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Ferriprehnite (IMA2020–057), ideal formula Ca2Fe3+(AlSi3)O10(OH)2, is a new mineral that was found as sec-
ondary mineral in druses developed in the hydrothermal altered dolerite from Kouragahana, Shimane Peninsula,
Japan. Ferriprehnite is an Fe analogue of prehnite. The crystals consisting of ferriprehnite and prehnite occur as a
radial aggregate. The tabular crystals are up to 300 µm long, 100 µm wide, and 50 µm thick. Ferriprehnite is
colorless to pale green with white streak and vitreous luster. It has a Mohs hardness of 6½. Its cleavage is good on
{100}. The calculated density is 2.97 g/cm3. The empirical formula of ferriprehnite on the basis of 10O + 2OH
using the result obtained by electron microprobe analysis is Ca1.99(Fe3+0.66Al0.34)Σ1.00(Al1.02Si2.98)Σ4.00O10(OH)2.
Structure refinement converged to R1 = 4.64%. Its space group is orthorhombic Pma2 with unit–cell parameters
a = 18.6149(10) Å, b = 5.4882(3) Å, c = 4.6735(3) Å, and V = 477.46(1) Å3. The determined site occupancy at
the octahedral M site is Fe0.637(9)Al0.363 indicating that the M site is predominantly occupied by Fe. <M–O>
increases with increasing Fe content leading to isotropic expansion ofMO6 octahedra. The a– and c– dimensions
of ferriprehnite are longer than those of prehnite due to Fe substitution for Al at the M site.
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INTRODUCTION

Ferriprehnite (IMA2020–057), ideal formula Ca2Fe3+

(AlSi3)O10(OH)2, is a new mineral that was found as sec-
ondary mineral in druses developed in hydrothermal al-
tered dolerite from Kouragahana, Shimane Peninsula, Ja-
pan. The Fe–rich prehnite from the same locality de-
scribed by Kato et al. (1992) seems to be similar to ferri-
prehnite in the present study. The mineral ferriprehnite is
named for prehnite, which has Fe3+–dominant occupancy
at the octahedral site. The structural formula of prehnite
and ferriprehnite is represented as VIIA2

VIM IVT12IVT22O10

(OH)2 (Z = 2). The 7–coodinated A site is generally filled
with Ca. The octahedral M site is dominantly occupied by
Al in prehnite and Fe3+ in ferriprehnite. There are two crys-
tallographically independent tetrahedral T1 and T2 sites.
The T1 site is filled only by Si, whereas the T2 site is oc-
cupied by both Al and Si. Prehnite is orthorhombic, but the

space group depends on the distribution of Al and Si at the
T2 site (e.g., Papike and Zoltai, 1967 in their figure 3).
Different site names were used in previous structural stud-
ies of prehnite. Moreover, two different space groups hav-
ing different setting were applied. To avoid confusion, the
site name correspondence, applied space group and setting
were summarized in Supplementary Table S1 (available
online from https://doi.org/10.2465/jmps.210127). If tetra-
hedral Al and Si are disordered, the space group is centro-
symmetric Pncm (Peng et al., 1959, Table S1). However,
ordering of Al and Si leads to the noncentrosymmetric
space group P2cm (Table S1, e.g., Preisinger, 1965; Ba-
lić–Žunić et al., 1990; Detrie et al., 2008, 2009). This is
supported by the experimental results of Papike and Zoltai
(1967), who observed weak forbidden reflections for space
group Pncm. Although the monoclinic space group P2/n
has also been suggested based on the arrangement of the
T2 tetrahedra (Baur et al., 1990), a successful refinement
in space group P2/n is lacking. As mentioned above, al-
though the space groups Pncm and P2cm have been ap-
plied to refine the crystal structures of prehnite in some
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previous studies, both space groups are not standard–set-
tings based on International Tables for Crystallography
Vol. A (Hahn, 2002). The setting for space group Pncm
is obtained by changing the standard setting of abc in space
group Pmna to bca, and the setting for space group P2cm
is obtained by changing the standard setting of abc in space
group Pma2 to �cba (Hahn, 2002). Space groups with stand-
ard–setting were applied to investigate to structural charac-
teristics of Fe–rich Kouragahana prehnite (Akasaka et al.,
2003). Here we employ the standard setting of the non–
centrosymmetric space group Pma2 as had been used for
Kouragahana prehnite.

The type specimens of ferriprehnite are deposited at
the National Museum of Nature and Science, Tsukuba,
Japan, and the Geological and Mineralogical Museum
of Faculty of Science, Yamaguchi University, Japan, un-
der registered number NSM–M47662 (holotype) and
97216F (cotype), respectively. In the present study, the
new mineral from Kouragahana was examined using
electron probe microanalysis and X–ray single–crystal
diffraction methods. We re–determined also chemical
compositions and structures of prehnite specimens from
N'Chwaning Mine, South Africa and Sekigawa, Ehime,
Japan to guarantee unbiased insight into the effect of Fe3+

at octahedral sites on the entire structure.

OCCURRENCE OF FERRIPREHNITE

Ferriprehnite was found at Kouragahana, Shimane Penin-
sula, Japan. At that site, several secondary minerals such
as prehnite, pumpellyite, babingtonite, and thomsonite oc-
cur widely in druses developed in the hydrothermally al-
tered dolerite with Miocene age (e.g., Kano et al., 1986).
Part of the Miocene dolerite is coarse–grained as a result
of hydrothermal alteration, and thus was described as an
‘altered gabbroic sill’ by Kano et al. (1986). Secondary
minerals including Fe–rich prehnite and babingtonite have
been reported from these altered rocks, in which they re-
place primary minerals or fill cavities (Kano et al., 1986;
Akasaka et al., 1997, 2003; Nagashima et al., 2016,
2018). Ferriprehnite from Kouragahana occurs as a radial
aggregate in close association with fine–grained prehnite,
calcite, and thomsonite–Ca (Fig. 1a). The plate–like crys-
tals of ferriprehnite often develop in druses, accompanied
by julgoldite (Fig. 1b).

APPEARANCE AND PHYSICAL PROPERTIES

The crystals consisting of ferriprehnite and prehnite occur
in tabular shape up to 300 µm long, 100 µm wide, and 50
µm thick. Ferriprehnite forms the core inside the crystal,
and its area generally coincides with the plate–like ap-

pearance, but it partially shows an irregular shape (Fig.
1). Ferriprehnite is colorless to pale green with white
streak and vitreous luster. It has a Mohs hardness of
6½. Its cleavage is good on {100}. The calculated density
is 2.97 g/cm3 using electron microprobe and single–crys-
tal X–ray diffraction data. Pure materials for optical meas-
urements could not be separated from bulk crystal due to
its occurrence.

EXPERIMENTAL METHODS

Chemical analyses of ferriprehnite and prehnite were per-
formed using an electron probe microanalyzer (EPMA,
JEOL JXA–8230) installed at Yamaguchi University, Ja-
pan. Chemical compositions of the ferriprehnite, pre-
hnites, and probe standards are listed in Table 1. Operat-
ing conditions for EPMAwere accelerating voltage of 15
kV, a beam current of 20 nA and a beam diameter of 1–5
µm. Wavelength–dispersion spectra were collected using
LiF, PET, and TAP monochromator crystals to identify
interfering elements and locate the best wavelengths for
background measurements. The ZAF correction–method
was used for all elements. H2O was not directly measured
but single crystal XRD refinement revealed the existence
of (OH)− groups. The slightly low total wt% can be due to
electron–beam damage and/or voids hidden under the
beam spot. Thus, H2O in wt% was calculated based on

Figure 1. Representative occurrence for ferriprehnite with fine–
grained prehnite, calcite and thomsonite–(Ca) (a) and crystal ag-
gregates in a druse (b). Color version is available online from
https://doi.org/10.2465/jmps.210127.
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the stoichiometry.
The X–ray diffraction data of ferriprehnite and pre-

hnite single crystals were collected using a Bruker
SMARTAPEX II CCD diffractometer installed at Shima-
ne University, Japan. Crystals were mounted on a glass
fiber, and intensity data were measured at room temper-

ature using graphite–monochromatized MoKα radiation
(λ = 0.71073 Å). Preliminary lattice parameters and an
orientation matrix were obtained from twelve sets of
frames and refined during the integration process of the
intensity data. Diffraction data were collected with ω
scans at different φ settings (φ–ω scan) (Bruker, 1999).

Table 1. Chemical compositions of ferriprehnite and prehnites

1) Number of analytical points.
2) Calculated.
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Data were processed using SAINT (Bruker, 1999). An
empirical absorption correction using SADABS (Shel-
drick, 1996) was applied. The reflection statistics and sys-
tematic absences were consistent with the non–centrosym-
metric space group Pma2. Structural refinement was
performed using SHELXL–97 (Sheldrick, 2015). Scatter-
ing factors for neutral atoms were employed (Prince,
2004). The site occupancies of the A and T1 sites were
refined with Ca and Si without restraints in preliminary
refinement, respectively. They turned out to be fully–oc-
cupied within standard deviation in all specimens. Thus,
the A and T1 sites were assumed fully occupied by Ca and
Si, respectively. The M site was refined with scattering
factors of Fe and Al. The site occupancy of the M site
in N’Chwaning prehnite was fixed at unity with Al be-
cause it turned out to be fully occupied by Al within stand-
ard deviation in a preliminary refinement. The T2 site is
divided into two crystallographically independent sites,
T2S and T2A. Although both Si and Al are distributed
at the T2S and T2A sites, Si and Al are difficult to distin-
guish due to their similar scattering factors. However, tet-
rahedral Si and Al can easily be discriminated by their
different <T2–O> bond–lengths. Thus, based on prelimi-
nary refinements occupancy factors at the T2S and T2A
were fixed at unity with Si and Al, respectively. Positions
of the hydrogen atoms of the hydroxyl groups were de-
rived from difference–Fourier syntheses and were refined
by assuming half occupancy with fixed U iso = 0.05 Å2. In
addition, O–H distance was restrained at 0.98 ± 0.02 Å
(Franks, 1973).

A simulated powder diffraction pattern of ferriprehn-
ite with CuKα radiation was obtained using RIETAN–FP
(Izumi and Momma, 2007) based on the unit–cell parame-
ters and atomic parameters from the single–crystal analy-
sis as the amount of sample was insufficient for powder

XRD measurement. In addition, the heterogeneity of our
sample did not allow collecting pure ferriprehnite data as a
single phase.

CHEMICAL DATA

The chemical compositions of ferriprehnite and prehnites
are listed in Table 1 with respective standards for ele-
ments. Chemical variation of ferriprehnite characterized
by Al ↔ Fe3+ substitution is observed (Fig. 2). The
Fe2O3 content attains up to 14.2 wt% corresponding to
0.79 atoms per formula unit (apfu) (Table 1), which is
close to the Fe–rich prehnite containing 15.3 wt% Fe2O3

reported by Kato et al. (1992) from the same locality. The
empirical formula of ferriprehnite on the basis of 10O +
2OH using the result of obtained by EPMA (Table 1) is

Figure 2. Back–scattered image of ferriprehnite associated with
julgoldite. In ferriprehnite, Fe–enriched core (bright) is over-
grown with Al–enriched rim (dark).

Figure 3. Crystal structure of ferriprehnite projected down [010]
drawn with VESTA3 (Momma and Izumi, 2011).
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Ca1.99(Fe3+0.66Al0.34)Σ1.00(Al1.02Si2.98)Σ4.00O10(OH)2 (analyt-
ical number, n = 21). The ideal formula is Ca2Fe3+

(AlSi3)O10(OH)2, which requires (in wt%) 40.85 SiO2,
11.55 Al2O3, 18.10 Fe2O3, 25.42 CaO, 4.08 H2O, and to-
tal 100 wt%. Akasaka et al. (2003) also investigated Fe–
bearing prehnite from Kouragahana. Their Fe–bearing
prehnite formed spherical aggregate associated with Fe–
rich pumpellyite and calcite. This prehnite seems to have
formed under higher temperature than our ferriprehnite
associated with thomsonite–(Ca). Based on their descrip-
tion, prehnite displayed distinct heterogeneity. Fe–poor
prehnite generally grows over clusters of Fe–rich prehnite,
or Fe–poor and Fe–rich crystals form mutual intergrowths
in the spherical aggregates. The Fe content in the Fe–bear-

ing prehnite studied by Akasaka et al. (2003) varies from
0.07 to 8.08 wt% Fe2O3 corresponding to 0.00–0.43 Fe3+

apfu. The oxidation state of iron was determined as triva-
lent using 57Fe Mössbauer spectroscopy (Akasaka et al.,
2003). It is interesting that the occurrence and chemical
characteristics of Fe–bearing prehnite associated with Fe–
rich pumpellyite are considerably different from our ferri-
prehnite specimens in spite of same locality. Though the
coexistence of Fe–rich and Al–rich prehnite was men-
tioned by Kato et al. (1992), the mineral association of
Fe–rich prehnite from the same locality was not described.

Averaged chemical formulae of prehnite from
N’Chwaning mine and Sekigawa are (Ca1.98Mn2+0.01)Σ1.99
Al1.00(Al1.01Si2.99)Σ4.00O10(OH)2 (n = 7) and Ca1.99(Al0.81

Table 2. Experimental details of the single–crystal X–ray diffraction analysis of ferriprehnite and prehnites

Note: The function of the weighting scheme is w = 1/(σ2(Fo
2) + (a·P)2 + b·P), where P = [Max(Fo

2) + 2Fc
2]/3, and the parameters a

and b are chosen to minimize the differences in the variances for reflections in different ranges of intensity and diffraction angle.
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Fe3+0.17V3+
0.01)Σ0.99(Al1.00Si3.00)Σ4.00O10(OH)2 (n = 18), re-

spectively (Table 1). The N’Chwaning prehnite is rela-
tively homogeneous. On the other hand, in the Sekigawa
prehnite the compositional variation is distinct due to
Al ↔ Fe3+ substitution. The Fe2O3 content varies from
0.6 to 6.6 wt% corresponding to 0.03 and 0.36 Fe3+ apfu,
respectively.

X–RAY CRYSTALLOGRAPHY AND
CRYSTAL–STRUCTURE DETERMINATION

Crystallographic data of ferriprehnite and prehnite are
summarized in Table 2. The crystal structure of ferri-
prehnite is shown in Figure 3. Refinements of the structure
converged to R1 = 4.71% for Kouragahana ferriprehnite,
2.49% for N’Chwaning prehnite and 2.89% for Sekigawa
prehnite. Slight chemical heterogeneity of ferriprehnite
crystal as shown in Figure 2 may cause the high R1 factor.
The refined site occupancies, atomic positions, and aniso-
tropic displacement parameters are listed in Appendixes 1

Table 3. Interatomic distances (Å), T–O–T angles (°), and deformation parameters

1) <λ> and σθ2 are quadratic elongation and angle variance (Robinson et al., 1971).

Figure 4. Variation of the <M–O> distance (Å) against total Fe
content (apfu) in prehnite and ferriprehnite.
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and 2, respectively. Two hydrogen positions, Ha and Hb,
were determined in this study (Appendix 1). The relation-
ship between donor and acceptor oxygens, and their hy-
drogen bonds is OHa–Ha£O1a and OHb–Hb£O1b, is
consistent with those suggested by Detrie et al. (2008)
using TOF neutron Rietveld method. Selected interatomic
distances and deformation parameters are listed in Table
3. The simulated powder diffraction pattern of ferripreh-
nite is listed in Table 4.

The determined site occupancy at the M site is
Fe0.637(9)Al0.363 for Kouragahana ferriprehnite (Appendix
1) indicating that theM site is predominantly occupied by
Fe3+. The Fe content is almost consistent with that ob-
tained by chemical analysis (Table 1). The Sekigawa pre-
hnite also contains a small amount of Fe, and the refined
site occupancy of theM site is Al0.845(3)Fe0.155. In contrast,
Al3+ ions fully occupy theM site in N’Chwaning prehnite.
Structural variation of prehnite is considered using the
data refined in the non–centrosymmetric space group
Pma2 either in standard setting (this study; Akasaka et
al. 2003; Nagashima et al., 2018) or in P2cm setting (Prei-
singer, 1965; Balić–Žunić et al., 1990; Detrie et al., 2008).
The variation of <M–O> increases with increasing Fe con-
tent (Fig. 4). In this study, <M–O> varies from 1.917 Å
(N’Chwaning prehnite) to 1.996 Å (Kouragahana ferri-
prehnite). Bond–length and angular distortion defined by
Robinson et al. (1971) among three specimens are almost
constant (Table 3), indicating that the increased Fe content
at the M site leads to the isotropic expansion of MO6

Table 4. Simulated powder diffraction pattern based
on the result of X–ray single–crystal analysis1)

1) Only reflections with relative intensity >5% are listed.

Figure 5. Variation of the unit–cell parameters against total Fe
content (apfu) in prehnite and ferriprehnite. Legends are same
as those in Figure 4.
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octahedra.
The unit–cell volume of ferriprehnite is much larger

than the ones of Al–dominant prehnite due to the differ-
ence of octahedral ionic radii: 0.645 Å for Fe3+ versus
0.535 Å for Al (Shannon, 1976). The results of the pres-
ent study and the published ones indicate the positive
correlation between the cell volume and Fe content in
prehnite (Fig. 5). The increase of the a–dimension is more
pronounced than that along c. However, the b–dimension
has no correlation with Fe content (Fig. 5). The O1a–
O1a’ and O1b–O1b’ edges of the MO6–octahedra are ori-
ented along the a–axis and are not constrained by other
coordination polyhedra. Thus, an elongation of these
edges due to increasing Fe content at theM site is directly
transferred to the length of the a–axis. The octahedral
O1a–O1b edge lies in the yz–plane and is ~ 58° inclined
to the b–axis but 32° to the c–axis. Consequently, an elon-
gation of the O1a–O1b edge mainly effects the c–dimen-
sion. The lengths of the remaining octahedral edges ter-
minated by OHa and OHb have no significant effect on
the cell dimensions because the hydroxylated octahedral
apices participate only in a soft bond to Ca. The minor
potential increase of the b–axis with Fe at the M site is
counterbalanced by a slight reduction of the T2S–O3–
T2A angle and a minor increase of the T1–O2b–T2S an-
gle (Fig. 6). Thus, as a result, the b–dimension is inde-
pendent of octahedral Fe content.

All of three investigated samples show the same
Ca–characteristic <A–O> distance of 2.45–2.46 Å and a

<T1–O> distance of 1.625–1.626 Å referring to a SiO4

tetrahedron. The <T2A–O> and <T2S–O> distances are
1.72–1.74 Å and 1.61–1.62 Å, respectively, indicating
strong Al preference at the T2A site. The difference value
(<T2A–O> − <T2S–O>) gives a clue for the estimation
of the order–disorder state of Al and Si at the T2 sites.
The values in the present study are 0.105 Å for Koura-
gahana ferriprehnite, 0.106 Å for N’Chwaning prehnite,
and 0.125 Å for Sekigawa prehnite. Large difference val-
ues indicate stronger Al preference at the T2A site. The
T2AO4 tetrahedra, in contrast to the T2SO4 tetrahedra,
are characterized by severe angular distortion in terms
of angle variance, σθ(tet)2 (Robinson et al., 1971). In a
regular SiO4 tetrahedron with a Si–O bond length of 1.61
Å, the tetrahedral edge is 2.63 Å, which roughly corre-
sponds to 2 × the ionic radius (1.35 Å) of O2− (Shannon,
1976). Thus, the degree of freedom for angular distortion
is very restricted. This is contrasted by the larger AlO4

tetrahedron with an Al–O bond length of ca. 1.75 Å,
which has in its regular form an edge–length of 2.86 Å
allowing substantial oxygen displacements leading to an-
gular distortion to compensate for structural strain.
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Appendix 2. Anisotropic displacement parameters (Å2) of ferriprehnite and prehnites
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