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Abstract
Tassieite (IMA 2005–051), with an end-member formula NaCa2(Mg2)(Fe3+Mg)⌺2(Fe2+)2(PO4)6•2H2O, is a newly recognized
Mg-dominant phosphate of the wicksite group. A representative composition derived with an electron microprobe is SiO2 0.01,
P2O5 44.54, SO3 0.06, MgO 10.95, MnO 0.38, FeO 25.40 (meas.), FeO 14.93 (calc.), Fe2O3 11.63 (calc.), Na2O 1.96, CaO
11.56, SrO 0.02, Y2O3 0.26, Ce2O3 0.08, Yb2O3 0.13, UO2 0.04, F 0.04, H2O 3.78 (calc.), sum 100.34 wt% (excluding F), which
gives Na0.60Ca1.96Mg2.59Mn0.05Fe2+1.98Fe3+1.39Y0.02Yb0.01S0.01P5.98O24•2H2O for 14 cations excluding Na, and 24 O; the Fe2+:
Fe3+ ratio is calculated from stoichiometry, and the H2O, from ideal content. Overall, the analyses of all grains gave Na in the
range 0.46–0.97 atoms per formula unit, and XMg = Mg/(Mg + Fe2+) (atom ratio) is in the range 0.45–0.77 (for tassieite: XMg >
0.5). Single-crystal X-ray diffraction gives an orthorhombic symmetry, Pbca, a 12.4595(7), b 11.5955(16), c 12.7504(7) Å, V
1842.1(3) Å3, calculated density 3.45 g/cm3, Z = 4. The mineral is isostructural with wicksite, but with the M1 site dominated by
Mg. Mg is the dominant divalent octahedrally coordinated cation in the structure, which is our rationale for recognizing tassieite
as a distinct species. Indexed lines in the powder pattern [d in Å(I)(hkl)] are 6.40(5)(002), 3.497(40)(302), 3.000(80)(114),
2.895(80)(040), 2.735(100)(420,412), 2.545(10)(224) and 2.091(30)(106). The mineral is optically biaxial +, ␣ 1.712(2), ␤
1.713(2), ␥ 1.722(2) (589 nm), 2V (meas.) 46(1)°, 2V (calc.) 37°. Pleochroism: X dark blue, Y blue, Z light brown; absorption: X
> Y >> Z. Tassieite occurs in bands of secondary fluorapatite or in pseudomorphs of stornesite-(Y) within a fluorapatite nodule in
a paragneiss specimen from between Johnston Fjord and Tassie Tarn (whence the name), Stornes Peninsula, Larsemann Hills, in
Antarctica. Associated minerals are stornesite-(Y), wagnerite, xenotime-(Y), monazite-(Ce), pyrite, mélonjosephite and several
unidentified Ca ± Na – Mg – Fe phosphates. Larger grains of tassieite (0.5–1 mm) show crystal faces and cleavage traces, but
most grains (up to 0.3 mm) are platy and anhedral or irregular in outline. Tassieite seems to have formed hydrothermally from
the alteration of stornesite-(Y) and wagnerite.
Keywords: phosphate, new mineral species, electron microprobe, crystal structure, Larsemann Hills, Antarctica.
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Sommaire
Nous décrivons la tassieïte (IMA 2005–051), phosphate de Mg récemment découvert faisant partie du groupe de la wicksite,
et de composition idéale NaCa2(Mg2)(Fe3+Mg)⌺2(Fe2+)2(PO4)6•2H2O. Une composition représentative a été dérivée des mesures
faites avec une microsonde électronique: SiO2 0.01, P2O5 44.54, SO3 0.06, MgO 10.95, MnO 0.38, FeO 25.40 (mes.), FeO 14.93
(calc.), Fe2O3 11.63 (calc.), Na2O 1.96, CaO 11.56, SrO 0.02, Y2O3 0.26, Ce2O3 0.08, Yb2O3 0.13, UO2 0.04, F 0.04, H2O 3.78
(calc.), pour un total de 100.34% (poids, y exclue la teneur en F), ce qui donne une formule empirique Na0.60Ca1.96Mg2.59Mn0.0
2+
3+
2+
3+
5Fe 1.98Fe 1.39Y0.02Yb0.01S0.01P5.98O24•2H2O pour 14 cations y exclue la teneur en Na, et 24 O; le rapport Fe :Fe est calculé
à partir de la stoechiométrie, et la teneur en H2O, de la formule idéale. En gros, les analyses de tous les grains indiquent entre
0.46 et 0.97 atomes de Na par formule unitaire, et XMg = Mg/(Mg + Fe2+) (rapport d’atomes) varie dans l’intervalle de 0.45 à
0.77 (la définition de la tassieïte exige XMg > 0.5). La diffraction X sur monocristal indique une symétrie orthorhombique, Pbca,
a 12.4595(7), b 11.5955(16), c 12.7504(7) Å, V 1842.1(3) Å3, et une densité calculée de 3.45 g/cm3, Z = 4. Le minéral possède
la structure de la wicksite, mais avec Mg prédominant au site M1. Le Mg est le cation à coordinence octaédrique prédominant
dans la structure, ce qui nous a poussé à proposer la tassieïte comme espèce distincte. Les raies indexées du spectre de diffraction
(méthode des poudres) [d en Å(I)(hkl)] sont 6.40(5)(002), 3.497(40)(302), 3.000(80)(114), 2.895(80)(040), 2.735(100)(420,412),
2.545(10)(224) et 2.091(30)(106). Le minéral est biaxe +, ␣ 1.712(2), ␤ 1.713(2), ␥ 1.722(2) (589 nm), 2V (mes.) 46(1)°, 2V
(calc.) 37°. Il est pléochroïque: X bleu foncé, Y bleu, Z brun pâle; absorption: X > Y >> Z. La tassieïte se trouve dans des rubans
de fluorapatite secondaire ou en pseudomorphose de la stornesite-(Y) faisant partie d’un nodule de fluorapatite dans un specimen
de paragneiss découvert entre Johnston Fjord et Tassie Tarn (d’où le nom), péninsule de Stornes, collines Larsemann, dans
l’Antarctique. Lui sont associés stornesite-(Y), wagnérite, xénotime-(Y), monazite-(Ce), pyrite, mélonjosephite et plusieurs
phosphates de Ca ± Na – Mg – Fe non identifiés. Les grains de tassieïte les plus gros (0.5–1 mm) montrent des faces et le tracé
de clivages, mais la plupart des grains (jusqu’à 0.3 mm) sont en forme de plaquettes et xénomorphes. La tassieïte semble s’être
formée en milieu hydrothermal par l’altération de la stornesite-(Y) et de la wagnérite.
(Traduit par la Rédaction)
Mots-clés: phosphate, nouvelle espèce minérale, microsonde électronique, structure cristalline, collines Larsemann, Antarctique.

Introduction
The wicksite group includes the hydrous calcic
Fe-dominant phosphate wicksite (Sturman et al. 1981,
Cooper & Hawthorne 1997) and its Mn-dominant
analogue bederite (Galliski et al. 1999), as well as
the isostructural hydrous Ca–Mn arsenate grischunite
(Graeser et al. 1984, Bianchi et al. 1987). Galliski et
al. (1999) further distinguished bederite from wicksite
on the basis of the low occupancy of the site nearly
fully occupied by Na in wicksite. We report here an
Mg-dominant analogue of wicksite and bederite as the
new mineral species tassieite. In contrast to wicksite
and bederite, Na occupancy ranges from 46 to 97%
in tassieite and varies independently of the Mg:Fe:
Mn proportions, thereby introducing a complexity in
defining wicksite-group minerals. Like wicksite and
bederite, tassieite is a late-stage, low-temperature
mineral, but its occurrence in Larsemann Hills paragneisses in Antarctica is uniquely restricted to a fluorapatite nodule containing stornesite-(Y) from its type
locality (Grew et al. 2006).
The mineral and name were approved by the
Commission on New Minerals and Mineral Names
(CNMMN), International Mineralogical Association
(2005–051). The name is for Tassie Tarn, a small triangular lake with a shape resembling that of Tasmania,
170 m south of the type and only locality, which
was fixed at 69°24.929’ S, 76°03.990’ E on Stornes

Peninsula, Larsemann Hills, Antarctica. The name has
three syllables: tass-ee-ite. Holotype material (sample
no. 113002A) is deposited in the National Museum of
Natural History (Smithsonian Institution) as catalogue
number NMNH 174436, the same as the holotype
specimen for stornesite-(Y).

Analytical Methods
The optical properties were measured at the RuhrUniversität Bochum by routine immersion procedure
using a microrefractometer spindle-stage (Medenbach
1985). The precision of the measurements was restricted
by the strong absorption of the crystals.
X-ray powder-diffraction data were obtained with a
Gandolfi camera 57.3 mm in diameter and CuK␣ radiation at the Ruhr-Universität (Table 1).
Cell dimensions were refined from reflections at
scattering angles 13 <  < 20° obtained with graphitemonochromated MoK␣ radiation on an ENRAF
NONIUS CAD4 diffractometer equipped with a point
detector at the University of Bern. CAD4 instrumentation gives higher accuracy albeit less precision than the
CCD instrument.
Single-crystal X-ray-intensity collection of two
crystal fragments (Fig. 1) was carried out with a threecircle SMART BRUKER CCD 1K at the University
of Bern, graphite-monochromated MoK␣ radiation
(Table 2). The structure was solved by direct methods

tassieite in paragneiss, larsemann hills, antarctica
in the standard space-group setting Pbca [cf. Cooper &
Hawthorne (1997), who refined the structure of wicksite
in Pcab], and refined with the program Shelxl–97
(Sheldrick 1997). Subsequently, the cation positions
were numbered in the same sequence as adopted by
Cooper & Hawthorne (1997). Scattering factors were
assigned according to scattering power and bond
lengths. All octahedral sites M1–M3 were refined
with Mg and Fe assuming full occupancy. The Ca site
was fixed at complete Ca occupancy, and the strongly
distorted Na site was refined with partial Na occupancy.
Both crystals gave almost identical results, which is not
surprising, as both fragments originate from the same
macrocrystal (Fig. 1). The coordinates and displacement
parameters of the atoms are only given for the larger
crystal #2 (Tables 3, 4). A table of structure factors is
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available from the Depository of Unpublished Data on
the MAC web site [document tassieite CM45_293].
Tassieite and associated phosphates (Table 5) were
analyzed with a Cameca SX100 electron microprobe
at the University of Maine using wavelength-dispersive spectroscopy (WDS). Analytical conditions were:
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accelerating voltage 15 kV, beam current 10 nA, count
time 5s, and spot diameter 5 m (except 20 m for the
second crystal, used for refinement of the structure),
and the data were processed using the X-Phi correction
of Merlet (1994). We used the following standards for
the phosphates: fluorapatite (FK␣), tugtupite (NaK␣),
synthetic Mg3(PO4)2, (MgK␣), albite (AlK␣), albite
(SiK␣), fluorapatite or synthetic Mg3(PO4)2 (PK␣),
barite (SK␣), tugtupite (ClK␣), fluorapatite (CaK␣),
rutile (TiK␣), rhodonite (MnK␣), almandine (FeK␣),
celestine (SrL␣), synthetic Y–Al garnet (YL␣), synthetic
REE phosphates (REE L␣), and U metal (UM␤). We
attempted analyses at 20 spots per grain, where each
constituent was counted for 5 seconds. However, after
culling the results because of impurities and allowing
for compositional zoning, compositions of tassieite are
averages of 6 to 20 spots per grain or zone in a grain.
A potential problem with electron-microprobe
analyses of minerals for Na, particularly in cases of
hydrous minerals, is migration of Na during course of
the analyses (e.g., Autefage 1980, Autefage & Couderc
1980). The migration can be minimized by reducing
analytical time, accelerating voltage and sample current,
by increasing beam diameter and by moving the sample
under the beam. For example, Autefage & Couderc
(1980) reported negligible Na migration in albite using
a beam 20 m in diameter for three minutes at 15 kV,
50 nA sample current and fixed sample, but Na started to
migrate within 10 seconds under these conditions with a
beam 5 m in diameter. Autefage (1980) recommended
an accelerating voltage of 10 kV, a sample current of
30 nA, a beam at least 10 m in diameter, and sample
movement. Because of the small size of most grains of
tassieite and an abundance of inclusions in these grains,
we had to find a balance between minimally damaging
operating conditions and a clean area on the grain large

enough to analyze, whence our choice of a beam 5 m
in diameter for most tassieite grains. Our conditions
were less conducive to Na migration than those used
in other studies of wicksite-group minerals for which
operating conditions were given in detail: 15 kV accelerating voltage, 20 nA sample current, 20 s counting
time on peak for wicksite (Cooper & Hawthorne 1997,
Oberti et al. 1993). Galliski et al. (1999) used the
same conditions for bederite, but also gave the beam
size as 5 m. In both cases, Na content determined
by electron-microprobe analyses was found to agree
with Na content calculated from the crystal-structure
refinement. In summary, we conclude that significant
Na migration was unlikely under the conditions we
used, and certainly no more than in other studies of
wicksite-group minerals.
Identification of several minerals not analyzed with
WDS was confirmed by taking an element scan using
energy-dispersive spectroscopy (Table 5).

Occurrence, Associated Minerals and Origin
Tassieite occurs in a single, rounded nodule ~8–10
cm across of dark brown fluorapatite in biotite – quartz
– plagioclase paragneiss, a distinctive lithologic unit
characterized by segregations of cordierite, prismatine,
grandidierite and tourmaline (Carson et al. 1995a,
Ren et al. 2003). A zone of plagioclase gneiss not
exceeding 1 cm in thickness and containing abundant
wagnerite and minor apatite and quartz surrounds the
nodule, which is mantled by a discontinuous corona
of wagnerite.
Tassieite was found only in the core of the fluorapatite nodule. It is not present either in the margin
of the nodule or in the other two samples containing
stornesite-(Y) (113002C, 121401E, Grew et al. 2006),
and none has been found in the vicinity of K-feldspar,
biotite or quartz. Except for secondary fluorapatite,
tassieite is the most abundant secondary mineral in the
core of the nodule. It occurs either in bands of secondary
fluorapatite typically turbid with fine inclusions (Fig.
1) or in pseudomorphs of stornesite-(Y) (Figs. 2a, b);
it also replaces wagnerite (Figs. 2c, d). A few larger
grains of tassieite (i.e., 0.5–1 mm) show crystal faces
and cleavage traces (e.g., Fig. 1), but most grains, which
are 0.02 to 0.3 mm in longest dimension, are platy and
anhedral (Figs. 2a, b). Tassieite commonly shows a
faint zoning in back-scattered electron images, but it is
rarely regular (Figs. 2d, 3b). Tassieite in places encloses
xenotime-(Y) (Fig. 3a), in one case, as abundant, fine
particles (Fig. 3b).
The other secondary minerals in the bands and pseudomorphs are phosphates; several of these could not be
definitively identified owing to their very fine grain-size
and relative scarcity (indicated by the suffix “-like” in
Table 5). Secondary fluorapatite differs from primary
fluorapatite in being very fine-grained (e.g., Fig. 2d),
and compositionally heterogeneous. On average,
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Fig. 1. Photomicrograph (plane-polarized light) of tassieite in a band of alteration (abundant particles) cutting fluorapatite (Ap). Fragments of the two crystals were used for
single crystal and Gandolfi X-ray diffraction, optical studies and electron-microprobe
analyses. Inset shows portions of the crystals (enlarged) after extraction to illustrate two
cleavages (yellow arrows) in tassieite. Sample 113002A.

secondary fluorapatite contains less Cl, Mg, and Fe; Na,
Y and Yb contents are erratic (Table 6). Xenotime-(Y) is
widespread as fine particles (e.g., Figs. 2c, 3b), whereas
monazite-(Ce) is less common, albeit in places coarser
(Fig. 3c). An average of WDS electron-microprobe
analyses of two xenotime-(Y) grains is (Ca0.01Sc0.001
Y 0.77Ce 0.001Nd 0.005Sm 0.008Gd 0.02Tb 0.006Dy 0.06Ho 0.01
Er0.04Tm0.008Eu0.002Yb0.04Lu0.003U0.002) Si0.001P1.00O4.
Mélonjosephite is pleochroic from very dark green
(nearly opaque) to brown and is best distinguished from
tassieite in back-scattered-electron (BSE) images, as it
is lighter (Figs. 2c, 3c, 3d). Grains show some compositional heterogeneity, but on average, the composition
of mélonjosephite (Table 6) closely matches the ideal
formula Ca(Mg,Fe2+)Fe3+(PO4)2(OH) (Fransolet 1973).

Birefringent brown phases form either fine-grained
aggregates (“unid” in Fig. 3c) or tufted plates (“Jhn”
in Fig. 4). In some cases, their compositions approximate that of what could be an Mg-dominant, Mn-poor
jahnsite-group mineral. However, the analyses give total
Mg + Mn + Fe2+ contents (Table 6) less than expected
in the formula of such a mineral: CaFe2+(Mg,Fe2+)2
Fe3+2(PO4)4(OH)2•8H2O (Moore 1974). Other brown
phosphates give a different composition altogether
(Table 6), or are too heterogeneous to give a meaningful
average. A blue-green pleochroic mineral could be
either lazulite or souzalite; a semiquantitative energydispersion spectroscopy (EDS) analysis in section
121401E described by Grew et al. (2006) gave an
approximate composition (Mg, Fe):Al:P ≈ 2:3:3, consis-
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Fig. 2. Back-scattered-electron images of tassieite (Tss) and associated secondary minerals in sample 113002A. (a) and (b) Fluorapatite (Ap) enclosing a pseudomorph of stornesite-(Y), with one relic preserved (Sto). The white grains are xenotime-(Y).
The areas slightly darker than tassieite in (b) are the jahnsite-like mineral. (c) Tassieite grain mantled in secondary fluorapatite
at intersection where band of secondary fluorapatite (2nd Ap) crosses a wagnerite grain (Wag) in primary fluorapatite (Ap),
which is slightly lighter than secondary fluorapatite. Mélonjosephite (Mj) is also present (Table 6, area 1). The bright spots
in the band are dominantly xenotime-(Y); monazite-(Ce) is less abundant, and pyrite (Py) is rare. (d) Enlargement of tassieite
grain showing indistinct zoning.

tent with either mineral. Like tassieite, mélonjosephite
and the jahnsite-like mineral have not been found near
silicates, whereas the lazulite–souzalite-like mineral is
more commonly seen with K-feldspar.
Tassieite, mélonjosephite and the jahnsite-like
mineral are inferred to have formed from lowtemperature alteration of stornesite-(Y), wagnerite and
fluorapatite, a paragenesis similar to pegmatitic occurrences of “wicksite-like” minerals and mélonjosephite
(Peacor et al. 1985, Fransolet et al. 1985, Povondra et
al. 1987). The presence of stornesite-(Y) is essential;
wagnerite, a widespread phosphate in the Larsemann
Hills, by itself or with fluorapatite, does not suffice for
tassieite formation. We attribute the alteration to late
hydrothermal activity associated with faulting. Brittle
faults postdating regional metamorphism and deformation have been reported in the Larsemann Hills (Dirks

et al. 1993, Carson et al. 1995b). Evidence for such
late alteration are chloritization and epidote-bearing
fractures along a prominent lineament bounding Blair
Bay, 2.5 km northeast of the tassieite locality, one of
several lineaments that Stüwe et al. (1989) mapped in
the Larsemann Hills using aerial photography. Halogen
and silica activities in the hydrothermal fluids were
sufficiently low to stabilize hydrous Ca ± Na – Mg
– Fe phosphates. Isokite, Ca(Mg,Fe)PO4(F,OH), or an
isokite-like mineral, both of which are found in other
samples from the Larsemann Hills as an alteration of
wagnerite or stornesite-(Y) (Table 6), could be due to
higher activities of fluorine. At higher activities of silica,
more Mg and Fe are incorporated in silicate minerals,
leaving less for phosphates. The high Mg:Fe2+ ratio
and low Mn content of tassieite reflect the relative
proportions of Mg, Fe and Mn in stornesite-(Y) and
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wagnerite, which have created a more magnesian environment than those in which the other wicksite-group
minerals were found. Wicksite occurs in nodules with
the Fe phosphates wolfeite, satterlyite and marićite as
well as Fe–Mn-bearing alluaudite-group minerals in
ironstone and shale (Sturman et al. 1981, Robertson
1982, Robinson et al. 1992). Bederite and Mn-bearing
“wicksite-like” minerals occur in pegmatites and a highalumina phosphate deposit; associated minerals include,
respectively, Fe–Mn phosphates, e.g., barbosalite, and
the Al phosphates gatumbite, augelite, burangaite and
trolleite (Peacor et al. 1985, Ek & Nysten 1990, Galliski
et al. 1999). Except for the trace amount of cassiterite,
there is little definitive evidence for the metasomatic
introduction of elements during the hydrothermal
alteration at the tassieite locality: Y and the rare-earth
elements for secondary xenotime-(Y) and monazite(Ce)

could have been released during breakdown of fluorapatite and stornesite-(Y).

Physical and Optical Properties of Tassieite
Tassieite is dark green with a very light green streak
and a vitreous luster. Its hardness cannot be determined
because of the small grain-size and the very limited
amount of available material, i.e., only a few crystals
exclusively in thin sections. Tassieite is brittle. It has
two cleavages: good to perfect on {100}; a second
intersects this at an angle of 60° (Fig. 1). The density
calculated from the formula based on the electronmicroprobe data (see below) for the second crystal used
for structure refinement, is 3.45 g/cm3.
Grains in thin section are transparent (Fig. 1).
Tassieite is optically biaxial positive, ␣ 1.712(2), ␤

Fig. 3. Back-scattered-electron images of tassieite (Tss) and mélonjosephite (Mj) in sample 113002A. (a) Xenotime-(Y) (Xnt)
in tassieite broken from crystal 2 in Figure 1. (b) Very fine-grained xenotime-(Y) (bright spots) in zoned tassieite in area 9
(Table 9). (c) Mélonjosephite (Mj) in area 4 (Table 6); a pseudomorph of stornesite-(Y) in fluorapatite (Ap) with one relic
preserved (Sto). The large white grain is monazite-(Ce), but the finer white grains and specks are mostly xenotime-(Y); cassiterite and pyrite also are present. The unidentified mineral surrounding mélonjosephite is a heterogeneous Na-Ca-Mg-Fe
phosphate. (d) Mélonjosephite (Mj) in area 1 (Table 6); enlargement of Figure 2c shows zoning in mélonjosephite. The white
grains are mostly xenotime-(Y); a few are monazite-(Ce). 2nd Ap: secondary fluorapatite.
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Fig. 4. Back-scattered-electron image of area 7 showing jahnsite-like mineral (Jhn) in
Table 6. Sample 113002A.

1.713(2), ␥ 1.722(2) (589 nm), with 2V (meas.) =
46(1)°, 2V (calc.) = 37°. Dispersion is very weak.
Pleochroism is marked, with X dark blue, Y blue, Z
light brown; the absorption is X > Y >> Z. Fluorescence
was not observed.

Crystallographic Properties
Tassieite is isostructural with wicksite and bederite.
However, in contrast with these two minerals, Mg is
the dominant octahedrally coordinated divalent cation
in the structure. The M1 site is 68–69% occupied by
Mg (Table 7). Charge balance requires the presence of
1.523–1.537 Fe3+ per formula unit. Given the relative
sizes of the M sites (Table 8) and following Cooper
& Hawthorne (1997), we have assumed that all Fe at
M2 is Fe3+. The remainder is assigned to the second
smallest site, M1. Note that Fe3+ was not reported at
M1 in either wicksite (Cooper & Hawthorne 1997) or
bederite (Galliski et al. 1999). If we were to assume
the Na content measured with the electron microprobe
instead of the refined Na content, the calculated Fe3+
occupancy at M1 would drop from 0.168 to 0.028 atoms
per formula unit in crystal #2. The M3 site is the largest
and most distorted octahedron in the structure, and it
is doubtful that Fe3+ is present or that Mg could ever
be dominant.
The Ca site is fully occupied by 20 electrons, i.e.,
measurable amounts of constituents other than Ca
are absent. The Na site is 46–48% occupied by Na.
The positions of both proton sites could be refined,
confirming the presence of two H2O molecules. The

presence of OH in tassieite can be excluded. All O sites
involve bonds to P and at least two M cations except O8,
which is bonded only to P2 and M2. A simple calculation gives a valence sum of 1.7 for O8. However, the
M2–O8 bond length is the shortest octahedral bond in
the structure (Table 8), and O8 accepts strong hydrogen
bonds from the H2O molecule; thus the apparent underbonding is adjusted by reduction of the bond lengths.
There is good agreement between the composition based on the refinement and the results of the
electron-microprobe analysis for P, Ca, Mg, and total
Fe in crystal #2 (Table 9). In contrast, the discrepancy
between the refined Na occupancy and the electronmicroprobe-inferred Na content exceeds the uncertainty
of either measurement. Because refinements of both
crystals gave nearly identical Na contents, the discrepancy cannot be dismissed as a result of zoning, despite
the wide variation in Na content between other analyzed
grains (see below). If a larger amount of Na is assumed
to occupy the Na site, e.g., 0.624 atoms per formula unit
(apfu), displacement parameters become unrealistically
large, and R1 increases by 0.3%.
In an alternative model in full agreement with the
Na concentration determined by electron-microprobe
analyses, we assume additional 0.14 apfu Na at M3,
corresponding to a Na occupancy of 0.07%. Scattering factors of Na and Mg are very similar, and these
elements are difficult to distinguish, particularly where
present as minor components. Minor Na at M3 would
require the same amount of Fe2+ at M1 to be interpreted as ferric iron for charge balance. The agreement
between the refined and measured MgO is improved in
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this model, but the difference in calculated Fe3+:Fe2+
ratio is increased owing to the different normalizations
used (Table 9).

Chemical Composition and
Compatibility Index of Tassieite
Tassieite is highly variable in composition from
grain to grain (e.g., Table 9), and some individual
grains appear indistinctly zoned in back-scatteredelectron images (Figs. 2d, 3b). The principal variables
are Mg (8.60–15.99 wt.% MgO), Fe (17.03–27.75
wt.% expressed as FeO), and Na (1.63–3.16 wt%
Na 2O), resulting in X Mg = Mg/(Mg + Fe 2+) in the
range 0.445–0.769 (Fig. 5a). The Fe3+ contents were
calculated assuming full occupancy of the Ca, M and P
sites and absence of Na at M3, that is, 14 total cations
excluding Na, and 24 O excluding H2O. If Na were to
occupy the M3 site, then this calculation would give
too low a Fe3+:Fe2+ ratio, e.g., assuming 0.14 Na at M3
increases the calculated proportion of Fe3+ from 0.46
to 0.51 (Table 9).

Individual spot-analyses of tassieite also gave highly
variable Y and Yb contents. It appears that in some cases
a portion of Y and Yb could have been contributed by
xenotime-(Y) inclusions (Figs. 3a, b) intersected by
the electron beam, and for this reason analytical results
given in Table 9 and used in preparing compositional
plots (Fig. 5) are averages from which the most yttrian
compositions were removed. The cutoff ranged from
0.3 to 0.9 wt.% Y2O3; only two grains were not culled
(e.g., area 8, Table 9). Resulting average Y2O3 and
Yb2O3 contents of individual grains range from 0.02 ±
0.02 to 0.66 ± 0.12 wt.%, and from 0.0 ± 0.10 to 0.15
± 0.12 wt.%, respectively.
The major compositional variations can be expressed
in terms of two substitutions consistent with the crystalstructure refinements (modified from Galliski et al.
1999):
Na䡺

+ M1,M2Fe3+ = NaNa + M1,M2(Mg,Fe2+)

Mg = Fe2+
The two substitutions are not correlated (Fig. 5b).
The Gladstone–Dale relation (Mandarino 1981)
gives for crystal #2 a compatibility index 1 – (KP/KC)
= 0.011 (superior).

tassieite in paragneiss, larsemann hills, antarctica

303

Tassieite: Nomenclature Issues
There are currently two recognized phosphate
species in the wicksite group; tassieite would be the
third (Table 10). In addition, Peacor et al. (1985) and
Ek & Nysten (1990) have reported “wicksite-like”
minerals that appear to be closer to bederite than to
wicksite in composition. In introducing bederite as a
new species in the wicksite group, Galliski et al. (1999)
argued that bederite is distinct from wicksite not only
because of the homovalent Mn substitution for Fe2+
at M1 and M3, but also because of the heterovalent
substitution Na䡺 + M2Fe3+ = NaNa + M2Mg (Table 10).
However, they did not cite the “wicksite-like” minerals
from Hålsjöberg, Sweden (Ek & Nysten 1990). The two
samples richest in Fe2+ (anal. 6 and 7) have Fe2+/(Fe2+
+ Mn) = 0.47–0.48 (Ek’s & Nysten’s data based on
Fe2+ determinations using Mössbauer spectroscopy)
or 0.50–0.55 (Fe2+ estimated from stoichiometry using
formulae normalized to 14 cations for 24 atoms of
oxygen, as was done for tassieite) and Na = 0.026–0.029
apfu. These two compositions imply that there could a
Fe2+-dominant wicksite-group mineral in which the Na
site is largely vacant, i.e., the Fe2+-dominant analogue
of bederite.
We proposed tassieite as an Na-dominant species
to the CNMMN, that is, with NaCa2(Mg2)(Fe3+Mg)⌺2
(Fe 2+) 2(PO 4) 6•2H 2O as the dominant end-member.
Tassieite can be distinguished from wicksite and
bederite either by the dominance of Mg at M1 or by
the dominance Mg among octahedrally coordinated
divalent cations (Table 10, Fig. 5a). A structure refinement would not be needed to identify a given specimen
using the second criterion; Fe2+ could be calculated
from stoichiometry. All but one of the analyzed grains in
sample 113002A meet the second criterion for tassieite;
this grain is wicksite with an Mg / (Mg + Fe2+ + Mn2+)
at M1–3 of 0.445 and Na = 0.56 apfu.
However, tassieite also has a variable Na content
(Fig. 5b); most analyses give Na > 䡺 at the Na site
(tassieite), but one EMPA and the structure refinements
give 䡺 > Na, a potentially distinct species (unnamed,
Table 10). Eventually, it might be possible to distinguish a Na-dominant subgroup and vacancy-dominant
subgroup in the wicksite group, but for now, the most
practical criterion for distinguishing tassieite, wicksite
and bederite is the relative proportion of Mg, Mn and
Fe2+ at the M1, M2 and M3 sites considered together;
i.e., these minerals are related by homovalent substitutions at the M sites. These are rare minerals, and we
do not think further refinement of the nomenclature is
justified until a larger set of crystallographic and compositional data on more samples has become available.

Fig. 5. Plots of wicksite-group phosphates using formulae
calculated on a 14 cation per 24 oxygen basis. (a) The
proportions of divalent cations at the three M sites considered together. Only named species are indicated. (b) The
relationship between Na and the proportion of Mg at the
three M sites considered together. Two fields are labeled
“unnamed” because there are compositions or possible
compositions corresponding to these two unnamed species (Table 10). Explanation and sources: tassieite: this
study, tassieite str xl: electron-microprobe data for crystal
#2 used in the determination of the structure (Table 9),
tassieite SREF: compositions from crystal-structure refinements (Table 7); wicksite (LH): Larsemann Hills (Table 9),
wicksite type: Sturman et al. (1981), Cooper & Hawthorne
(1997); bederite: Galliski et al. (1999); “wicksite-like”
(blue): from Bull Moose mine, South Dakota, U.S.A.
(Peacor et al. 1985); “wicksite-like” (red): from Hålsjöberg
kyanite–phosphate deposit (Ek & Nysten 1990).
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