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Mg-rich wolfeite [diiron(II) hydroxide phosphate],

(FeII,Mg)2(PO4)(OH), from the Big Fish River area, Yukon

Territory, Canada, is isotypic with its MnII-dominant analogue

triploidite. The framework structure contains edge- and

corner-sharing, distorted MO4(OH) and MO4(OH)2 (M =

FeII or FeII,Mg) polyhedra linked by fairly regular PO4

tetrahedra. All atoms are on general positions. Four of the

eight independent Fe sites contain between 9 and 25% Mg

substituting for Fe. Two of these four sites show distorted

trigonal-bipyramidal coordination, whereas the remaining two

sites show distorted octahedral coordination. The average

(FeII,Mg)ÐO bond length decreases with increasing Mg

content. Average PÐO distances range between 1.538 and

1.543 AÊ . The hydrogen bonds are all strongly bent and weak,

with O� � �O distances > 2.73 AÊ , an observation con®rmed by

single-crystal Raman spectroscopic data which show ®ve

bands due to OÐH stretching vibrations between 3478 and

3557 cmÿ1.

Comment

Wolfeite, (FeII,MnII)2(PO4)(OH) (Mandarino, 1999), is a rare

iron phosphate mineral which occurs as a metasomatic

alteration phase in pegmatites, and also rarely in hydrothermal

veins, phosphatic nodules in shales, and amphibolite-facies

metamorphosed iron formations (Anthony et al., 2000; Masau

et al., 2000; Stalder & Rozendaal, 2002, and references

therein). Wolfeite is a member of a large family of compounds

with the general formula MII
2(XO4)Z, where M = Fe, Mn,

Mg, ...; X = P, As, ...; and Z = F, OH, O, Cl etc. According to the

crystal-chemical classi®cation of Strunz & Nickel (2001),

wolfeite belongs to the triploidite group of minerals, whose

other members are triploidite [(MnII,FeII)2(PO4)(OH);

Waldrop, 1970], wagnerite [Mg2(PO4)F; Coda et al., 1967],

staneÏkite [(Mn,FeII,Mg)FeIII(PO4)O; Keller et al., 1997] and

sarkinite [MnII
2(AsO4)(OH); Dal Negro et al., 1974]. Various

synthetic compounds are also isotypic with triploidite [e.g.

�-Mg2(PO4)(OH) (Raade & Rùmming, 1986) and

Zn2(PO4)(F,OH) (Taasti et al., 2002)]. All triploidite-type

compounds crystallize with space group P21/a and have similar

unit-cell parameters. The common structure type is closely

related to that of triplite, (MnII,FeII)2(PO4)F (space group

I2/a; Waldrop, 1969; alternative setting in C2/c for synthetic

triplite by Rea & Kostiner, 1972).

The crystal structure of wolfeite has not been studied thus

far, although X-ray powder diffraction data and unit-cell

parameters have been provided by Frondel (1949), Antenucci

et al. (1989), and Masau et al. (2000). The present article

reports the results of a single-crystal structure re®nement and

of single-crystal Raman spectroscopic studies of a Mg-rich
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wolfeite sample from the Big Fish River area, Yukon Territory,

Canada (Robertson, 1982; Robinson et al., 1992). The article

supplements an earlier study of the crystal structure and IR

spectra of a Mg-rich satterlyite, (Fe,Mg)12(PO3OH)(PO4)5-

(OH,O)6, from the same locality (Kolitsch et al., 2002).

At the Big Fish River area, the mineral is a common

constituent of epigenetic phosphatic nodules and forms

divergent, columnar aggregates of crude, glassy, light brown to

clove-brown crystals up to several centimetres in length.

Crystallization occurred at temperatures of about 453 to

473 K, according to ¯uid inclusion studies (Robinson et al.,

1992). Previous electron microprobe analyses of wolfeite from

this locality yielded an average formula close to

(Fe1.65Mg0.20Mn0.15)2(PO4)(OH0.95F0.05) (Robinson et al.,

1992). The presently studied sample is from the collection of

the author, and its appearance closely ®ts the published

descriptions (Robinson et al., 1992). The chemical composition

of the sample has been characterized by semiquantitative

SEM±EDS data which revealed major Fe and P, minor Mg and

only very small amounts of Mn (ratio Fe:Mn ca. 13:1), and

insigni®cant compositional inhomogeneities. The EDS-based

chemical composition is in good agreement with the formula

subsequently derived from the structure re®nement.

Mg-rich wolfeite is con®rmed to be isotypic with triploidite

(MnII,FeII)2(PO4)(OH); space group P21/a; Waldrop, 1970). It

has a complex framework structure based on edge- and

corner-sharing, distorted MO4(OH) and MO4(OH)2 poly-

hedra (M = FeII,Mg), corner-linked to PO4 tetrahedra (Figs.

1,2). For detailed descriptions of the connectivity, the reader is

referred to the previous reports on the isotypic members of

the triploidite group (see above). The present paper restricts

itself to the Mg distribution and the hydrogen bonding in Mg-

rich wolfeite. To facilitate comparisons, the atomic coordinates

and the labeling used by Waldrop (1970) for triploidite were

adopted for Mg-rich wolfeite, except for the H atoms which

had not been located during the earlier study of triploidite.

The crystal structure of Mg-rich wolfeite contains eight non-

equivalent Fe sites, four P sites, twenty O sites, and four H sites

(belonging to OH groups). All atoms are on general positions.

The Fe sites Fe1, Fe4, Fe6, and Fe8 are all ®ve-coordinated

(with distorted trigonal-bipyramidal geometry), whereas the

remaining Fe sites show distorted octahedral coordination

(with OH groups in the cis con®guration). Site occupancy

re®nements demonstrated that the considerable Mg present in

the structure strictly prefers the following four out of the eight

Fe sites: Fe5, Fe6, Fe7, and Fe8. The re®ned Fe:Mg ratios at

these sites range between approximately 0.76:0.24 (Fe6) and

0.90:0.10 (Fe5) (Table 1). Thus, the Mg substitutes for Fe on

two ®ve-coordinated and two six-coordinated sites, and

therefore exhibits no preference for a certain coordination

environment. A view of the polyhedral arrangement along

[001] (Fig. 1) shows that the Mg-bearing polyhedra

Fe7O4(OH)2 and Fe8O4(OH) (shown in blue) are connected

into undulating chains running parallel to [100], by alternately

sharing corners and edges. The other two Mg-bearing poly-

hedra, Fe5O4(OH)2 and Fe6O4(OH), are connected via a

shared corner on a level below the undulating chain (Fig. 2);

Figure 1
View along [001] of the complex framework structure of Mg-rich wolfeite
from the Big Fish River area, Yukon Territory, Canada. Edge- and corner-
sharing, distorted MO4(OH) (M = FeII,Mg) trigonal bipyramids (striped)
and MO4(OH)2 octahedra (unmarked) are corner-linked to PO4

tetrahedra (yellow, marked with crosses). All Mg-containing polyhedra
are shown in blue. The unit cell is outlined.

Figure 2
The complex crystal structure of Mg-rich wolfeite, projected along [010].
For key see Fig. 1.



the Fe5±Fe6 vector also runs approximately parallel to [100].

The two polyhedra most rich in Mg, Fe6O4(OH) and

Fe7O4(OH)2, are not connected to each other. Seemingly, the

structure thereby avoids mis®t-induced strain in the structure.

Average FeÐO distances for the ®ve-coordinated sites are

2.103 (Fe1), 2.109 (Fe4), 2.062 (Fe6), and 2.077 AÊ (Fe8). The

six-coordinated sites show average FeÐO distances of 2.188

(Fe2), 2.180 (Fe3), 2.152 (Fe5), and 2.139 AÊ (Fe7). All Mg-

containing sites have shorter average distances than their Mg-

free counterparts. This is consistent with the fact that the

commonly observed average [6]FeII±O distance, 2.138 AÊ , is

distinctly larger than the corresponding value for Mg, 2.085 AÊ

(Baur, 1981). Because FeII is generally considered an actively

distorting cation which prefers distorted octahedra if present,

it also comes as no surprise that the six-coordinated Fe sites

containing no Mg (Fe2 and Fe3) exhibit a higher bond-length

distortion than both their Mg-containing counterparts (Fe5

and Fe7). Hydrothermal syntheses would be necessary to

determine how much Mg can substitute for FeII in synthetic

wolfeite under speci®ed p±T conditions. The unit-cell volume

of the presently studied Mg-rich wolfeite, 1493.9 (5) AÊ 3, is

distinctly smaller than previously reported cell volumes for

wolfeites very poor in Mg [1521.74 AÊ 3 (Antenucci et al., 1989)

and 1523.0 (5) AÊ 3 (Masau et al., 2000)]. The cell edge most

strongly affected by the Mg incorporation is the a edge whose

length decreases by nearly 3% by comparison to the literature

data (Antenucci et al., 1989; Masau et al., 2000). This is

convincingly explained by the arrangement along [100] of the

Mg-containing polyhedra (cf. Figs. 1 and 2).

The four non-equivalent PO4 tetrahedra all show fairly

regular geometries (Table 1). Average PÐO distances are

1.543 (P1), 1.538 (P2), 1.540 (P3), and 1.542 AÊ (P4). The

hydrogen bonding scheme in Mg-rich wolfeite is somewhat

unusual. The hydrogen bonds are all weak, with O� � �O
distances between 2.73 and ca. 3.1 AÊ . Each OH group is

bonded to three cations (Fe or Mg), i.e. its bond-valence

requirements are basically satis®ed, and formally one might

not expect the H atoms to form any hydrogen bond at all.

However, the framework topology allows a larger number of

weak hydrogen bonds, and, in fact, three of the four OH

groups are involved in bifurcated, possibly even trifurcated

hydrogen bonds which are strongly bent (Table 2). Only the

bond donated by the O20ÐH4 group has a single acceptor

atom, O7. None of the four (freely re®ned) H sites shows any

unusual displacement parameters, and OÐH distances are

within a very narrow range between 0.78 and 0.80 AÊ (Table 2).

In isotypic synthetic �-Mg2(PO4)(OH) (Raade & Rùmming,

1986), the hydrogen bonds are also weak and strongly bent

(OÐHÐO angles range between 116 and 144�, similar to the

situation in Mg-rich wolfeite). The hydrogen bonding scheme

in triploidite is unknown because positions of H atoms could

not be located during the structure determination by Waldrop

(1970).

A further, spectroscopic characterization of the hydrogen

bonds was obtained by laser Raman spectroscopy. Spectra of a

single-crystal fragment were recorded in the range from 4000

to 100 cmÿ1 with a Renishaw M1000 MicroRaman Imaging

System using a laser wavelength of 633 nm and excitation

through a Leica DMLM optical microscope (spectral resolu-

tion �2 cmÿ1, minimum lateral resolution ca 2 mm, unpolar-

ized laser light, 180� backscatter mode, random sample

orientation). Two representative spectra, given in Fig. 3, were

recorded from different, but unspeci®ed cleavage planes. The

spectra show four sharp bands (and one shoulder) due to OÐ

H stretching vibrations at 3557 (shoulder), 3544, 3518, 3497

(only seen in one spectrum due to orientation effects), and

3478 cmÿ1. Using the correlation of OÐH stretching

frequencies and O� � �O hydrogen bond lengths in minerals by

Libowitzky (1999), the observed OÐH stretching frequencies

in Mg-rich wolfeite would correspond to approximate O� � �O
bond lengths ranging between 2.8 and 3.0 AÊ , in good agree-

ment with the results of the structure re®nement. In the

powder infrared spectrum of isotypic synthetic �-Mg2-

(PO4)(OH), only two sharp bands at 3595 and 3580 cmÿ1 were

observed (Raade & Rùmming, 1986), thus indicating weaker

hydrogen bonding than in Mg-rich wolfeite.

Experimental

Crystal data

Fe1.84Mg0.16(PO4)(OH)
Mr = 218.63
Monoclinic, P21=a
a = 12.274 (2) AÊ

b = 13.169 (3) AÊ

c = 9.754 (2) AÊ

� = 108.64 (3)�

V = 1493.9 (6) AÊ 3

Z = 16

Dx = 3.888 Mg mÿ3

Mo K� radiation
Cell parameters from 5647

re¯ections
� = 2.0±32.6�

� = 7.52 mmÿ1

T = 293 (2) K
Fragment, yellow
0.18 � 0.18 � 0.13 mm

Data collection

Nonius KappaCCD diffractometer
 and ! scans
Absorption correction: multi-scan

(HKL SCALEPACK;
Otwinowski & Minor, 1997)
Tmin = 0.294, Tmax = 0.376

10662 measured re¯ections

5432 independent re¯ections
4267 re¯ections with I > 2�(I)
Rint = 0.014
�max = 32.6�

h = ÿ18! 18
k = ÿ19! 19
l = ÿ14! 14
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Figure 3
Two single-crystal laser±Raman spectra of Mg-rich wolfeite from the Big
Fish River area, Yukon Territory, Canada, in the OH stretching region.
See text for details and band positions.
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Re®nement

Re®nement on F 2

R[F 2 > 2�(F 2)] = 0.022
wR(F 2) = 0.065
S = 1.03
5432 re¯ections
314 parameters
All H-atom parameters re®ned

w = 1/[�2(Fo
2) + (0.034P)2

+ 0.36P]
where P = (Fo

2 + 2Fc
2)/3

(�/�)max = 0.003
��max = 0.55 e AÊ ÿ3

��min = ÿ0.67 e AÊ ÿ3

Extinction correction: SHELXL97
Extinction coef®cient: 0.00357 (15)

Table 1
Selected geometric parameters (AÊ ).

Fe1ÐO20 2.0326 (13)
Fe1ÐO10 2.0546 (12)
Fe1ÐO15i 2.0858 (13)
Fe1ÐO6 2.1591 (12)
Fe1ÐO11 2.1827 (11)
Fe2ÐO16i 2.1124 (13)
Fe2ÐO17ii 2.1185 (13)
Fe2ÐO12 2.1372 (11)
Fe2ÐO18ii 2.2029 (13)
Fe2ÐO9 2.2526 (12)
Fe2ÐO5ii 2.3059 (12)
Fe3ÐO14iii 2.1054 (13)
Fe3ÐO9 2.1058 (11)
Fe3ÐO19 2.1237 (13)
Fe3ÐO7 2.2139 (12)
Fe3ÐO20 2.2433 (13)
Fe3ÐO12 2.2877 (12)
Fe4ÐO18 2.0320 (13)
Fe4ÐO11 2.0391 (12)
Fe4ÐO13iv 2.0660 (13)
Fe4ÐO8 2.1862 (12)
Fe4ÐO10 2.2195 (11)
Fe5ÐO17 2.1131 (12)
Fe5ÐO5 2.1223 (13)
Fe5ÐO20iv 2.1269 (14)
Fe5ÐO14 2.1733 (13)
Fe5ÐO2v 2.1781 (12)
Fe5ÐO2vi 2.2006 (13)
Fe6ÐO17iii 2.0090 (13)
Fe6ÐO1v 2.0240 (12)

Fe6ÐO6 2.0482 (12)
Fe6ÐO13 2.0665 (13)
Fe6ÐO1 2.1604 (13)
Fe7ÐO4vii 2.0782 (12)
Fe7ÐO19 2.0869 (12)
Fe7ÐO16 2.1314 (13)
Fe7ÐO7 2.1464 (13)
Fe7ÐO18i 2.1478 (14)
Fe7ÐO3 2.2437 (13)
Fe8ÐO19viii 2.0167 (13)
Fe8ÐO8 2.0580 (12)
Fe8ÐO3vii 2.0666 (11)
Fe8ÐO15 2.0893 (13)
Fe8ÐO4 2.1543 (12)
P1ÐO7ix 1.5327 (13)
P1ÐO9 1.5397 (12)
P1ÐO2 1.5501 (12)
P1ÐO13 1.5508 (12)
P2ÐO1 1.5343 (12)
P2ÐO14 1.5359 (12)
P2ÐO8x 1.5366 (13)
P2ÐO10 1.5464 (11)
P3ÐO5xi 1.5295 (13)
P3ÐO4 1.5379 (12)
P3ÐO16 1.5405 (12)
P3ÐO11 1.5529 (11)
P4ÐO12 1.5322 (11)
P4ÐO6xii 1.5407 (13)
P4ÐO15ii 1.5476 (12)
P4ÐO3 1.5496 (12)

Symmetry codes: (i) 1
2ÿ x; 1

2� y;ÿz; (ii) x; 1� y; z; (iii) 1
2ÿ x; 1

2� y; 1ÿ z; (iv)
1
2ÿ x; yÿ 1

2; 1ÿ z; (v) ÿx; 1ÿ y; 1 ÿ z; (vi) x; yÿ 1; z; (vii) 1ÿ x; 1ÿ y;ÿz; (viii)
1
2ÿ x; yÿ 1

2;ÿz; (ix) xÿ 1
2;

3
2ÿ y; z; (x) xÿ 1

2;
1
2ÿ y; z; (xi) 1

2� x; 1
2ÿ y; z; (xii)

1
2� x; 3

2ÿ y; z.

Table 2
Hydrogen-bonding geometry (AÊ , �).

DÐH� � �A DÐH H� � �A D� � �A DÐH� � �A

O17ÐH1� � �O9i 0.79 (3) 2.23 (3) 2.7343 (17) 122 (2)
O17ÐH1� � �O1ii 0.79 (3) 2.32 (3) 2.7798 (17) 118 (2)
O17ÐH1� � �O10ii 0.79 (3) 2.50 (3) 3.1627 (18) 142 (2)
O18ÐH2� � �O5 0.79 (3) 2.33 (3) 2.8418 (17) 124 (3)
O18ÐH2� � �O4iii 0.79 (3) 2.58 (3) 2.9803 (19) 113 (2)
O19ÐH3� � �O12 0.78 (3) 2.32 (3) 2.8057 (17) 122 (2)
O19ÐH3� � �O4iv 0.78 (3) 2.39 (2) 2.7978 (17) 114 (2)
O19ÐH3� � �O11iv 0.78 (3) 2.40 (3) 3.0609 (17) 143 (2)
O20ÐH4� � �O7 0.80 (2) 2.21 (2) 2.7313 (17) 123 (2)

Symmetry codes: (vi) x; y ÿ 1; z; (iv) 1
2ÿ x; yÿ 1

2; 1ÿ z; (x) xÿ 1
2;

1
2ÿ y; z; (i)

1
2ÿ x; 1

2� y;ÿz.

H atoms were freely re®ned. The Fe:Mg ratios of the four Mg-

containing sites, Fe5, Fe6, Fe7 and Fe8, were freely re®ned, assuming

full occupancy of each site. All atomic displacement ellipsoids were

regular.

Data collection: COLLECT (Nonius, 2002); cell re®nement: HKL

SCALEPACK (Otwinowski & Minor, 1997); data reduction: HKL

DENZO (Otwinowski & Minor, 1997) and SCALEPACK;

program(s) used to solve structure: SHELXS97 (Sheldrick, 1997);

program(s) used to re®ne structure: SHELXL97 (Sheldrick, 1997);

molecular graphics: ATOMS (Shape Software, 1999).
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