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Abstract. Ferro-ferri-holmquistite (IMA2022-020), ideal formula �Li2(Fe2+
3 Fe3+

2 )Si8O22(OH)2, was found
in albitized granite from the Iwagi islet, Ehime, Japan. Ferro-ferri-holmquistite is a CFe2+Fe3+ analogue of
holmquistite and belongs to the lithium-subgroup amphiboles. It commonly occurs as acicular aggregate and/or
isolated crystals in quartz, albite and K-feldspar and is blue with a bluish-grey streak and a vitreous lus-
ter. It has a Mohs hardness of 5 1/2. Its cleavage is perfect on {210}. Measured and calculated densities
are Dmeas. = 3.2 g cm−3 and Dcalc. = 3.317 g cm−3, respectively. Ferro-ferri-holmquistite is optically biaxial
(-), with α = 1.685, β = 1.713 and γ = 1.727, and is pleochroic, with X = pale blue ∼ pale yellowish blue,
Y = deep blue ∼ brownish blue and Z = deep blue ∼ deep bluish violet; X>Z>Y . The magnetic suscep-
tibility is similar to the associated biotite. Ferro-ferri-holmquistite is insoluble in HCl, HNO3 and H2SO4.
The empirical formula calculated on the basis of 6(C+T) = 13 on the results obtained by electron micro-
probe analyzer (EPMA), and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is
A(K0.01Na0.06)60.07

B(Li1.95Na0.04Ca0.01)62.00
C(Fe2+

2.82Fe3+
1.39Al0.51Mg0.22Mn2+

0.05Ti0.01)65.00
T(Si7.98Al0.02)68.00

O22(OH)1.94F0.06. Structure refinement converged to R1 = 4.22 %. The space group is orthorhom-
bic Pnma, and the unit-cell parameters are a = 18.5437(2) Å, b = 17.9222(1) Å, c = 5.3123(1) Å and
V = 1765.51(1) Å3. Based on the refined site occupancies, the structural formula can be written as
ANa0.062

M4(Li1.952Na0.048)62.000
M1(Fe2+

1.770Mg0.230)62.000
M2(Fe3+

1.446Fe2+
0.102Al0.452)62.000

M3(Fe2+
0.891

Mg0.109)61.000
T Si8O22(OH)2 (Z = 4). Three OH-stretching IR bands, centered at 3614, 3631 and 3644 cm−1,

are assigned to the local configuration M1M1M3=FeFeFe, MgFeFe (including FeMgFe and FeFeMg) and
MgMgFe (including MgFeMg and FeMgMg), respectively, based on the IR studies of the orthorhombic Pnma
amphiboles.
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1 Introduction

Ferro-ferri-holmquistite (IMA2022-020), ideal formula
�Li2(Fe2+

3 Fe3+
2 )Si8O22(OH)2, was found in albitized gran-

ite from the Iwagi islet, Ehime, Japan. This is the fourth new
mineral species discovered from this locality. All four miner-
als, sugilite (Na2K(Fe3+, Mn3+, Al)2Li3Si12O30; Murakami
et al., 1976; Kato et al., 1976; Armbruster and Ober-
hänsli, 1988), katayamalite (KLi3Ca7Ti2(SiO3)12(OH)2;
Murakami et al., 1983; Andrade et al., 2013), murakamiite
(LiCa2Si3O8(OH); Imaoka et al., 2017; Nagashima et al.,
2018) and ferro-ferri-holmquistite, are rich in lithium.

Amphibole-supergroup minerals are chemically strongly
variable. The standard amphibole formula is written as
AB2C5T8O22W2, where A=Na, K, � (vacant), Ca, Li;
B=Na, Li, Ca, Mn2+, Fe2+, Mg; C=Mg, Fe2+, Mn2+, Al,
Fe3+, Mn3+, Ti4+, Li; T=Si, Al, Ti4+ and W = (OH), F,
Cl, O2− (e.g. Hawthorne and Oberti, 2007). The amphibole-
supergroup minerals have either orthorhombic or mono-
clinic symmetry. The root name holmquistite defines a se-
ries of orthorhombic Pnma amphiboles of a composition as
A�BLiC2 [(Mg, Fe2+)3(Al, Fe3+)2]TSi8O22(OH)2 (Leake et
al., 2003; Cámara and Oberti, 2005). Ferro-ferri-holmquistite
is the CFe2+Fe3+ analogue of holmquistite. The C cations
occupy the octahedrally coordinated M1, M2 and M3 sites.
The larger M1 and M3 octahedra are occupied predomi-
nantly by Fe2+, and the smaller M2 octahedron is occu-
pied predominantly by Fe3+. Clino-ferro-ferri-holmquistite
discovered by Oberti et al. (2003) is a species with mon-
oclinic symmetry (C2/m) with the same ideal formula,
�Li2(Fe2+

3 Fe3+
2 )Si8O22(OH)2 as ferro-ferri-holmquistite.

The name, ferro-ferri-holmquistite, is based on the nomen-
clature of the amphibole supergroup (see Table 6 in
Hawthorne et al., 2012). The type specimens of ferro-ferri-
holmquistite are housed in the National Museum of Nature
and Science, Tsukuba, Japan, and the Geological and Miner-
alogical Museum of Faculty of Science, Yamaguchi Univer-
sity, Japan, under registered numbers NSM-M49617 (holo-
type) and 95263G (cotype), respectively.

2 Occurrence

Small bodies of approximately E−W trending metasomatic
rocks that contain pyroxene, garnet, amphibole and biotite
occur in the Setouchi area, SW Japan (see Fig. 1a, Imaoka
et al., 2021b) associated with Late Cretaceous granites (Mu-
rakami, 1976). Albitite forms small bodies that are several
tens of centimeters to tens of meters in size, disseminated
in a host granite of Late Cretaceous age. The Iwagi Islet
(34◦15′47" N, 133◦9′39" E), Ehime Prefecture, Japan con-
tains metasomatic rocks which are the type locality of three
Li-bearing minerals, sugilite, katayamalite and murakamiite.
Li-rich pectolite, zektzerite, sogdianite and taeniolite also oc-
cur (Imaoka and Nagashima, 2022; Imaoka et al., 2021a).

Figure 1. Microphotograph (a) and back-scattered electron
(BSE) image (b) of ferro-ferri-holmquistite. Red square shown
in (a) corresponds to area of BSE image (b). Abbreviations:
Bt = biotite (strongly altered), Pl = plagioclase and Qz = quartz.

The metasomatic rocks in the studied area are classified
into the following types based on the major mineral assem-
blage, from the initial host rock to the inner part of meta-
somatism: (1) the original coarse-grained granite (quartz +
microcline+ plagioclase+ biotite), (2) albitized granite (mi-
crocline+ albite+ quartz+ biotite± aegirine± ferro-ferri-
holmquistite), (3) quartz albitite (albite + quartz + micro-
cline + aegirine), (4) hedenbergite albitite (albite + quartz
+ microcline + hedenbergite + andradite), (5) sugilite al-
bitite (albite + sugilite + aegirine-augite), (6) katayamalite
albitite (albite + aegirine augite + katayamalite + sugilite)
and (7) murakamiite-bearing albitite (albite + sugilite + ae-
girine augite + murakamiite + pectolite + katayamalite)
(Imaoka et al., 2021b; Imaoka and Nagashima, 2022). These
types of metasomatic alteration occur on the scale of cen-
timeters to meters. Acicular ferro-ferri-holmquistite is ob-
served in the weakly albitized rocks (sample no. IWG-53;
latitude: 34.262577◦ N, longitude: 133.16100◦ E). In sam-
ple no. IWG-53, plagioclase (+ albite), quartz, K-feldspar,
biotite, aegirine-aegirine augite, hedenbergite, zircon, thor-
ite, chlorite titanite, fluorapatite, britholite-(Y), fluorite, mon-
azite, anatase, baddeleyite, calcite and galena are present.
Ferro-ferri-holmquistite occurs as acicular crystals typically
replacing biotite and is the product of metasomatic replace-
ment reactions by dissolution–reprecipitation processes as-
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Figure 2. Variation of total Fe and Al content (apfu) in ferro-ferri-
holmquistite. The number of analytical points equals 52.

sociated with Na- and Li-rich hydrothermal fluids (Imaoka
et al., 2021a, b; Imaoka and Nagashima 2022).

3 Appearance and physical and optical properties

Ferro-ferri-holmquistite commonly occurs as acicular aggre-
gates (Fig. 1a) and/or isolated crystals in quartz, albite and
K-feldspar and is blue with a bluish-grey streak and a vitre-
ous luster. It has a Mohs hardness of 5 1/2. Its cleavage is
perfect on {210}. The density, determined by the floatation
method using heavy liquids, is ca. 3.32 g cm−3, which is con-
sistent with the calculated density of 3.317 g cm−3 using the
empirical formula and unit-cell volume refined from single-
crystal X-ray diffraction data. Ferro-ferri-holmquistite is op-
tically biaxial (-), with α = 1.685, β = 1.713 and γ = 1.727.
The refractive indices were determined using several small
crystals in immersion oil following Danhara et al. (1992).
Its 2V angle measured under white light is 45–75◦ (based
on the measurement of three grains), and its calculated
2V is 70◦. Dispersion was not determined. The mineral
is pleochroic, with X = pale blue ∼ pale yellowish blue,
Y = deep blue ∼ brownish blue and Z = deep blue ∼ deep
bluish violet; X>Z>Y .

The Gladstone–Dale compatibility index of ferro-ferri-
holmquistite was calculated with the measured density (aver-
age 3.32 g cm−3) and average chemical composition listed in
Table 1, which is +0.030 and falls into the “excellent” cate-
gory according to Mandarino (1981).

The magnetic susceptibility of ferro-ferri-holmquistite
from the Iwagi islet is similar to that of the associated bi-
otite determined by mineral separation using a neodymium
magnet. It is slightly greater than that of aegirine-augite

Table 1. Chemical composition of ferro-ferri-holmquistite.

Constituent (wt %) Avg Range SD Reference materials
n= 52

SiO2 53.63 52.49-54.71 0.48 CaSiO3
TiO2 0.10 0.00-0.96 0.11 TiO2
Al2O3 3.04 1.18–4.91 0.86 Al2O3
Fe2Oa3 12.39
FeOa 22.63 32.00–36.22 1.09 Fe2O3
MnO 0.37 0.20–1.40 0.22 MnO
MgO 0.99 0.26–1.75 0.33 MgO
CaO 0.04 0.00–0.12 0.02 CaSiO3
Na2O 0.35 0.13–0.67 0.11 NaAlSi3O8
K2O 0.03 0.00–0.18 0.03 KAlSi3O8
Li2Ob 3.26 3.13-3.26 0.11 –
F 0.16 0.00-0.40 0.09 CaF2
H2Oc 1.95
−O= F 0.07
Total 98.87

6 cations at T and C= 13

Si 7.98 7.90–8.02 0.02
Ti 0.01 0.00–0.08 0.01
Al 0.53 0.21–0.85 0.15
Fe3+ 1.39

3.94–4.53
0.00

Fe2+ 2.82 0.14
Mn2+ 0.05 0.03–0.18 0.03
Mg 0.22 0.06–0.38 0.07
Ca 0.01 0.00–0.02 0.00
Na 0.10 0.04–0.19 0.03
K 0.01 0.00–0.03 0.01
Li 1.95 1.91–2.00 0.02
Total 15.07
F- 0.06 0.00–0.16 0.04

a The FeO and Fe2O3 contents were calculated on a basis of charge neutralization. The average
FeO content obtained by EMPA was 33.78 wt %. b The Li2O content was determined by
LA-ICP-MS. c Calc.

using a Frantz isodynamic separator at room temperature.
Although both ferro-ferri-holmquistite and aegirine-augite
were attracted to the magnet at 0.4 A, the former was at-
tracted to the magnet at 0.3 A, but the latter was not.

Chemical tests with hydrochloric acid (HCl), nitrous acid
(HNO3) and sulfuric acid (H2SO4) were done following the
method of Jones and Fleming (1965). The specimen is insol-
uble in HCl, HNO3 and H2SO4.

4 Experimental methods

Chemical analysis of ferro-ferri-holmquistite was done using
an electron microprobe analyzer (EPMA, JEOL JXA-8230)
at Yamaguchi University, Japan, and laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS) at
the Japan Agency for Marine-Earth Science and Technol-
ogy (JAMSTEC), Japan, following the method of Kimura
and Chang (2012). The chemical composition of ferro-ferri-
holmquistite and probe standards are listed in Table 1. Op-
erating conditions for EMPA were an accelerating voltage
of 15 kV, a beam current of 20 nA and a beam diameter of
1 µm. Wavelength-dispersion spectra were collected using
LiF, PET and TAP monochromator crystals to identify in-
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terfering elements and locate the best wavelengths for back-
ground measurement. The abundances of Si, Ti, Al, Cr, V,
Fe, Mn, Ni, Mg, Ca, Sr, Ba, Na, K, P, F and Cl were
measured. Several elements, which are not shown in Ta-
ble 1, are below the detection limit. The ZAF correction
method was used for all elements. Li concentration was de-
termined using LA-ICP-MS. The analytical setup consisted
of a 200 nm femtosecond LA system (OK Fs2000K, OK Lab,
Tokyo, Japan) combined with a quadrupole ICP-MS (iCAP-
Qc, Thermo Fisher Scientific, Bremen, Germany). Laser flu-
ence on the sample surface was ∼ 6 J cm−2. A 20 µm diam-
eter laser beam and a pulse repetition of 10 Hz were used.
Samples were ablated using a rotation raster protocol with
a laser beam moving at 11.5 µm s−1 along the circumfer-
ence of a circle of 10 µm radius. Ablation craters of ∼ 30 µm
diameter by 15 µm depth were created after 60 s ablation.
The U.S. Geological Survey (USGS) standard reference glass
GSE-1G was used as a calibration standard, and the GSD-1G
and BHVO-2G standard glasses (USGS), standard reference
glasses SRM 610 and SRM 612 from the National Institute of
Standard and Technology (NIST), and JR-1 natural obsidian
glass from the Geological Survey of Japan (GSJ) were ana-
lyzed, together with the ferro-ferri-holmquistite, to evaluate
the analytical performance. The Li2O concentration in ferro-
ferri-holmquistite was 3.26 wt %. The analytical data were
limited (analytical points, n= 3) due to the difficulty to en-
sure sufficient analytical area within the acicular crystals of
ferro-ferri-holmquistite.

X-ray powder diffraction data were collected using a
Rigaku MiniFlex automated X-ray powder diffractometer for
CuKα at 40 kV and 15 mA for 2θ = 3–90◦ with a step inter-
val of 0.02◦. The unit-cell parameters were determined by
RIGAKU PDXL software. A simulated powder diffraction
pattern with CuKα radiation was obtained using RIETAN-
FP (Izumi and Momma, 2007) based on the unit-cell param-
eters and atomic parameters from the single-crystal analysis.

Single-crystal X-ray diffraction data (0.11× 0.04×
0.015 mm) were collected using an XtaLAB Synergy-S at
Rigaku Corporation, Japan. The crystal was mounted on
glass fiber, and intensity data were measured at room tem-
perature. At first, it was measured using MoKα radiation
(λ= 0.71073 Å), but because it was an aggregate of sev-
eral crystals, some diffraction spots were overlapped, and the
quality of data was not good enough. Therefore, to improve
the separation of diffraction spots, we measured our crystal
using CuKα radiation (λ= 1.54184 Å). Preliminary lattice
parameters and an orientation matrix were obtained from six
sets of frames and refined during the integration process of
the intensity data. The diffraction data were processed using
CrysAlisPro (Matsumoto et al., 2021). An empirical absorp-
tion correction using CrysAlisPro (Matsumoto et al., 2021)
was applied. The reflection statistics and systematic absences
are consistent with space group Pnma. Structural refinement
was done using SHELXL-97 (Sheldrick, 2015) using neu-
tral scattering factors. The starting coordinates were those

of Cámara and Oberti (2005) for holmquistite and ferro-
holmquistite. To determine the scattering power at the A,
M4, M1, M2 and M3 sites, the following strategy was used.
Occupancy at M4 was refined with Li and Na scattering fac-
tors. The site occupancies at M1 and M3 were refined with
Fe and Mg scattering factors, and the occupancy at M2 was
refined with Fe and Al scattering factors. Sums of Mg + Fe
for M1 and M3, Al + Fe for M2, and Li + Na for M4 were
fixed at 1.0. Fe at M1 and M3 also included a minor amount
of Mn. Direct occupancy refinement at the T 1A, T 1B, T 2A
and T 2B sites converged to full occupancy with Si scatter-
ing factors within the standard deviation; then their occupan-
cies were fixed as 1.0 Si, which is also supported by the re-
sult of EPMA analysis listed in Table 1. Difference Fourier
synthesis showed a peak of positive electron density around
the A cavity, indicating a very small amount of Na possi-
bly located at the A site. It was refined at a fixed value of
U iso
= 0.05 Å. Hydrogen positions were also derived from

difference Fourier synthesis and were refined at a fixed value
of U iso

= 0.05 Å applying a restraint of O–H = 0.980(1) Å
(Frank, 1973).

Single-crystal unpolarized Fourier transmission infrared
(FT-IR) spectra were collected from 700 to 4000 cm−1 at
room temperature using a VARIAN 660-IR spectrometer
coupled with a VARIAN 620-IR microscope (Agilent Tech-
nologies, US) under N2 atmosphere. Sample and background
spectra were averaged from each of 256 scans with a spectral
resolution of 8 cm−1. The pattern was resolved by fitting a
Gaussian function using OriginPro® 2022.

5 Results

5.1 Chemical composition

The chemical composition of ferro-ferri-holmquistite is
listed in Table 1 with respective standards for elements. Each
crystal is slightly zoned (Fig. 1b). Such chemical variability
is mainly due to Al ↔ Fe3+ substitution (R2

= 0.83 in
Fig. 2) implying the presence of Fe3+ in our sample in
addition to Fe2+. In such a case, it is known to be necessary
to normalize the anions to a fixed number and normalize the
cations to a fixed number and then adjust the Fe3+/Fe2+

ratio to obtain electroneutrality (Hawthorne, 1983). The
normalization scheme 6 (C+T) = 13 was used to obtain
the cations’ ratio of our specimen, where (C+T) =Si,
Al, Ti, Fe3+, Fe2+, Mn2+, Mg. On the basis of charge
neutrality, the FeO and Fe2O3 contents were calculated as
22.63 wt % and 12.39 wt %, respectively, corresponding to
2.82 Fe2+ and 1.39 Fe3+ apfu (atoms per formula units). The
H2O content was calculated based on stoichiometry. The
empirical formula calculated on the basis of6 (C+T)= 13 is
A(K0.01Na0.06)60.07

B(Li1.95Na0.04Ca0.01)62.00
C(Fe2+

2.82Fe3+
1.39

Al0.51Mg0.22Mn2+
0.05Ti0.01)65.00

T(Si7.98Al0.02)68.00

O22(OH)1.94F0.06. The ideal formula is �Li2(Fe2+
3 Fe3+

2 )Si8
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O22(OH)2, which requires SiO2 53.18, Fe2O3 17.67, FeO
23.85, Li2O 3.31, H2O 1.99 and total 100 wt %.

5.2 X-ray powder diffraction analysis

The observed and simulated powder X-ray diffraction (XRD)
pattern of ferro-ferri-holmquistite is listed in Table 2. The
calculated pattern was obtained based on the result of single-
crystal analysis mentioned below. The powder XRD pat-
tern showed the effect of preferred orientation due to the fi-
brous and prismatic crystals. The refined unit-cell parameters
from powder data are a = 18.5429(8) Å, b = 17.924(3) Å,
c = 5.3110(18) Å and V = 1785.2(7) Å3, which is slightly
smaller than those obtained from the X-ray single-crystal
method.

5.3 Crystal-structure refinement

Crystallographic data of ferro-ferri-holmquistite are sum-
marized in Table 3. Structural refinements converged to
R1 = 4.22 %. The refined atom positions and anisotropic dis-
placement parameters are listed in Tables 4 and 5. The re-
fined site-scattering values and the determined site assign-
ment are shown in Table 6. Selected bond lengths and an-
gles are listed in Table 7. Bond-valence sums are listed in
Table 8, calculated using the equation of Brown and Alter-
matt (1985) and the bond-valence parameters of Gagné and
Hawthorne (2015). Both bond-valence calculation and lo-
cated hydrogen sites indicated that the O3A and O3B po-
sitions host hydroxyl groups. The crystal structure of ferro-
ferri-holmquistite is shown in Fig. 3. The oxygen atoms
at O3A and O3B forming the OH groups are elongated
along [100].

6 Discussion

6.1 Cation distribution at the M1–M4 sites and
structural variation

The structural formula of ferro-ferri-holmquistite is
ANa0.062

M4 (Li1.952Na0.048)62.000
M1(Fe2+

1.770Mg0.230)62.000
M2

(Fe3+
1.446Fe2+

0.102Al0.452)62.000
M3(Fe2+

0.891Mg0.109)61.000
T Si8

O22(OH)2 (Z = 4).
According to the structural refinement, the M4 site is oc-

cupied by Li with a minor amount of Na, Li0.976(8)Na0.024
(Table 6), in good agreement with the chemical analy-
sis (Table 1). In the case of monoclinic Li-bearing am-
phiboles such as clino-ferro-ferri-holmquistite (C2/m) and
ferro-ferri-pedrizite (C2/m) studied by Oberti et al. (2003),
the Li ions occur at the M(4) and M(3) sites. In contrast,
Li is restricted to M4 in our orthorhombic structure crys-
tal. Hawthorne and Oberti (2007) found no significant cor-
relation between <M4–O> and the mean ionic radius of
the constituent cations at M4, and they pointed out the
strong correlation between <M4–O> and the grand mean

Figure 3. Crystal structure of ferro-ferri-holmquistite projected
onto (100) showing the configuration of the A chain with M1–4
polyhedra drawn with VESTA3 (Momma and Izumi, 2011).

constituent-cation radius of ions occupying the site M1, M2
andM3,<rM1,2,3> in the Pnma amphiboles. Similar behav-
iors are also confirmed in holmquistites.

In our crystal structure, the M2O6 octahedron is smaller
than the M1O6 and M3O6 octahedra. In holmquistite
and ferro-holmquistite, Al3+ (VIAl3+ = 0.535 Å in Shan-
non, 1976) dominates the M2 site, whereas the larger di-
valent cations such as Mg (VIMg2+

= 0.72 Å) and Fe2+

(VIFe2+
= 0.78 Å) occupy the M1 and M3 sites (Cámara

and Oberti, 2005, their Table 8). In our specimen, all
Fe3+ (VIFe3+

= 0.645 Å) ions are assigned to the M2 site.
As shown in Fig. 4a, the <M2–O> distance in ferro-
ferri-holmquistite is much longer than that in holmquistite
and ferro-holmquistite, 1.924–1.962 Å (Cámara and Oberti,
2005; Walter et al., 1989; Irusteta and Whittacker, 1975). In
this study, the Fe2+ and Fe3+ ratio at M2 was estimated us-
ing the mean bond-length–aggregate-cation–radius relation,
<M2–O>= 1.435+0.908r , where r represents mean ionic
radius of M2, proposed by Cámara and Oberti (2005). Ac-
cordingly, the site occupancy is Fe3+

0.723Fe2+
0.051Al0.226 (Ta-

ble 6). The refined Al occupancy, 0.452 apfu (= 0.226× 2),
at M2 may include a small amount of Mg due to their simi-
lar X-ray scattering factors. Based on the site occupancies in
Table 6, the sum of Mg at the M1 and M3 sites is 0.339 apfu
(= 0.115×2+0.109). Considering the range of Mg content,
0.06–0.38 apfu (Table 1), the presence of Mg at the M2 site
seems to be negligible. In addition, the occupancy based on
the charge neutrality is Fe3+

0.624Fe2+
0.150Al0.226. In both cases,

the dominant cation at M2 is Fe3+. The <M2–O> dis-
tance increases with the increasing mean ionic radius of the

https://doi.org/10.5194/ejm-34-425-2022 Eur. J. Mineral., 34, 425–438, 2022



430 M. Nagashima et al.: Ferro-ferri-holmquistite from the Iwagi islet, Japan

Table 2. Observed X-ray powder diffraction data (d in Å) and calculated pattern based on X-ray single-crystal refinement of ferro-ferri-
holmquistite∗.

Imeas. dmeas. Icalc. dcalc. hkl Imeas. dmeas. Icalc. dcalc. hkl

100.0 8.256 100.0 8.235 210 10.7 2.502 451
3.3 4.911 111 9.6 2.440 302

15.1 4.487 18.7 4.481 040 2.9 2.418 312
3.8 4.464 211 9.7 2.319 551
6.3 4.437 121 2.1 2.271 2.2 2.270 461
3.3 4.099 221 3.2 2.238 271
3.7 3.882 131 2.2 2.161 371
4.8 3.675 321 7.5 2.159 502

14.3 3.649 231 5.6 2.144 512
2.3 3.368 141 6.8 2.131 561

10.6 3.346 3.4 3.343 250 4.0 1.991 661
4.5 3.340 331 4.5 1.977 751
6.9 3.254 421 2.3 1.876 702

6.2 3.227 4.6 3.222 440 2.7 1.828 291
2.2 3.213 241 2.9 1.828 851

87.6 3.043 40.9 3.046 610 2.6 1.792 0100
18.1 2.830 251 2.6 1.731 861

14.6 2.745 8.0 2.745 630 2.5 1.621 912
2.0 2.676 22.3 2.678 351 5.1 1.616 961
2.8 2.592 3.8 2.601 112 2.3 1.601 2.4 1.611 880

10.3 2.578 161 4.8 1.605 2110
12.5 2.553 202 9.7 1.588 053

2.6 2.496 4.1 2.507 261 2.3 1.544 2.0 1.545 1200

∗ Only reflections with relative intensity >2 % are listed.

constituent cations at M2, <rM2> (Fig. 4a). Both bond-
length distortion, <λ oct>, and octahedral angular variance,
σ 2
θ (oct), of the M2O6 octahedron are greater than those

of holmquistite and ferro-holmquistite (Cámara and Oberti,
2005; Walter et al., 1989; Irusteta and Whittacker, 1975)
(Fig. 5a and b). The lengthening of M2–O1A and M2–O1B
distances is slightly more pronounced than that of the oth-
ers. Such anisotropic elongation of M2–Oi increases the
<λ oct> value (Fig. 5a). Furthermore, the elongation of
M2–O1A and M2–O1B distances reduces the O1A–M2–
O1B angle (78.67◦ in ferro-ferri-holmquistite), enlarging the
angular variance of the M2O6 octahedron (Fig. 5b). Cámara
and Oberti (2005) reported that the shortM2–O4A andM2–
O4B distances were caused by the strongly underbonded
oxygen at O4 due to the small Li+ ion at M4. The under-
bonded oxygen atoms at O4A and O4B are also confirmed
in this study, and their bond valences are 1.92 and 1.91 va-
lence units, respectively (Table 8).

The refined occupancies at M1 and M3 are
Fe2+

0.885(8)Mg0.115 and Fe2+
0.891(9)Mg0.109, respectively

(Table 6). The <M1–O> and <M3–O> distances are
2.121 and 2.118 Å, respectively (Table 7). They are much
larger than those of previously reported holmquistite and
ferro-holmquistite (Cámara and Oberti, 2005; Walter et
al., 1989; Irusteta and Whittacker, 1975) caused by the

high Fe2+ contents (Fig. 4b and c). In holmquistite-group
minerals,<M1–O> tends to be shorter, whereas<M3–O>
tends to be longer than the expected values predicted from
functions for Pnma amphiboles (shown as dotted lines in
Fig. 4b and c; Hawthorne et al., 2008). The expansion of
the M1O6 octahedra is isotropic, whereas that of M3O6 is
anisotropic due to the pronounced increase in the M3–O1A
andM3–O1B distances. SuchM3–Oi variations support the
strong elongation of the M3O6 octahedron along the b axis
suggested by Cámara and Oberti (2005).

The T 1 tetrahedra tend to be smaller and more regular than
the T 2 tetrahedra (Table 7), consistent with previous stud-
ies (Cámara and Oberti, 2005; Walter et al., 1989; Irusteta
and Whittacker, 1975). The grand <T –O> distance, <<T –
O>>, is 1.622 Å (Table 7). According to the function<<T –
O>>= 1.6214(8)+ 0.0171(6) Å×IVAl, given by Schindler
et al. (2008) for the Pnma amphiboles of the anthophyllite-
gedrite series, the studied ferro-ferri-holmquistite is free of
IVAl. It is supported by the chemical composition (Table 1).
The O5–O6–O5 angle is an index of the stretching of the
TO4 chain along the c axis. In the A chain consisting of
T 1A and T 2A tetrahedra (Fig. 3), the angle of 172.8◦ is
larger than that of 167.5◦ in the B chain consisting of T 1B
and T 2B tetrahedra. Although this trend conforms with the
aforementioned studies, the angles obtained in this study are
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Figure 4. Variations of <M2–O> (Å) (a), <M1–O> (Å) (b)
and <M3–O> (Å) (c) against mean ionic radius (Å), <r>, of
the constituent cations at each site. The functions of the regression
lines (solid lines) are as follows: <M2–O>= 1.45(2) + 0.89(4)r
(R2
= 0.98), <M1–O>= 1.49(4) + 0.82(5)r (R2

= 0.97) and
<M3–O>= 1.55(2) + 0.73(3)r (R2

= 0.99), where r is mean
ionic radius of the constituent cations at each site. The break lines
and dotted lines are the regression functions of the structural study
of holmquistite-group minerals by Cámara and Oberti (2005) and
that of the Pnma amphiboles proposed by Hawthorne et al. (2008),
respectively. The cation assignment no. 6 was used to estimate<r>
for the holmquistite studied by Irusteta and Whittacker (1975) fol-
lowing Hawthorne (1983).

Figure 5. Variations of the bond-length distortion,<λ oct>, (a) and
the angle variance, σ 2

θ (oct), (b) of the M2O6 octahedra against
Fe3+ content (apfu) at the M2 site.

Figure 6. Variation of T 1A–O5–T 2B angle (◦) against the mean
ionic radius of the constituent cations at M2, <rM2> (Å).
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Table 3. Experimental details of the single-crystal X-ray diffraction
analysis of ferro-ferri-holmquistite.

Space group Pnma
Crystal size (mm) 0.11× 0.04× 0.015

Unit-cell dimensions

a(Å) 18.5437(2)
b(Å) 17.9222(1)
c(Å) 5.3123(1)
V (Å3) 1765.51(1)

Dcalc. (g cm−3) 3.32
Radiation CuKα (λ= 1.54184 Å)
Monochromator PhotonJet-S optics
Diffractometer RIGAKU HyPix-6000HE
Scan type ω scan
Absorption correction CrysAlisPro (Matsumoto et al., 2021)
θmin−max (◦) 4.8–74.4
µ (mm−1) 34.34
Collected reflections 47209
Unique reflections 1862
Rint (%) 4.66
Rσ (%) 1.52
Index limits −23≤ h≤23, −22≤ k ≤22, −6≤ l ≤6
Refinement on F 2 using SHELXL-97 (Sheldrick, 2015)
R1 (%) 4.22
wR2 (%) 11.94
No. of parameters 195
Weighting scheme∗ w = 1/[σ 2(F 2

o )+ (0.0877P)2+ 0.88P ]
1ρmax (e Å−3) 1.38 at 1.01 Å from O3B
1ρmin (e Å−3) −0.92 at 0.65 Å from M1

∗ The function of the weighting scheme is w = 1/(σ2(F 2
o )+ (a ·P)

2
+ b ·P),

where P = (Max(F 2
o ) +2F 2

c )/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.

significantly larger. It indicates that the expansion of oc-
tahedra due to the high Fe content causes the TO4 chain
to stretch. It is known that holmquistite has the shortest
T 1–T 2 (short) distances (2.999–3.023 Å) among orthorhom-
bic amphiboles (Cámara and Oberti, 2005). The T 1A–T 2A
and T 1B–T 2B distances in ferro-ferri-holmquistite are ob-
viously longer, 3.083 and 3.031 Å, respectively, than those in
other holmquistites. The latter distances are close to those in
anthophyllite, 3.045 and 3.048 Å, respectively (Walitzi et al.,
1989). The variation of T 1A–O5A–T 2A and T 1B–O5B–
T 2B angles with the elongation of T 1A–T 2A and T 1B–
T 2B is significant, showing a good correlation with <rM2>

(Fig. 6). In contrast, the T 1–T 1 distances are similar to those
in holmquistite and ferro-holmquistite (Cámara and Oberti,
2005; Walter et al., 1989; Irusteta and Whittacker, 1975).

As shown in Fig. 7, the unit-cell parameters and total
Fe content are positively correlated. The lengthened a and
b axes reflect the thickness and lateral extension of the oc-
tahedral layer, respectively. The only moderately increased
c axis can be explained by the rather rigid TO4 double chains
running along the c axis. In particular, among three octahe-
dral sites, theM2O6 octahedron is most effective for the vari-
ations of the unit-cell parameters.

Figure 7. Variation of unit-cell parameters against total Fe content
(apfu) in holmquistites. Error bars are within the size of symbols.
The unit-cell parameters of holmquistite studied by Irusteta and
Whittacker (1975) were originally given in Whittaker (1969). The
standard deviations were not given in Whittaker (1969).

Figure 8. The OH-stretching FT-IR spectrum (red line) of ferro-
ferri-holmquistite resolved into Gaussian components (broken
lines). Three peaks can be identified in the spectrum, centered at
3614, 3631 and 3644 cm−1 from right to left.
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Table 4. Refined atom positions and displacement parameters (Å2) of ferro-ferri-holmquistite.

M1 x 0.12539(2) O1A x 0.18140(11) O5A x 0.30310(10)
y 0.15935(3) y 0.15733(11) y 0.12047(11)
z 0.40099(9) z 0.0571(4) z −0.1683(4)

Ueq 0.0160(3) Ueq 0.0172(5) Ueq 0.0199(4)
M2 x 0.12538(2) O1B x 0.06893(10) O5B x −0.05235(10)

y 0.06638(3) y 0.15700(10) y 0.11741(11)
z −0.09731(8) z 0.7443(4) z 0.9642(4)

Ueq 0.0145(2) Ueq 0.0169(4) Ueq 0.0192(4)
M3 x 0.12546(3) O2A x 0.18584(10) O6A x 0.29716(10)

y 1/4 y 0.07485(12) y 0.12745(11)
z −0.09938(12) z 0.5906(3) z 0.3319(4)

Ueq 0.0158(3) Ueq 0.0176(5) Ueq 0.0197(4)
M4 x 0.1246(3) O2B x 0.06375(10) O6B x −0.04655(10)

y −0.0059(4) y 0.07438(11) y 0.13253(12)
z 0.4044(8) z 0.2126(4) z 0.4631(4)

Ueq 0.030(2) Ueq 0.0173(4) Ueq 0.0209(5)
A x −0.089(4) O3A x 0.18243(15) O7A x 0.29308(15)

y 1/4 y 1/4 y 1/4
z 0.201(14) z 0.5612(5) z 0.0627(5)

U iso 0.05 Ueq 0.0202(6) Ueq 0.0209(6)
T 1A x 0.26899(4) O3B x 0.06851(14) O7B x −0.04226(14)

y 0.16324(4) y 1/4 y 1/4
z 0.07178(14) z 0.2399(6) z 0.7560(5)

Ueq 0.0152(2) Ueq 0.0189(6) Ueq 0.0207(6)
T 1B x −0.01847(4) O4A x 0.31233(11) HA x 0.23527(17)

y 0.16361(4) y −0.00094(11) y 1/4
z 0.73165(14) z 0.5790(3) z 0.559(11)

Ueq 0.0152(2) Ueq 0.0199(5) U iso 0.05
T 2A x 0.27356(4) O4B x −0.06451(10) HB x 0.01569(19)

y 0.07844(4) y 0.00188(11) y 1/4
z 0.57646(13) z 0.2721(4) z 0.234(12)

Ueq 0.0155(2) Ueq 0.0203(4) U iso 0.05
T 2B x −0.02400(4)

y 0.07926(4)
z 0.22581(14)

Ueq 0.0157(2)

Compositional and structural restrictions of holmquistite
were discussed by Cámara and Oberti (2005). In holmquis-
tite, the M1, M2 and M3 octahedra are predominantly oc-
cupied by the smallest possible divalent and trivalent octa-
hedrally coordinated cations, M

1
MgM2AlM

3
Mg, resulting in

a very compact structure. The substitution of Fe2+ for Mg at
M1 andM3 enlarges<M1–O> and<M3–O>. The<M2–
O> distance increases with Fe3+ (∼34 % in Cámara and
Oberti, 2005) at M2 (Fig. 4). They mentioned that the sam-
ples with high Fe3+ contents (and thus with long M2–O dis-
tances) were poor in Fe2+ (and thus have relative short M1–
O and M3–O distances). This was interpreted as a structural
limitation, leaving the overall dimension of the octahedral
strip rather uninfluenced. Despite the < Mi–O> distances
varying with the cation distribution at each site (Fig. 4), their
behavior seems not to be directly reflected in the unit-cell
parameters (Fig. 7). In fact, the unit-cell parameters as a

function of total Fe are scattered. Cámara and Oberti (2005)
showed that the distortion of the M1O6 and M3O6 octa-
hedra increases as a function of the Fe2+ content in order
to keep the octahedral volume constant. Following their in-
terpretation, the distortion of the M1O6 and M3O6 octahe-
dra of the ferro-ferri-holmquistite is expected to be much
greater than the others, but the <λ oct> and σ 2

θ (oct) val-
ues are even smaller than those obtained from the previously
reported holmquistite and ferro-holmquistite structures (Ta-
ble 7; previous studies: <λ oct>= 1.018–1.021 for M1 and
1.023–1.029 forM3, and σ 2

θ (oct)= 58.13–70.11 forM1 and
74.19–94.9 for M3). Such small <λ oct> and σ 2

θ (oct) val-
ues of the M1 and M3 sites are considered to be mainly
governed by the M2O6 expansion. The cation distributions
at M1 and M3 are not correlated with the distortion parame-
ters of each polyhedron. In the crystal structure of ferro-ferri-
holmquistite, the values of <λ oct> and σ 2

θ (oct) of M1 and
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Table 5. Anisotropic displacement parameters of ferro-ferri-holmquistite.

Site U11 U22 U33 U23 U13 U12

M1 0.0193(4) 0.0127(4) 0.0159(4) 0.00010(15) 0.00049(16) 0.00011(16)
M2 0.0165(3) 0.0113(3) 0.0157(3) 0.00015(16) −0.00007(16) 0.00017(17)
M3 0.0189(5) 0.0117(5) 0.0167(5) 0 −0.0003(2) 0
M4 0.037(3) 0.030(3) 0.022(3) −0.0014(18) 0.0055(18) 0.000(2)
T 1A 0.0175(4) 0.0119(4) 0.0162(4) −0.0002(2) 0.0004(2) 0.0007(3)
T 1B 0.0167(4) 0.0120(4) 0.0167(4) −0.0003(2) 0.0001(3) −0.0004(2)
T 2A 0.0170(4) 0.0133(4) 0.0161(4) 0.0003(2) 0.0001(2) 0.0010(3)
T 2B 0.0173(4) 0.0132(4) 0.0164(4) −0.0002(3) 0.0002(3) −0.0009(2)
O1A 0.0169(10) 0.0158(11) 0.0191(10) 0.0000(6) 0.0000(7) 0.0011(7)
O1B 0.0170(10) 0.0147(10) 0.0190(10) −0.0004(7) 0.0007(8) −0.0012(7)
O2A 0.0187(10) 0.0154(10) 0.0187(10) −0.0001(7) −0.0003(7) −0.0001(8)
O2B 0.0183(9) 0.0157(10) 0.0180(9) −0.0008(7) 0.0004(7) 0.0000(7)
O3A 0.0198(14) 0.0193(15) 0.0214(14) 0 0.0012(10) 0
O3B 0.0193(13) 0.0158(14) 0.0215(14) 0 0.0005(11) 0
O4A 0.0231(10) 0.0136(10) 0.0231(10) 0.0006(7) 0.0011(7) 0.0028(8)
O4B 0.0228(9) 0.0162(10) 0.0219(9) 0.0016(7) −0.0002(7) −0.0033(7)
O5A 0.0186(9) 0.0215(10) 0.0198(10) −0.0038(8) 0.0005(7) −0.0011(7)
O5B 0.0185(9) 0.0183(10) 0.0210(10) 0.0015(7) 0.0011(7) −0.0002(7)
O6A 0.0186(9) 0.0197(10) 0.0209(10) 0.0033(8) −0.0001(7) 0.0000(7)
O6B 0.0186(10) 0.0235(11) 0.0207(10) −0.0045(8) 0.0008(7) 0.0007(7)
O7A 0.0233(14) 0.0126(13) 0.0267(15) 0 −0.0002(11) 0
O7B 0.0221(13) 0.0124(13) 0.0276(15) 0 0.0007(11) 0

Table 6. Site occupancies of ferro-ferri-holmquistite.

Site Refined occupancies No. e− Determined occupancies

M1 Fe0.885(8)Mg0.115 24.39 Fe2+
0.885(8)Mg0.115

M2 Fe0.774(7)Al0.226 23.06 Fe3+
0.723Fe2+

0.051Al∗0.226
M3 Fe0.891(9)Mg0.109 24.47 Fe2+

0.891(9)Mg0.109
M4 Li0.976(8)Na0.024 3.19 Li0.976(8)Na0.024
A Na0.031(6) 0.34 Na0.031(6)

∗ The ratios of Fe2+ and Fe3+ were estimated based on the mean
bond-length–aggregate-cation–radius relation, <M2-O >= 1.435+ 0.908r , where r
represents the mean ionic radius of the constituent cations at M2, based on Cámara and
Oberti (2005).

M3 are relatively small, but those at M2 are large. Such a
restriction for M1 and M3 derived from adjacent M2 might
reduce the influence on the unit-cell parameters in holmquis-
tite structures. It is consistent with the argument that M2O6
is the most influential octahedron on the unit-cell parameters.
The chemical and structural characteristics of our ferro-ferri-
holmquistite do not conform with the argument by Cámara
and Oberti (2005) that the specimen with high Fe3+ at M2
has low Fe2+ at M1 and M3. However, we agree that the
structural restriction is active in terms that the variation of
M1 and M3 is governed by M2.

6.2 Hydrogen bonding

Two crystallographically independent OH groups hosted
by the oxygen atoms at O3A and O3B, in Pnma amphi-

boles, show two OH-stretching bands having approximately
equal intensity (Hawthorne, 1983). The OH-stretching FT-
IR spectrum of the ferro-ferri-holmquistite is shown in
Fig. 8. Three peaks can be identified, centered at 3614, 3631
and 3644 cm−1, respectively. The full width at half maxi-
mum heights are roughly equal for all components, 10.1–
10.4 cm−1. Based on the OH-stretching IR bands in or-
thorhombic Pnma amphiboles such as holmquistite and the
anthophyllite-gedrite series (Ishida and Hawthorne, 2003;
Kloprogge et al., 2001; Law, 1981, 1982; Law and Whit-
taker, 1981; Burns and Law, 1970; Wilkins et al., 1970), the
four main bands, labeled A, B, C and D, are assigned to lo-
cal configurations M1M1M3–O3H–A, where A = (�, Na)
and M1M1M3=MgMgMg, MgMgFe (including MgFeMg
and FeMgMg), MgFeFe (including FeMgFe and FeFeMg)
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Table 7. Selected bond lengths (Å) and angles (◦) of ferro-ferri-holmquistite.

T 1A– O1A 1.630(2) M1– O1A 2.102(2) M4– O2A 2.088(6)
O5A 1.617(2) O1B 2.103(2) O2B 2.093(6)
O6A 1.610(2) O2A 2.137(2) O4A 2.091(5)
O7A 1.619(1) O2B 2.151(2) O4B 2.049(5)

<T 1A–O> 1.619 O3A 2.117(2) O5A 2.484(6)
<λtet>

∗ 1.000 O3B 2.118(2) O6B 2.782(7)
σθ (tet)2∗ 0.93 <M1–O> 2.121 VI<M4–O> 2.265

<λoct>
∗ 1.016 O5B 3.102(7)

T 1B– O1B 1.626(2) σθ (oct)2∗ 52.77 O6A 3.465(7)
O5B 1.615(2)
O6B 1.618(2) M2– O1A 2.100(2) A– O7B 2.519(8)
O7B 1.615(1) O1B 2.108(2) O7A 2.519(7)

<T 1B–O> 1.619 O2A 2.007(2) O6B (×2) 2.645(5)
<λtet>

∗ 1.004 O2B 2.009(2) O5B (×2) 2.774(4)
σθ (tet)2∗ 1.73 O4A 1.894(2) O3B 2.932(7)

O4B 1.906(2) VII<A–O> 2.687
T 2A– O2A 1.630(2) <M2–O> 2.004

O4A 1.594(2) <λoct>
∗ 1.013 6 O5A–O6A–O5A 172.8(1)

O5A 1.645(2) σθ (oct)2∗ 38.48 6 O5B–O6B–O5B 167.5(1)
O6A 1.628(2) 6 T 1A–O7A–T1A 147.8(2)

<T 2A–O> 1.624 M3– O1A (×2) 2.127(2) 6 T 1B–O7B–T 1B 146.9(2)
<λtet>

∗ 1.003 O1B (×2) 2.137(2) 6 T 1A–O5A–T 2A 137.5(1)
σθ (tet)2∗ 11.16 O3A 2.090(3) 6 T 1B–O5B–T 2B 137.7(1)

O3B 2.089(3)
T 2B– O2B 1.631(2) <M3–O> 2.118 T 1A–T 2A 3.083(1)

O4B 1.596(2) <λoct>
∗ 1.024 T 1B–T 2B 3.031(1)

O5B 1.636(2) σθ (oct)2∗ 76.548 T 1A–T 1A 3.110(2)
O6B 1.636(2) T 1B–T 1B 3.097(2)

<T 2B–O> 1.625 M1–M4 2.961(6) O7A–O7B 4.735(4)
<λtet>

∗ 1.003 M2–M4 2.947(5)
σθ (tet)2∗ 10.95 T 2A–M4 2.880(5) O3AO6A (×2) 3.292(3)

O3BO6B (×2) 3.223(3)

∗<λ> and σθ2 are bond-length distortion and angle variance, respectively (Robinson et al., 1971).

Table 8. Bond-valence analysis (v.u.) of ferro-ferri-holmquistite weighted on the refined site occupancies∗.

M1 M2 M3 M4 T 1A T 1B T 2A T 2B 6

O1A 0.37 0.37 0.35× 2 ↓ 0.98 2.07
O1B 0.36 0.36 0.34× 2 ↓ 0.99 2.05
O2A 0.34 0.48 0.2 0.98 2.00
O2B 0.33 0.47 0.2 0.98 1.98
O3A 0.35× 2→ 0.38 1.08
O3B 0.35× 2→ 0.38 1.08
O4A 0.64 0.2 1.08 1.92
O4B 0.62 0.22 1.07 1.91
O5A 0.11 1.02 0.95 2.08
O5B 1.02 0.97 1.99
O6A 1.04 0.99 2.03
O6B 0.07 1.02 0.97 2.06
O7A 1.01× 2→ 2.02
O7B 1.02× 2→ 2.04
6 2.10 2.94 2.14 1.00 4.05 4.05 4.00 3.99

∗ The A site was not considered due to its very low Na concentration. In the case that the identical bonds bind to the same cation/anion,
the number with the arrow (↓ for anion and→ for cation) was added.
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Table 9. List of orthorhombic lithium amphiboles∗.

B C References

M4 M1 M2 M3

Ferro-ferri-holmquistite Li Fe2+ Fe3+ Fe2+ This study
Holmquistite Li Mg Al Mg Osann (1913)
Ferro-holmquistite Li Mg Al Fe2+ Cámara and Oberti (2005)

∗ All T sites are occupied by Si.

and FeFeFe for A, B, C and D, respectively. Following
Ishida and Hawthorne (2003), the four bands, A, B, C
and D, in holmquistite are located at 3658–3662, 3643–
3648, 3628–3629 and 3611–3614 cm−1, respectively. The
aforementioned three IR bands observed in our ferro-ferri-
holmquistite are assigned to D, C and B bands, respectively.
It makes sense that the D band derived from the configura-
tion ofM1M1M3=FeFeFe is the strongest among the three
bands in the Fe-enriched species.
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