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ABSTRACT

Calcite — amphibole — diopside silicocarbonatite from the Afrikanda complex, in the Kola Peninsula, northwestern Russia,
contains abundant crystals of F-rich hibschite associated with titanite, chlorite, calciocatapleiite and calcite. The crystals range
from 10 to 50 pm across and consist of an oscillatory-zoned core and a uniform rim arising from variations in Al and Fe contents
across the crystal. The hibschite contains from 4.2 to 6.0 wt.% F, which is unparalleled by any F-bearing silicate garnet described
to date. The compositional variation of the Afrikanda hibschite can be described by the formula Grss7_c3Kty; 27Fgrg 11Adrg i3,
where Grs, Kt and Adr stand for the grossular, katoite and andradite, respectively, and Fgr denotes the hypothetical end-member
CazAlLyF|,.The average Fgr content is 10 mol.%. The crystal structure of F-rich hibschite was refined in space group la3d to R,
= 2.8%. In agreement with the chemical data, the refinement shows that about one-third of the tetrahedrally coordinated posi-
tions (Z) are vacant. These vacancies are coordinated by (OH)™ and F~ anions, which results in expansion of the unit cell [a =
12.037(3) A] relative to that of grossular. The size of the Z-centered tetrahedron is sensitive to the substitution of (OH)™ by F, as
indicated by the smaller center-to-corner and corner-to-corner distances measured for the Afrikanda hibschite relative to garnets
with a similar Si content along the grossular—katoite join. The F-rich hibschite crystallized in the final stages of silicocarbonatite
evolution from a low-temperature (200-250°C) deuteric fluid with log a(H*),q = log a(F),q = -5.

Keywords: hibschite, F-rich garnet, crystal structure, silicocarbonatite, Afrikanda complex, Kola Peninsula, Russia.
SOMMAIRE

La silicocarbonatite a calcite, amphibole et diopside du complexe de Afrikanda, dans la péninsule de Kola en Russie, contient
une abondance de cristaux de hibschite riche fluor associés a la titanite, chlorite, calciocatapléiite et calcite. Les cristaux vont de
10 2 15 pm de diametre et possedent un noyau a zonation oscillatoire et une bordure uniforme, résultats de variations en teneurs
de Al et Fe. La hibschite contient de 4.2 4 6.0% de F (en poids), ce qui est sans égal parmi les exemples connus de grenat silicaté
fluoré a date. On peut décrire la variation en composition de la hibschite de Afrikanda par la formule Grss7_s3Kty;_»7Fgrg_11Adrg_;3
Grss7_¢3Kta1 27Fgrs 11Adrg 13, dans laquelle Grs, Kt et Adr représent les poles grossulaire, katoite et andradite, respectivement,
et Fgr représente le pdle hypothétique idéal CazAl,F),. La teneur moyenne en Fgr est 10% (base molaire). Nous avons affiné la
structure cristalline de la hibschite fluorée dans le groupe spatial Ja3d jusqu’a un résidu R; de 2.8%. En concordance avec les
données chimiques, 1’affinement montre qu’environ un tiers des positions Z a coordinence quatre sont vides. Ces lacunes sont
coordonnées par des groupes (OH)™ et des anions F~, ce qui méne a une expansion de la maille élémentaire a a 12.037(3) A, rela-
tive a la valeur pour le grossulaire. La dimension du tétra¢dre est sensible a la substitution du (OH)~ par F~, comme I’indique les
distances plus courtes du centre Z aux coins et de coin a coin par rapport a celles des échantillons de grenat de la série grossulaire—
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katoite ayant une teneur en Si semblable. La hibschite riche en fluor a cristallisé au stade final de 1’évolution de la silicocarbonatite
a une faible température (200 a 250°C) a partir d’une phase fluide dans laquelle log a(H*),q = log a(F"),q = 5.

Mots-clés: hibschite, grenat riche en fluor, structure cristalline, silicocarbonatite, complexe de Afrikanda, péninsule de Kola,

Russie.

INTRODUCTION

Calcic garnets are common accessory constituents
of silicocarbonatites and primitive calcite carbonatites
enriched in autolithic or xenolithic silicate material. To
date, there has not been a systematic study of calcic
garnets from carbonatitic rocks. A few attempts have
been made to use these minerals as tracers of magma
evolution (e.g., Lupini et al. 1992, Brod et al. 2003),
but those authors relied exclusively on results of elec-
tron-microprobe analysis as the basis for petrogenetic
interpretations. The shortcomings of this simplified
approach were discussed in detail by Chakhmouradian
& McCammon (2005). It has been recently recognized
that evolution of calcic garnets in some carbonatites
culminates with the appearance of a “hydrogarnet” late
in the paragenetic sequence (Chakhmouradian & Zaitsev
2002). Such garnet, containing a significant proportion
of OH in its chemical composition, precipitates from
deuteric hydrothermal fluids either independently or as a
reaction-induced mantle on earlier-crystallized minerals
(including primary Ca—Fe-Ti garnet, perovskite,
titanite and ilmenite). During a systematic study of
silicocarbonatites from the Afrikanda complex in the
Kola Peninsula, northwestern Russia, we identified in
these rocks abundant crystals of calcic “hydrogarnet”
containing a high proportion of F. The scarcity of
published information on naturally occurring F-bearing
garnet in general and “hydrogarnet” from carbonatitic
parageneses in particular prompted a detailed investiga-
tion of the Afrikanda material. In the present work, we
describe the crystal chemistry of a garnet-group mineral
with the highest F content reported to date, including
the first crystal-structure refinement of a F-rich calcic
garnet. The only F-rich garnet whose crystal structure
has been refined previously is spessartine from the
Henderson mine in Colorado (Smyth et al. 1990). The
data presented here have implications not only for the
interpretation of subsolidus processes in carbonatitic
systems, but also further our understanding of the
crystal chemistry of the garnet group, an important class
of technological materials.

OCCURRENCE AND PARAGENESIS

The Afrikanda alkali-ultramafic complex is
composed of texturally diverse olivinites and clinopy-
roxenites cross-cut by minor intrusions of carbonatitic
and foidolitic rocks. Calcite — amphibole — diopside
silicocarbonatite and associated sovite are common in

the central part of the pluton, where they form veins
and lenticular bodies in perovskite—-magnetite-bearing
olivinites, melilite olivinites, wehrlites and coarse-
grained clinopyroxenites (Chakhmouradian & Zaitsev
2004). The silicocarbonatite is a coarse-grained rock
comprising variable modal proportions of diopside,
magnesiohastingsite, calcite, magnetite, perovskite,
titanite and chlorite. Some 50 different accessory
minerals have been identified in this rock, including
such characteristic “carbonatitic” phases as nyerereite,
burbankite, ancylite-(Ce), rare-earth- and Nb-rich
perovskite, rare-earth-rich zirconolite and calzirtite
(Chakhmouradian & Zaitsev 2004, and references
therein). Garnet-group minerals are common accessory
constituents in both primary and deuteric parageneses,
and locally make up a few vol.% of the rock. The
earliest garnet to crystallize in the silicocarbonatite is
Zr-bearing OH-poor schorlomite, described elsewhere
(Chakhmouradian & McCammon 2005). Grains of
deuteric garnet are confined to fractures in the primary
calcite and associated with chlorite, titanite and Ca—Zr
silicates. Most common are fragmented euhedral crys-
tals of F-rich hibschite and random intergrowths of such
crystals enclosed in late-stage hydrothermal calcite and
calciocatapleiite (Fig. 1; Chakhmouradian & Zaitsev
2004). Locally, the silicocarbonatite contains hundreds
of such crystals in one square centimeter. The hibschite
crystallized after Al-rich titanite and nearly simultane-
ously with Nb- and Zr-rich titanite (Chakhmouradian
2004), but prior to late-stage calcite, calciocatapleiite
and the bulk of the chlorite.

The crystals of hibschite are colorless, isotropic and
range from 10 to 50 wm in the longest dimension. In
back-scattered electron (BSE) images, all crystals show
the same pattern of zoning, comprising an oscillatory-
zoned core and a uniform rim of low average atomic
number (AZ). The zoning is also visible in plane-
polarized light owing to the comparatively higher index
of refraction of the high-AZ (i.e., Fe-rich) material
(Fig. 1a). The core consists of 4-5 high-AZ zones and
3—4 low-AZ zones of differing width (Figs. 1b—e);
this pattern results from variations in Fe/Al across the
core (see below). Some of the crystals exhibit an inter-
rupted oscillatory pattern, which indicates that they
were fragmented prior to their mantling by the uniform
low-AZ material in the rim (Figs. 1c, e). Thus, the host
silicocarbonatite experienced at least two episodes of
fracturing, the earliest of which preceded the deposi-
tion of the homogeneous rim of hibschite, whereas
the second episode occurred after the crystallization
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of hibschite, but prior to the precipitation of late-stage
calcite, chlorite and catapleiite.

ANALYTICAL TECHNIQUES

The composition of hibschite (Table 1) was deter-
mined by wavelength-dispersive spectrometry (WDS)
using an automated Cameca SX 100 electron micro-
probe operated at 15 keV and 20 nA, with a beam size
of 1 wm. Although beam damage was not observed for
any of the analyzed points, several selected points were
re-analyzed with a beam current of 10 nA and beam
size of 5 wm. The element abundances measured with
a narrow beam at 20 nA are within the instrumental
standard deviation of the values obtained with a larger
beam at 10 nA. For example, the F abundances obtained
under these different instrumental conditions are within
5% of each other. Given that the width of some of the
zones is 5 wm or less (Fig. 1), the smaller beam-size was
eventually chosen for analysis. The following standards
were employed: albite (Na), andalusite (Al), diopside
(Ca and Si), fayalite (Fe), forsterite (Mg), titanite (Ti)
and topaz (F), with Ka analytical lines used for all of
these elements. Several other elements were sought, but
found not to be present at detectable levels (i.e., 200
ppm for Cr, 400 ppm for Mn, 500 ppm for V, 600 ppm
for Nb and Y, and 800 ppm for Zr).

X-ray microdiffraction (wXRD) data were collected
in situ on the hibschite crystal shown in Figure 1a using
a Rigaku D-max Rapid micro-diffractometer, operated

TABLE 1. REPRESENTATIVE COMPOSITIONS OF F-RICH HIBSCHITE

Oxide or Core Core Rim Rim Rim "Butk"
element (high-AZ) (low-AZ} average? e.s.d. range average
max.Fe  min.Fe

Na,0wt.% 0.03 0.05 0.03 0.01 0.02-0.04 0.03
Cal 38.22 38.49 39.00 0.34 38.50-39.50 38.67
MgO 0.05 0.07 0.08 0.01 0.06-0.09 0.08
AlLO, 19.83 22.21 23.11 0.37 22.44-23.58 22.54
Fe,0, 4.55 1.32 0.30 0.35 0.01-1.01 0.98
TiO, 0.02 0.07 0.01 0.01 0-0.02 0.01
Sio, 29.21 27.95 26.29 0.68 25.55-27.51 27.30
F 4.25 5.47 5.62 0.31 5.22-6.01 543
O=F, 1.79 2.30 2.37 229
H,0" 5.06 5.43 6.66 0.52 5.80-7.58 5.93
Totat 99.43 98.76 98.73 98.68
Na apfu 0.004 0.007 0.005 0.004
Ca 2.996 2.993 2.995 2.996
X 3.000 3.000 3.000 3.000
Mg 0.006 0.008 0.009 0.009
Al 1.710 1.900 1.952 1.921
Fe™ 0.250 0.072 0.016 0.053
Ti 0.001 0.004 - -

Yy 1.967 1.984 1.977 1.983
Si 2.137 2.028 1.884 1.974
F 0.983 1.256 1.274 1.242
H 2.470 2.631 3.189 2.863

T The bulk composition was calculated from the relative volumes occupied by
individual zones; * calculated on the basis of stoichiometry, .e., assuming H,,, = 4
x(3-8i,,—-025xF,,). Total Fe is expressed as Fe*'; Cr, Mn, V, Nb, Y and Zr
were sought, but not detected.
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at 40 kV and 30 mA. This instrument is equipped with a
CuKa source, curved-image-plate detector, flat graphite
monochromator, a variety of beam collimators, motor-
ized stage and microscope for accurate positioning of
the sample. The motorized stage allows two angular
movements (rotation ¢ and revolution w). The data
were collected in reflection mode using various sample-
to-beam geometries and operating conditions. Seven
datasets were obtained using a 50-pwm collimator and
collection times from 2—4 hours, including six datasets
with both ¢ and w fixed, and one with a ¢ range of 6°.
In addition, a smaller collimator (30 wm) and longer
collection-times (15-18 hours) were used to acquire
four datasets with w fixed and ¢ ranging from 0O to 70°.
The results obtained with these different acquisition-
parameters are mutually consistent. The wXRD data
were collected as two-dimensional images and then
converted into 20—/ profiles using the Rigaku R-Axis
Display software. Because no evidence of symmetry
reduction was observed, the wXRD pattern of hibschite
(Table 2) was indexed on a cubic /a3d cell. The unit-
cell parameter was refined using the UNITCELL software
(Holland & Redfern 1997).

A small fragment of hibschite was extracted from
a polished thin section for a single-crystal X-ray-
diffraction study. It was mounted on a Bruker four-circle
diffractometer equipped with an Apex 4K CCD detector
and a MoKa X-ray source. In excess of a hemisphere
of data was collected to 60° 26 using a frame time of
180 s and a frame width of 0.1°. Diffraction spots were
not observed at greater than 40° 26, and this upper limit
was imposed during the integration of the data frames.
Given a diffracting volume of 1.8 X 10 mm? and an
average scattering of ~le~ X A=, we characterize the
general weak observance of diffraction data in this case
as normal and place this combination of crystal volume
and scattering potential at the near-practical limit for
current CCD detectors operating with a fixed Mo-anode
generator. The unit-cell parameter (Table 3) was deter-
mined from 249 reflections with / > 7a(I). The struc-

TABLE 2. pXRD PATTERN OF F-RICH HIBSCHITE

! Grs Cae MK ! G G 1 K
1 4913 4913 11 2 17 1666 1669 6 4 O
3 4.255 4.255 220 2 1.639 1638 3 3 86
3 3.210 3.216 321 51 1.611 1608 6 4 2
7 3002 3008 400 10 1523 1528 6 5 1

100 2.690 2.691 420 14 1504 1504 800

7 2.570 2.566 332 1 1.457 1459 8 2 0
12 2457 2.456 224 20 1.439 1438 6 53
18 2362 2360 4 31 7 1346 1345 8 4 0
30 2197 2197 5 21 7 1313 1313 8 4 2
3 2131 2127 4 40 5 1.295 1.298 761
36 1.953 1.952 116 6 1.283 1283 6 6 4
4 1902 1903 620 1 1218 1216 8 5 3
2 1777 1774 6 3 1 2 1479 1180 8 6 2
18 1.738 1737 4 4 4 8 1.119 1117 8 6 4
1 1.702 1.702 543

The values of d are quoted in A.
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FiG. 1. Morphology and zoning of F-rich hibschite (Hbs)
in plane-polarized light (a) and back-scattered electrons
(b—d). The associated minerals are calcite (Cal) and chlorite
(Chl). Note that oscillatory zoning in the core of hibschite
crystals is commonly cross-cut by the core—rim boundary
(block arrows). Scale bar is 25 pm for all images.
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ture was refined in space group Ia3d using the Bruker
SHELXTL Version 5.10 package of programs (Sheldrick
1997). Scattering factors were taken from Ibers &
Hamilton (1992). Further information pertaining to the
single-crystal X-ray data collection and structure refine-
ment is provided in Table 3.

Raman spectra were collected from the crystal
shown in Figure la using a LabRam HR microspec-
trometer (Horiba Jobin Yvon) equipped with a 633-nm
He—-Ne narrow-bandwidth laser and an automated x—y—z
stage. Crystalline Si was used as a calibration standard.
The spectra were collected in confocal mode in intervals
from 100 to 1300 cm™' and 3000 to 3750 cm™' with an
1800 gr/mm grating.

RESULTS
Chemical composition

The oscillatory core of hibschite crystals contains
significant, but variable, amounts of Fe and F, whereas
their rim is more uniform in composition and contains
less Fe and more F relative to the core. The Na, Mg and
Ti contents are consistently at or only slightly above the
detection limit of WDS (Table 1). Structural formulae,
calculated on the basis of three X-site cations (Na +
Ca), with all Fe cast as Fe**, invariably give near-stoi-
chiometric cation totals at the Y site (1.96-2.01 atoms
per formula unit, apfu). This observation, coupled with
a good antipathetic correlation between the Al and Fe
apfu values (Fig. 2a), indicates that the bulk of Fe in the
examined material is indeed trivalent and replaces Al at
the Y site. There is also a weak sympathetic correlation
between the Al and F contents (Fig. 2b), but no correla-
tion between either Ca and Fe, or Ca and Al. The H,O
content was calculated on the basis of stoichiometry,
i.e., assuming Hg,s =4 X (3 — Sigys — 0.25 X Fypp),
with all Fe cast as Fe’* (Table 1). Cation apfu values
calculated using this approach give a slightly lower total
positive charge relative to the ideal value (24 — Fgp).
However, the discrepancy does not exceed 0.4%, which
is comparable to, or less than, charge discrepancies for
“hydrogarnets” described in the literature (e.g., Smyth
et al. 1990, Ferro et al. 2003, Wiodyka & Karwowski
2006). Alternatively, the H,O content in these minerals
can be calculated on the basis of charge constraints. In

TABLE 3. F-RICH HIBSCHITE: DETAILS OF STRUCTURE REFINEMENT

Crystal size 8x 14 x16um Total number of reflections 4669
Space group 1a3d Reflections in Ewaid sphere 2065
Unit-cell parameters Unique reflections 71

a 12.037(3) A {Fo| > 40, 54

v 1744.0(13) A erge 15.4%
z 8 Final R, (unique data) 4.86%
Calculated D 3.274(2) glem® Final R, {[Fo| > 40,) 2.84%
Linear absorption wR, 5.14%
coefficient () 2.45 mm! GooF 1.253

Difference peaks -0.30e” A3,
+0.34e°A
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our case, the values determined by the two methods are
within 0.2 wt.% of each other in the core of hibschite
crystals and within 0.1 wt.% in their rim.

An attempt to quantify the amount of H,O in the
Afrikanda hibschite by synchrotron IR spectroscopy
was unsuccessful because of the very small size of
the crystals (G. Della Ventura, pers. commun.). The
measured Raman spectra clearly show OH-stretching
modes near ~3630 cm™' (Fig. 3), but these modes cannot
be reliably deconvoluted into components or used to
quantify the H,O content (for a detailed discussion,
see Arredondo & Rossman 2002). Variations in inten-
sity of the OH stretching band measured across the
hibschite crystal suggest a larger amount of OH in the
rim relative to the core. This observation is consistent
with the values calculated on the basis of stoichiometry
(Table 1).

Crystal-structure refinement

Neither wXRD data (Table 2) nor single-crystal
diffraction data show any evidence of symmetry
lowering (e.g., peak splitting or reflections violating
the la3d systematic absences). This observation is
consistent with the optically isotropic character of the

FIG. 2. Variation in Al, Fe and F contents (in apfi calculated
to three X-site cations) across hibschite crystals.
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hibschite crystals (cf. Shtukenberg et al. 2005). Two
determinations of the unit-cell parameter derived from
the WXRD and single-crystal diffraction data obtained
from two different crystals are within one standard
deviation of each other [12.034(3) and 12.037(3) A,
respectively]. The crystal-structure refinement in space
group la3d was routine and converged to an R; of
2.8%. Because the X and Y sites in the garnet studied
are occupied almost entirely by Ca and Al, respectively
(Table 1), only the occupancy of the tetrahedrally coor-
dinated Z site was refined along with other structural
parameters. The refined Si content in the Z site is 2.05(5)
apfu, which is close to the value calculated for the
“bulk” crystal on the basis of the relative contributions
to its volume from individual zones (1.97 apfu). The
structural parameters and selected interatomic distances
for the F-rich hibschite are reported in Table 4. A table
of calculated and observed structure-factors is available
from the Depository of Unpublished Data on the MAC
website (document Hibschite CM46_1033).

DiscussioN
Crystal chemistry

The studied material is unique in that it has the
highest F content reported for garnet-group minerals to
date (Table 5). Unlike most of the previously described
F-rich garnets, it corresponds to hibschite, i.e., an inter-
mediate member of the grossular—katoite series (Grs—
Kt). Hibschite was first described from metamorphosed
marl xenoliths included in phonolite at Maridnskd
hora in Ust{ nad Labem, northwestern Czech Republic
(Cornu 1906). At the type locality, hibschite is free of
detectable F and occurs as small transparent crystals
of octahedral morphology with H,O-bearing andradite
in their core. The crystal chemistry of this garnet was
re-investigated in detail by Rinaldi & Passaglia (1989),
Dvortdk et al. (1999) and Ulrych et al. (2000). Hibschite

FiG. 3. Raman spectrum of F-rich hibschite showing lattice

modes (including Si-O stretching bands at 815 and 863

cm™') and OH stretching modes at ~3630 cm™".

THE CANADIAN MINERALOGIST

is not uncommon in calcareous metamorphic rocks
(see, e.g., bibliography in Pertlik 2003), although most
of the data available for this mineral in the literature
are limited to paragenetic descriptions and (commonly
incomplete) chemical analyses.

With two exceptions, all cases of F-rich garnet
described in the literature to date are members of the
andradite—grossular (Adr—Grs) series with <10 mol.%
Kt (Table 5). If all F in the Afrikanda hibschite is
assigned to the hypothetical end-member CaszAl,F,
(Fgr), its entire compositional range may be expressed
as Grssy7_e3Kty127Fgrs_11Adrg_13. The “bulk” average
composition, calculated on the basis of the volumetric
proportion of individual zones (Table 1), corresponds to
Grsg3KtoaFgripAdrs. The only other known occurrence
of F-rich hibschite is the Puficéw sill in the Western
Carpathians (Wtodyka & Karwowski 2006). This
mineral contains the highest Fgr content reported for
any granditic garnet in the literature (ca. 6.7 mol.%,
Wiodyka & Karwowski 2006). Calcium—Fe-bearing
spessartine associated with hydrothermal Mo mineral-
ization at the Henderson mine (Smyth ef al. 1990) and
Jaguaruna (Barbanson & Bastos Neto 1992) is the only
non-granditic garnet containing appreciable levels of F
(on average, 8 and 2 mol.% Fgr, respectively).

The substitution of four (OH)™ anions for a (SiO4)*
group in granditic garnet has been studied extensively,
and the structural parameters of the members of the
Grs—Kt series have been well constrained (Lager et
al. 1989, Rossman & Aines 1991, Nobes et al. 2000,
Ferro et al. 2003, Orlando et al. 2006, among many
others). The Z-O (center-to-corner) and O-O (corner-
to-corner) distances in the ZO, tetrahedron are most
sensitive to the “hydrogarnet” substitution; in F-free
members of the Grs—Kt series, these distances closely
follow the empirical relations: Z-O = —0.107 X Sigy
+ 1.955 and 10Ol = —0.174 X Sigpp, + 3.192 (Fig. 4).
From Table 4 and Figure 4, it is clear that the Z-O and
|0-Ol, distances calculated for the Afrikanda hibschite
using these equations are appreciably longer than the
measured values. These discrepancies stem from the

TABLE 4. F-RICH HIBSCHITE: STRUCTURAL PARAMETERS
AND KEY INTERATOMIC DISTANCES

Site Coordinates U, interatomic distances (A}
Ca {0, 174, 1/8) 0.0164(13}) Ca-0 (x4) 2.351(5)
&l (0,0,0) 0.0154(15) Ca-0 (x4) 2.511(5)
z* {3/8, 0, 1/4) 0.011{3) |Ca~0f 2.431(5)
Y-0 (x6) 1.929(4)
o 0.020(2) Z-0 (x4) 1.711(4)
X 0.04860(4) |0O-Of,., 2.793(5)
y 0.1493(4) (Z-0)... ¢ 1.736
z —0.0359(4) OOl oone 2.835

T Y = (Al Fe,,,) from EMPA; 1 Z-site occupancy refined from single-crystal
X-ray-diffraction data is 2.05(5) apfu (cf. 1.97 apfu from EMPA); * O-site occupancy
is (0, 4F, ) from EMPA; * distances are calculated assuming only oxygen at the O
site.
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TABLE 5. FLUORINE-BEARING GARNETS: A SUMMARY OF PUBLISHED DATA (ARRANGED CHRONOLOGICALLY)

Mineral wt.%F  Other compositional Paragenesis Locality Additional datat
apfu F characteristics % Reference
Hibschite 4.2-6.0 <4.6 wt.% Fe,0, Low-temperature hydro- Afrikanda, XRD,SCSR,Raman
0.98-1.37 thermal in silicocarbonatite Kola,Russia This work
Hibschite 3.5 0.22 apfu Fe** Metasomatic, altered Puncow sill, Raman
~14 mol.% Kt 0.80 nepheline syenite Poland Witodyka & Karwowski (2006)
Borderline 0.5-1.6 0.4-0.5 wt.%MnO, Low-grade metamorphic Mala Fatra Mts.  None
andradite-grossular  0.12-0.41  0.2-2.3 wt.%TiO, after tonalite—granodiorite ~ Slovakia Faryad & Dianiska (2003)
Andradite 0.5-2.0 1.3-2.3wt.% TiO, Low-grademetamorphic Charroux-Civray, None

with 25-31 mol.% Grs 0.12-0.48

after gabbroic and granitic

France, Fichtel-  Freiberger et al. (2001)

rocks gebirge, Germany
Andradite 0.1-0.5 0.2-1.0 wt.% MgO, Metasomatic Osecna, POP, UCP, WG, MS, TE
with 9-19 mol.% Grs  0.03-0.12  1.4-3.7 wt.% TiO,  melilitolitic pegmatite Czech Republic  Ulrych et al. (1994)
Borderline 0.1-1.6 <0.9 wt.% TIO, Low-grade metamorphic Blengsvatn, uce
andradite-grossular  0.03-0.40 Norway Visser (1993)
Borderline 4.6 (max.) 2.8wt.% TiO, Hydrothermal after Pedras Grandes, None /Barbanson &
andradite-grossular ~ 0.78 {mean) amphibole-biotite granite  Santa Catarina,  Bastos Neto (1992)
Brazil
Spessartine 1.9 (max) 12.7 wt.% Ca0, Leucogranite, associated  Jaguaruna, Santa None / Barbanson &
0.23 (mean) 11.7 wt.%FeO with Mo mineralization Catarina,Brazil Bastos Neto (1992)
Spessartine 3.2-4.3 0.6 wt.% Ca0, Hydrothermal, associated Henderson mine, SCSR, IR

0.97 (mean) 4.8 wt.% FeO

with Mo mineralization

Colorado,USA

Smyth et al. (1990)

Andradite-grossular
(complete range)

0-2.7 <1.6 wt.% TiO,,
0.64 (max) <1.0 wt.% MnO

Retrograde metamorphic
aftercontact-metamorphic

None
Manning & Bird (1990)

Skaergaard,
East Greenland

wollastonite—hedenbergite

Borderline 1.0-3.1 1.8-3.4 wt.% TiO,

andradite-grossular  ~0.2-0.7*

Grossular 0.2-0.8 ~1.3 wt.% Fe,O,
0.18 (max)

Metasomatized ijolite

Retrograde metamorphic
after wollastonite
in calc-silicate rocks

UcCP
Flohr & Ross (1989)

Magnet Cove
Arkansas, USA

Lake Bonaparte,
and Port Leyden,
New York, USA

UCP, optics
Valley et al. (1983)

§ All F and oxide contents listed in this Table were obtained by electron-microprobe analysis. * Only major elements (present in
concentrations > 0.5 wt.%) are listed. XRD: X-ray-diffraction pattern, SCSR: single-crystal structure refinement, POP: physical and
optical properties, UCP: unit-cell parameter(s), WG: H,O by gravimetry, MS: Méssbauer spectroscopic data, TE: trace-element
analysis, IR: infrared spectroscopic data. * The apfu numbers are approximate because the analytical data do not recalculate well to

structural formulae. Symbols used: Grs: grossular, Kt: katoite.

smaller ionic radius of F~ relative to O* (Shannon
1976) and, consequently, the smaller size of the Fs*
tetrahedron relative to the (OH)4*" tetrahedron. Using
the refined occupancy of the Z site and the empirically
constrained variations of Z-O and 0Ol along the
Grs—Kt join (Fig. 4), we estimate that the F4* tetra-
hedron has an average edge-length of ~3.08 A and a
center-to-corner distance of ~1.85 A. The edge length
and center-to-corner distance in the structure of pure
katoite are 3.20 and 1.96 A, respectively (Lager et al.
1987).

Conditions of crystallization

The F-rich hibschite is a product of postmagmatic
hydrothermal activity, which gave rise to a late-stage
assemblage of minerals overprinting the primary
magmatic assemblage (calcite, magnesiohastingsite,
diopside, perovskite and ilmenite) and developed
predominantly in fractures within the silicocarbonatite.
The fracturing probably occurred during the same
hydrothermal event (for example, in response to CO,
ebullition) as the deposition of hibschite and other late-
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FIG. 4. Variation in key interatomic distances (in A) with
increasing proportion of Si at the Z site in Ca—Al “hydro-
garnet”: (a) center-to-corner distance in the ZO, tetrahe-
dron; (b) average corner-to-corner distance in the ZOy
tetrahedron. Diamonds correspond to published data for
the grossular—katoite series (Basso et al. 1983, Sacerdoti
& Passaglia 1985, Lager et al. 1987, 1989, Geiger & Arm-
bruster 1997, Prodjosantoso et al. 2002, Ferro et al. 2003),
and square corresponds to the data for F-rich hibschite
(this work). In all cases, the error bars are smaller than, or
comparable to, the size of the symbols.

stage minerals. On the basis of textural and paragenetic
relations, the conditions of hibschite crystallization
correspond to 7 in the interval 250-300°C, log ACO,)
= —1.0, log a(H4Si04)5q = —4 and log a(H*) = -5
(Chakhmouradian 2004, Chakhmouradian & Zaitsev
2004). Our temperature estimate is consistent with the
published estimates for F-bearing granditic garnet with
less than 10 mol.% Kt (300-400°C at P in the range
1-4 kbar: Visser 1993, Freiberger et al. 2001, Faryad
& Dianiska 2003).

Elevated levels of F are not uncommon in carbon-
atites, some of which contain economic concentrations
of fluorite (Palmer & Williams-Jones 1996, Biihn et al.
2002). In the absence of fluorite, F is disseminated in
Mg-Fe micas and amphiboles (up to 3.2 wt.% F for
both: Hogarth 1989, Lee et al. 2004), apatite (up to 4.8

THE CANADIAN MINERALOGIST

wt.% F: Biihn et al. 2001), pyrochlore-group minerals
(up to 5.6 wt.% F: Lee et al. 2004) and fluorocarbonates
(up to 7.9 wt.% F in bastnisite: Wall & Zaitsev 2004).
Although F-rich garnet was unknown from carbonatites
prior to this work, granditic garnet with up to 3.1 wt.%
F has been reported from metasomatized alkaline
rocks affected by carbonatite-derived fluids (Flohr &
Ross 1989, Ulrych et al. 1994; Table 5). Hence, the
enrichment of hibschite at Afrikanda in F is not entirely
unexpected. It is, however, remarkable that this garnet
is the principal host of F in the paragenesis examined
because none of the aforementioned F-bearing minerals
occurs in the same association.

Neither the silicocarbonatite nor its metasomatized
milieu contains any fluorite. Given that the activity of
Ca”* remained high throughout the postmagmatic stage
of crystallization, the absence of fluorite at Afrikanda
must imply insufficient a(F") in the fluid. Manning &
Bird (1990) analyzed phase relations between F-bearing
grossular and fluorite in metasomatic calc-silicate rocks
and concluded that the composition of garnet is sensi-
tive to the composition of the fluid and can be used
to constrain log [a(H*) X a(F)] in that fluid. Using
Equation 17b of Manning & Bird (1990), we estimate
that the Afrikanda hibschite crystallized at a log [a(H")
X a(F)] value of —10 [i.e., log a (F") around —5]. The
documented increase in F content from the core of
hibschite crystals rimward (Table 1, Fig. 2b) indicates
either a drop in temperature or an increase in log a(F)
between the two temporally separated episodes of
growth (core and rim).
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