25516(5) 13.01(3) 0.0037(1)
Al(2) 0.35128(6) 0.93645(5) 0.42062(5) 13.02(3) 0.0040(1)
Mg 0.76596(7) 0.59547(6) 0.11837(5) 12.58(4) 0.0071(2)
Ca(1) 0.74552(4) 0.34737(3) 0.39304(3) 20.05(4) 0.0074(1)
Ca(2) 0.18237(4) 0.10280(3) 0.08373(3) 20.05(4) 0.0082(1)
o(1) 0.0508(1) 0.6024(1) 0.1924(1) 8 0.0052(3)
0(2) 0.2342(2) 0.3428(1) 0.0893(1) 8 0.0069(3)
0(3) 0.4190(1) 0.4867(1) 0.3115(1) 8 0.0053(3)
0(4) 0.1387(2) 0.3674(1) 0.3655(1) 8 0.0091(3)
(0.6))] 0.0207(1) 0.2418(1) 0.5618(1) 8 0.0051(3)
O(6) 0.3229(1) 0.3802(1) 0.6462(1) 8 0.0050(3)
o7 0.3817(1) 0.1268(1) 0.4968(1) 8 0.0047(3)
O(8) 0.5333(1) 0.3422(1) 0.8767(1) 8 0.0050(3)
0(9) 0.8773(1) 0.1563(1) 0.9328(1) 8 0.0050(3)
0(10) 0.7686(2) 0.3727(1) 0.1355(1) 8 0.0071(3)
O(11) 0.6091(2) 0.1340(1) 0.0888(1) 8 0.0085(3)
0(12) 0.4347(1) 0.9825(1) 0.2430(1) 8 0.0049(3)
0O(13) 0.7220(1) 0.0986(1) 0.3847(1) 8 0.0048(3)
0O(14) 0.7929(2) 0.8695(1) 0.1787(1) 8 0.0061(3)
0(15) 0.3255(1) 0.7458(1) 0.3550(1) 8 0.0041(3)
0o(16) 0.0958(1) 0.9955(1) 0.3217(1) 8 0.0047(3)
H 0.989(3) 0.961(2) 0.619(2) 0.95 0.007

closely matches (up to 96 %) ideal magnesioaxinite
Ca,Mg,AlB,Sig04o(OH), and is very close to that
of the sample described by Jobbins ez al. (1975).
In particular, Si, B and Al contents are stoichio-
metric within the limits of experimental uncertain-
ty (Table 3). The minor content of Mn2+* - 0.07(2)
apfu - may be added to Mg and Ca to fill their
sites. Small contents of V3+ and Cr3*+ were
observed over the detection limit and are probably
a distinctive feature of Tanzanian axinite, already
reported by Jobbins ez al. (1975).

Unit cell parameters of our magnesioaxinite
(Table 1) are not immediately comparable with
respect to those of Jobbins ef al. (1975) since the
latter authors used a different cell orientation,
which may be transformed into that adopted in the
present paper according to the transformation
matrix 001/010/100. Our orientation follows that
witct ey '6e JinstentRelu (P37 «udyich, is. the
present paper according to the transformation
matrix 001/010/100. Our orientation follows that
recommended by Peacock (1937), which is the
nearest to the unique set defined by the Eisenstein-
reduced lattice and which was adopted in preced-

ing structural studies. A full discussion on the cor-
rect choice of axinite unit cell is considered by
Salviulo et al. (2000).

Structure

The atomic coordinates of magnesioaxinite
(Table 2) are close to those of tinzenite (Basso et
al., 1973), low-Mn tinzenite (Belokoneva et al.,
1997) and two intermediate (Mn,Fe) axinites
(Takéuchi et al., 1974; Swinnea et al., 1981).
These samples are hereafter identified as BAS,
BEL, TAK and SW, respectively.

The four independent tetrahedral sites occu- |
pied by Si (Fig. 2a) are characterised by different
mean bond distances and site volumes (Table 4).
Mean Si-O distances of the inner Si(1) and Si(2)
are equal and are significantly smaller than those
of_the_outer_Si(3)_and_Si(4). In particular, Si(2)
Mean Si-O distances of the inner Si(1) and Si(2)
are equal and are significantly smaller than those
of the outer Si(3) and Si(4). In particular, Si(2)
shows the smallest site volume. In all four tetra-
hedra, the Si-Oy, are longer than Si-O,, . This is
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Table 3. Chemical composition of magnesioaxinite.
Average oxide weight percentages and estimated stan-
dard deviations (£ 10).

Si0, 44.8(2)
B,0O5* 6.5(2)
Al O3 18.9(3)
V,0; 0.23(5)
Cr,0, 0.08(2)
MgO 7.18(1)
MnO 0.5(1)
CaO 20.6(1)
H,0* 1.6(1)
Total 100.4
Ions on the basis of 32 (O,0H)
Si 8.02(4)
B 2.01(5)
Al 3.99(3)
v 0.033(6)
crt 0.011(2)
Mg 1.92(1)
Mn 0.07(2)
Ca 3.95(3)
OH 1.9(1)
Total** 20.00

*from ion microprobe

**excluding OH

also reflected by bond valence calculations
(parameters by Brown & Altermatt, 1985) which
gave mean values < 1 valence unit (v.u.) for Si-O
bridging bonds and > 1 v.u. for non-bridging
ones.

In order to analyse the deformation of the
coordination polyhedra with respect to their ideal
geometry, mean quadratic elongation (A) and
angular variance (062) were calculated as defined
by Robinson et al. (1971). A values are low and
comparable (1.003-1.004) for all tetrahedra except
Si(2), which is more distorted (A = 1.008). In the
same way, 62 values range between 13.6 and 14.9
for all tetrahedra except Si(2), which shows 62 =
32. 0 As the mean Si(1) and Sl(2) bond dlstances

g ol
for all tetrahedra except Si(2), whlch shows 62 =
32.0. As the mean Si(1) and Si(2) bond distances
are identical, the relatively large distortion of the
Si(2) tetrahedron provides an explanation for its
smaller volume.

e -
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Site occupancies were kept fixed during
refinement since microanalyses indicated com-
plete occupancy by Si cations (Table 3).
Moreover, Al — Si or B — Si substitutions were
already excluded for Tanzanian axinite by
Andreozzi et al. (2000) in their general crystal-
chemical study of axinites.

The B tetrahedron is smaller than the Si ones
(Table 4) but shows comparable distortion (A =
1.007, 62 = 29.3). Similarly, the three bridging
B-O distances are longer than B-O(15), the non-
bridging one. Its volume (1.675 A3) is character-
istic of a site fully occupied by boron (Andreozzi
et al., 2000). This is in complete agreement with
ion microprobe analysis, which showed boron to
be stoichiometric (Table 3). As a consequence,
site occupancy was constrained during refinement
to full boron content. This assumption is appro-
priate due to the weak scattering factor of boron
and consequently due to the large errors that
would have been expected from the analysis of
electron density of its site (Hawthorne, 1996).

The two small Al(1) and Al(2) octahedra
(Table 5) are almost regular (A = 1.006 for both;
o2 = 18.5 and 19.7, respectively) and completely
filled by Al, according to site occupancies
(Table 2) and microprobe analysis (Table 3).
However, both mean bond length and site volume
of Al(1) are slightly higher than those of Al(2).

The octahedron surrounding Mg is definitely
irregular (A = 1.067; 62 = 177.7) because, similar-
ly to previously refined axinites, two of the six
Mg-O bond distances — Mg-O(6) and Mg-O(14) —
are longer than the other four (Table 5).
Consequently, the Mg-O bond strengths are lower
for the former two bonds (0.21 v.u. and 0.09 v.u.,
respectively) and higher for the latter four (from
0.34 t0 0.49 v.u.). The mean atomic number of this
site (Table 2) is greater than that expected for full
occupancy of Mg, suggesting the presence of
heavier cations. In agreement with this observa-
tion, Cr3*, V3* and 0.04 apfu Mn2* may be
assigned to the Mg site to achieve full occupancy.
In this case, charge balance is provided by the sub-
stoichiometric OH content (Table 3) according
to the coupled substitution R3*O(MgOH)
(Andreozzi et al., 2000).

The Ca(l) and Ca(2) polyhedra show very
high distortion when referred to as octahedra (A =
1.138 and 1.126; 62 = 478.6 and 397.8, respec-
tively), as they should more correctly be described
as trigonal antiprisms (Takéuchi et al., 1974).

1,100 auu 1.14U, UT /0. auu 37/, o 1CSpoC-
tively), as they should more correctly be described
as trigonal antiprisms (Takéuchi et al., 1974).
Ca(l) is larger and more distorted than Ca(2)
which, according to Basso et al. (1973), may con-
tain the remaining minor manganese (0.03 apfu).
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Table 4. Interatomic distances (A) and site volumes (A3) of tetrahedra (T) in magnesioaxinite.

Si(1) Si(2) Si(3) Si(4) B

o) 1.615(1)
02) 1.582(1)

0(3) 1.655(1) 1.487(2)
0(4) 1.639(1)  1.630(1)

0(5) 1.593(1)

0(6) 1.657(1) 1.544(2)
o(7) 1.613(1)

o(8) 1.647(1) 1.482(2)
0(9) 1.632(1)

0(10) 1.604(1)

o(11) 1.640(1)  1.643(1)

0(12) 1.602(1)

0(13) 1.632(1)

0(14) 1.638(1)

o(15) 1.440(2)

Mean T-O 1.623 1.623 1.631 1.629 1.488

Tvolume  2.183(2) 2.167(2) 2214Q2) 2204(2) 1.675(1)

Table 5. Interatomic distances (_A) and site volumes (A3) of octahedra (M) in magnesioaxinite.

Al)  AlQ) Mg Ca(1) Ca(2)
o) 1.876(1) 2.061(1)
0(2) 1.959(1) 2.305(1)
o(3) 2.426(1)
04)
0(5) 1.863(1) 2.347(1)
0(6) 2273(1)  2.465(1)
o7 1.897(1)

1.915(1)
o) 2.094(1)
0(9) 1.899(1) 2.357(1)
2.498(1)

0(10) 2048(1)  2.355(1)
O(11)
0(12) 1.864(1) 2.238(1)
0(13) 1.943(1) 2.319(1)
0(14) 1.867(1) 2.593(1) 2.404(1)
0(15) 1.986(1)  1.863(1) 2.588(1)
0(16) 1.946(1)  1.884(1) 2.579(1)
MeanM-O  1.906 1.894 2.171 2417 2.397
0(16) 1.946(1)  1.884(1) 2.379(1)
MeanM-O  1.906 1.894 2.171 2417 2.397
Mvolume  9.155(3) 8.987(3) 12.556(4) 15.532(5) 15.410(5




Structural study of magnesioaxinite

The hydrogen atom is bonded to O(16) at
0.88(2) A and establishes a hydrogen bridge with
0(13) at about 2.02 A, in good agreement with the

‘distances observed by Takéuchi et al. (1974) and
Swinnea et al. (1981).

Discussion

Octahedral sites and role of substitution involv-
ing Mg, Fe and Mn

The MgOg octahedron has the smallest mean
bond length (2.17 A) compared with the analogous
site occupied mainly by Fe or Mn (2.22 A in SW
and BEL, 2.24 A in BAS and TAK), indicating
that the substitution of Mg for (Fe,Mn) causes its
contraction. Moreover, with increasing of Mg con-
tents the two longer bonds — Mg-O(6) and Mg-
O(14) — decrease more markedly than the other
four. As an example, average shortening of Mg-
O(6) and Mg-O(14) from TAK to magnesioaxinite
is 0.09 A, compared with 0.05 for the other dis-
tances. Consequently, the Mg-centred octahedron
is less distorted than its homologues centred by Fe
and Mn (A = 1.067 and 62 = 178 for magnesioax-
inite; A > 1.080 and 62 > 215 for the other compo-
sitions).

Due to the crucial role played by the
(Mn,Fe,Mg)O¢ octahedron, its modifications
along the manganaxinite-ferroaxinite-magne-
sioaxinite series cause transformation of the whole
structure. In particular, it shares the O(1)-O(14)
edge with Al(1) octahedron (Fig. 3a), so that a sys-
tematic size decrease of Al(1) may be observed
from manganaxinite and ferroaxinite to magne-
sioaxinite. The Al(1) contraction also determines a
size decrease of Al(2), although to a very minor
extent. All these transformations produce shorten-
ing of the chain of octahedra, which shrinks
around the inversion centre located midway along
the Al(2)-Al(2) common edge, i.e., O(7)-O(7).
Consequently, the length of the chain (measured
from Mg to Mg) is 15.02 A in TAK and 14.88 A
in magnesioaxinite. Moreover, chain contraction
causes an enlargement of the lozenge-shaped cav-
ities (“A” in Fig. 3b) in the same direction as the
chains and this is reflected by the distance between
two consecutive Mg atoms across the cavity which
is 4.69 A in TAK and 4.73 A in magnesioaxinite.

Lateral distances between rows of chains, gov-
emed by Ca polyhedra, are substantially not

affantad innvannina her alat NNT R Ll AT 4

Lateral distances between rows of chains, gov-
ermed by Ca polyhedra, are substantially not
affected, increasing by about 0.01 A from TAK to
magnesioaxinite. In fact, mean bond distances
remain constant in Ca(l) and slightly increase in
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Ca(2), whereas both octahedra are progressively
more deformed.

Tetrahedral sites

The mean bond distances of the tetrahedra
remain constant when axinite composition
changes in terms of Mn, Fe and Mg, whereas inter-
atomic angles O-T-O and T-O-T reveal that struc-
tural changes occur. For example, mean angle
Si-O-Si decreases from magnesioaxinite to TAK
ranging from 143.4(1)° to 141.3(5)°, respectively.
A general trend may be observed in which, the
more the T-O-T angle decreases, the more the Si-
O bridging distance increases. This confirms the
observations of Brown & Gibbs (1970) and
Takéuchi et al. (1974) who, following
Cruickshank (1961), attributed this bond-length
variation to the influence of 3d orbitals on the nt-
bond between silicon and oxygen atoms.

The mean B-O bond length (1.488 A) has
almost the same value of that of TAK and BEL,
and is close to those shown by SW (1.485 A) and
BAS (1.48 A). This value was found to be charac-
teristic of samples with stoichiometric boron con-
tent in the whole axinite compositional field
(Andreozzi et al., 2000) so that it does not depend
on deformations induced by (Mg,Fe,Mn)-substitu-
tions. Therefore, the value of 1.488 A may be con-
sidered as representing the mean B-O bond length
in tetrahedral coordination, at least for axinite.

The strain induced on octahedral sheet by Mg
— (Fe,Mn) substitution also reflects on the geom-
etry of the [B,Sig0;] cluster. In magnesioaxinite,
the «ring» defined by B, Si(1) and Si(2) tetrahedra
(Fig. 2a) is larger than in the other end-members.
This is due to a sharp increase in the O(6)-O(4)
edge of the Si(2) tetrahedron (from 2.640 A in
TAK to 2.676 A in our sample), while the two B
and Si(1) tetrahedra behave almost as a rigid body:
the result is a more «open» topology in the tetra-
hedral cluster. Similarly, in the outer portion of the
cluster, an increase in the O(10)-O(11)-O(13)
angle of about 2° produces an outward rotation of
Si(4) with respect to Si(3). Notably, of these three
oxygen atoms O(11) is the only one not bonded to
the octahedral sheet, whereas O(10) and O(13) are
drawn by the deformations of the octahedra.

Conclusions

o WY KU B S N . 1 ) 1

Conclusions

On the basis of chemical analyses and struc-
tural refinement, the crystal chemical formula of
Tanzanian magnesioaxinite is:
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[61[Cay go(Ca;.95sMng g3)(Mg; 92Mng 04V ,03C10.01)
Al goAl 00](41[B7.01S15.02030](OH; 9Og ;). Small
deviations from full site occupancy are within
estimated experimental errors (Table 3).

The presence of Mg in axinite produces a gen-
eral contraction of the structure due to the role
played by the MgOq octahedron. Consequently, in
the range manganaxinite - ferroaxinite - magne-
sioaxinite, the lattice parameters show a reduction
of up to 0.04 A in cell edges leading to the maxi-
mum difference in cell volume between magne-
sioaxinite and manganaxinite. A binary solid
solution is therefore favoured between magne-
sioaxinite and ferroaxinite while is expected to be
more difficult between magnesioaxinite and man-
ganaxinite. This furthermore suggests that the
compositional gap observed in Fig. 4 between
manganaxinite and magnesioaxinite is controlled
by both geologic and structural constraints.
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