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abstract

Fe3+ and Mn3+ distributions on octahedral M1, M2, and M3 sites in synthetic epidote/piemontite 
from Ca2Al2Fe3+

q Mn3+
1–qSi3O12.5 starting material and their effects on the crystal structure were investi-

gated using X-ray Rietveld and 57Fe Mössbauer methods. Epidote and piemontite were crystallized 
as almost single phases from q = 1.0, 0.75, 0.5, and 0.25 starting materials at Pfluid of 200–400 MPa 
and a temperature of 500 °C, using standard cold-seal pressure vessels. The Mn2O3-MnO2 buffer 
was used to produce fO2 adequate to maintain Fe3+ and Mn3+. The Rietveld refinements converged to 
goodness-of-fit ranges from 1.21 to 1.60.

At this temperature, site preferences of Σ(Fe3++Mn3+) for octahedral sites are M3>M1(>>M2). KD

values of Σ(Fe3++Mn3+), where KD = [(Fe3++Mn3+)/Al]M1/[(Fe3++Mn3+)/Al]M3, (0.05–0.13) are similar 
to those of individual Mn3+ and Fe3+ vs. Al3+, respectively. However, the KD values of Fe3+ and Mn3+

for M1 and M3, where KD = (Fe3+/Mn3+)M1/(Fe3+/Mn3+)M3, vary with Fe3+
Total:Mn3+

Total ratios. In epidote 
with Fe3+ content larger than 0.4 atoms per formula unit (apfu) and Mn3+ < 0.6 apfu, Fe3+ has a stronger 
preference for M1 than Mn3+. In piemontite with 0.12 Fe3+ and 0.73–0.78 Mn3+ apfu, the preference 
of Mn3+ for M1 is greater than that of Fe3+. The site occupancies of individual Mn3+ and Fe3+ are gov-
erned by the individual KD values and the Mn3+ and Fe3+ concentrations in corresponding epidote and 
piemontite. Variations of the unit-cell parameters indicate the combined result of linear variation due 
to Al ↔ Fe3+ substitution and nonlinear variation due to Al ↔ Mn3+ substitution. 
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iNtroductioN

Epidote-group minerals are important rock-forming phases oc-
curring in a variety of geological conditions. The general formula 
of epidote-group minerals is A1A2M1M2M3Z3O12(OH). The main 
components of most epidote and piemontite are Ca2Al3Si3O12(OH), 
Ca2Al2Fe3+Si3O12(OH), and Ca2Al2Mn3+Si3O12(OH). Ca2+ occu-
pies 9-coordinated A1 and 10-coordinated A2 sites; Al, Mn3+, 
and Fe3+ are distributed over octahedral M1, M2, and M3 sites, 
and Si cations occur at the tetrahedral Z site. The octahedral 
sites form two types of chains of edge-sharing octahedra: a 
single chain of M2 octahedra and a multiple chain with central 
M1 and peripheral M3 octahedra (Ito et al. 1954; Dollase 1968, 
1969, 1971). The M3 octahedron is larger and more distorted 
than M1 and M2. The volumes of the three crystallographically 
independent octahedra vary as M3>M1>M2, where M2 is the 
smallest and least distorted octahedron. 

The distribution of Mn3+ and Fe3+ among the three types of 
octahedral sites and the structural changes caused by Mn3+ and/
or Fe3+ substitution for Al in epidote-group minerals have been 
investigated by single-crystal structure refinements (Dollase 
1969, 1971; Kvick et al. 1988; Ferraris et al. 1989; Bonazzi et 
al. 1990, 1992; Bonazzi and Menchetti 1994, 1995; Giuli et al. 
1999; Langer et al. 2002; and others) and X-ray Rietveld refine-

ment (Nagashima and Akasaka 2004). The crystal chemistry of 
natural epidote-group minerals has also been investigated using 
a variety of spectroscopic methods (Burns and Strens 1967; 
Dollase 1973; Paesano et al. 1983; Fehr and Heuss-Assbichler 
1997; Taran and Langer 2000; Langer et al. 2002). However, 
it is a challenge to investigate the specific influence of unique 
Fe3+ and Mn3+ substitution for Al on structural changes because 
natural epidote-group minerals commonly contain not only 
Fe3+ but also Mn3+. Although Fe3+ and Mn3+ have similar ionic 
radii, their electronic configurations and induced distortions 
are different. Moreover, Sr and REE often occur at the A sites. 
High Sr and/or Ba contents at A2 are known to promote the 
incorporation of transition elements rather than Al at the octa-
hedral sites (Armbruster et al. 2002; Nagashima and Akasaka 
2004; Fukushima et al. 2005). Therefore, the influence of Fe3+

or Mn3+ substitution for Al was investigated in synthetic pure 
Al-Fe3+ and Al-Mn3+ binary series, respectively, by Anastasiou 
and Langer (1977), Giuli et al. (1999), Langer et al. (2002), and 
Nagashima and Akasaka (2004). However, the intracrystalline 
partitioning of Fe3+ and Mn3+ in pure Al-Fe3+-Mn3+ ternary series 
has not yet been examined. 

In this study, we investigate the distribution of Fe3+ and Mn3+

among octahedral sites and the variations of structural changes 
caused by Fe3+ and Mn3+ substitution for Al. Unit-cell parameters 
and interatomic distances and angles are measured on a synthetic 
Al-Fe3+ binary series and a Al-Fe3+-Mn3+ ternary series of epidote-
group minerals from Ca2Al2Fe3+

q Mn3+
1–qSi3O12.5+H2O for starting 

materials with q = 1.0, 0.75, 0.5, and 0.25.
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experiMeNtal Methods
Details of the syntheses have been reported by Nagashima (2006). The starting 

materials for this study consisted of mixtures of synthetic CaFe3+[AlSiO6]-pyroxene 
(esseneite) and oxides. Appropriate amounts of esseneite, CaCO3-, Al2O3-, MnO2-, 
and SiO2-reagents were mixed to produce compositions of Ca2Al2Fe3+

q Mn3+
1–qSi3O12.5, 

where q = 1.0, 0.75, 0.5, and 0.25. The starting materials were sealed in Ag90Pd10

capsules containing excess distilled water. The Mn2O3-MnO2 buffer was used to 
produce fO2 adequate to maintain Fe3+ and Mn3+. Hydrothermal syntheses were 
carried out at Pfluid of 200–400 MPa and a temperature of 500 °C using standard 
cold-seal hydrothermal pressure vessels. 

The chemical compositions of synthetic phases were analyzed using a JEOL 
JXA-8800M electron microprobe analyzer (EMPA) operating at 15 kV, with a beam 
current of 20 nA, and beam diameter of 1 µm. Standards used were wollastonite and 
epidote for Ca and Si, synthetic MnO for Mn, synthetic hematite for Fe, and synthetic 
Al2O3 and epidote for Al. The ZAF method was used for data correction. 

To avoid preferred orientation effects, grinding samples to a very small particle 
size with less than 10 µm is one of the most critical requirements for any structure 
study based on powder X-ray diffraction data (Bish and Reynolds 1989; Post and 
Bish 1989). To achieve this, the samples were manually finely ground under alcohol 
in an agate mortar until the resultant particle sizes were <5 µm, which was confirmed 
using an optical microscope. Powdered samples were mounted on glass sample 
holders with a 20 × 15 × 0.5 mm notch. Mounts for intensity profile collection were 
made by loading the powder from the front of the holder. Following the method of 
Raudsepp et al. (1990), a straight edge was used to level the sample surface to that 
of the holder. The surface was then finely serrated several times with a razor blade. 
This technique tends to randomize the orientation of anisotropic crystals that are 
aligned during filling, while maintaining a generally flat surface.

Step-scan powder diffraction data were collected using a RIGAKU RINT 
automated X-ray powder diffractometer with a Bragg-Brentano goniometer 
equipped with incident- and diffracted-beam soller slits, 1° divergence and anti-
scatter slits, a 0.15 mm receiving slit, and a curved graphite diffracted-beam 
monochromator. The normal-focus Cu X-ray tube for CuKα line was operated at 
40 kV and 25 mA. Profiles were taken between 10 and 150 °2θ with a step interval 
of 0.02 °2θ, using step counting times that accumulated around 5000 counts for 
the strongest peaks. 

Crystal structures of the synthetic phases were refined using the RIETAN-2000 
program of Izumi and Ikeda (2000). Single-crystal X-ray results for epidote and 
piemontite (Dollase 1969, 1971), hematite (Blacke et al. 1966), bixbyite (Geller 
1971), and esseneite (Cosca and Peacor 1987) were used as the initial parameters 
for the Rietveld refinement. The cell parameters of epidote and piemontite were 
determined with a program in the RIGAKU RINT system. They were used as 
initial values. Based on the result of the chemical analysis, Ca occupancy at A1 
and A2 and Si occupancy at Z were fixed at 1, respectively. Although synthetic 
epidote and piemontite containing very small amounts of Fe3+ or Mn3+ at M2 have 
been reported (Giuli et al. 1999; Nagashima and Akasaka 2004), the occupancy 
at M2 was fixed to 1.0 Al atom on the basis of single-crystal studies for natural 
epidote and piemontite (e.g., Dollase 1969, 1971). Because Fe and Mn cannot be 
distinguished on the basis of their X-ray atomic scattering factors, total Fe+Mn 
was refined applying the scattering factor of Mn, and is represented as M3+. In 
the refinement, the scattering factors of neutral atoms were employed for all ele-
ments. Occupancy factors for Al and M3+ on octahedral sites were refined using 
the following constraints: M3+

M3 = M3+
total – M3+

M1, AlM1 = 1.0 – M3+
M1, and AlM3 = 1.0 

– M3+
M3, where M3+

total is the Σ(Fe3++Mn3+) value determined by EMPA analysis. All 
isotropic displacement parameters were fixed to those obtained in single-crystal 
studies (Dollase 1969, 1971). Peaks were defined using a “Modified split pseudo-
Voigt” function, which comprised the split pseudo-Voigt function of Toraya (1990) 
combined with profile relaxation or the Pearson VII function in RIETAN-2000. An 
asymmetry parameter was built into this profile function. Details of these profile 
functions are given by Izumi and Ikeda (2000). Nonlinear least-squares calculation 
using the Marquardt method was followed by the conjugate-direction method to 
check convergence at local minima (Izumi 1993). Preferred orientation was cor-
rected using the March-Dollase function (Dollase 1986). 

The 57Fe Mössbauer transmission spectra were recorded at room temperature 
using a constant acceleration spectrometer, a multichannel analyzer with 1024 
channels and a 57Co/Pd source (=370 MBq). The absorbers were about 150 mg of 
powder samples, which were settled on adhesive tape with 1 cm in diameter and 
<0.5 mm in thickness. Velocity calibration was done using a metallic Fe foil, and 
the Mössbauer parameters such as isomer shift (IS) and quadrupole splitting (QS) 
are given relative to this standard. The spectra were fitted to Lorentzian curves 
using the least-squares method with line widths and intensities constrained to be 

equal at each site. The QBMOSS program written by Akasaka and Shinno (1992) 
was used for computer numerical analysis. The quality of the fit was judged us-
ing the χ2 value and standard deviations of Mössbauer parameters. Errors of the 
Mössbauer hyperfine parameters were calculated from the standard deviations (1σ) 
of peak positions, peak widths, and intensities.

results

Syntheses
The experimental conditions and results of the syntheses 

are listed in Table 1. Details of the syntheses were reported by 
Nagashima (2006). The product from q = 1.0 starting material 
at 400 MPa and 500 °C (run no. 41) was yellowish green in 
color, and was composed mainly of epidote with associated 
trace amounts of hematite. The synthetic epidote crystals were 
yellowish green to brownish green and prismatic up to 50 µm ×
10 µm. In contrast, the products from the Mn3+-bearing starting 
materials were brownish purple to purple, and pure Al-Fe3+-Mn3+ 

piemontite was produced more readily. The product from q = 0.75 
at 360 MPa and 500 °C (run no. 27) was mainly composed of 
epidote. The product from q = 0.5 at 200 MPa and 500 °C (run no. 
22) was only composed of Al-Fe3+-Mn3+ piemontite, that at 360 
MPa and 500 °C (run no. 21) consisted mainly of Al-Fe3+-Mn3+

piemontite and trace hematite. The products from q = 0.25 at 200 
MPa and 370 MPa and 500 °C (run nos. 38 and 30) also consisted 
mainly of Al-Fe3+-Mn3+ piemontite. They were associated with 
trace amounts of bixbyite (run no. 38) and trace hematite (run 
no. 30). Esseneite, which is relict of the starting material, was 
found in the products of run nos. 41, 27, 21, and 38. 

Chemical compositions of synthetic epidote/piemontite
The chemical compositions of epidote from run no. 41 and 

piemontite from run nos. 27, 22, 38, and 30 are listed in Table 2, 
where total Fe and Mn are shown as Fe2O3 and Mn2O3, respec-
tively. The chemical compositions of synthetic phases in run no. 
21 product were unable to be analyzed because of very fine grain 
sizes. The oxidation state of Fe was confirmed by 57Fe Mössbauer 
spectroscopy. The Fe oxidation state of the products from run 
nos. 27, 22, 21, 38, and 30 is only Fe3+. On the other hand, trace 
amounts of Fe2+ (4% of total Fe) was detected in the product from 
run no. 41, but Fe2+ is considered to be negligible. 

Epidote from run no. 41, which crystallized along with a 
trace amount of hematite, has nearly the same cation ratio as 
the starting material: Ca:Fe3+:Al:Si = 1.99:0.91:2.10:2.99. The 
chemical compositions of Al-Fe3+-Mn3+ piemontite from run 
nos. 27, 22, 38, and 30 were generally close to those of starting 
materials, except that Fe3+ contents tended to be slightly lower: 

Table 1. Experimental results
Run no.* q† P (MPa) T (°C) Duration (day) Mineral 

assemblage‡
41 1.0 400 500 43 Ep(+Hm)§
27 0.75 360 500 20 Ep(+Hm)§
22 0.5 200 500 34 Pm
21 0.5 360 500 17 Pm(+Hm)§
38 0.25 200 500 36 Pm(+Bx)§
30 0.25 370 500 22 Pm(+Hm)
Note: MnO2-Mn2O3 buffer was used for syntheses.
* Starting materials consisting of synthetic esseneite (CaFeAlSiO6) + oxide mix-
tures were used for experiments.
† q = Fe3+ in Ca2Al2Fe3+

q Mn3+
1–qSi3O12.5-oxide mixture.

‡ Bx = bixbyite, Ep = epidote, Hm = hematite, Pm = piemontite. 
§ Small amount of esseneite from the starting material remained. 



NAGASHIMA AND AKASAKA: Fe3+ AND Mn3+ DISTRIBUTIONS IN SYNTHETIC EPIDOTE/PIEMONTITE 1239

Al:Fe3+:Mn3+ = 2.22:0.58:0.21 for run no. 27, Al:Fe3+:Mn3+ = 
2.12:0.39:0.53 for run no. 22, Al:Fe3+:Mn3+ = 2.11:0.12:0.78 for 
run no. 38, and Al:Fe3+:Mn3+ = 2.13:0.12:0.73 for run no. 30. 
Liou (1973) considered that the cause of iron loss was reducing 
conditions in the capsules with subsequent Fe absorption. In fact, 
absorption of iron by the Ag90Pd10 inner capsule was confirmed by 
EMPA. However, since the Mn2O3-MnO2 buffer used in this study 
maintained high oxygen fugacity, the main cause of decreased 
Fe3+ in Mn3+-Fe3+-Al piemontite relative to the starting materials 
can be attributed to crystallization of some hematite confirmed 
using an optical microscope, even in the case that hematite was 
not necessarily detected. Our synthetic epidote and piemontite 
contain 1.97–2.05 Ca and 2.98–3.01 Si apfu, indicating that the 
A1 and A2 sites are filled with Ca2+ and the tetrahedral Z sites 
with Si4+. Thus, A1 and A2 are described as Ca1 and Ca2, and 
the Z as Si in the tables.

Rietveld refinement
Six run products were used for the X-ray Rietveld refinements 

(Table 1). Details of data collection for the Rietveld analyses, the 
refined mass fractions and unit-cell parameters of each phase, 
R-factors, goodness-of-fit (S = Rwp/Re), and the Durbin-Watson 
d statistic are listed in Table 3. Because the products of run nos. 
22 and 41 contained silver metal, which was dissolved from the 
inner capsule and precipitated in the run products, Ag-metal was 
added to the refinement to improve the fit. Although the refine-
ment details for Ag-metal are not shown in Table 3, the structural 
parameters of silver-metal (space group Fm3m) were fixed to 
the initial values, and the unit-cell parameters and mass fractions 
were then refined, with the a-dimension, 4.083–4.084 Å; the mass 
fraction, <0.006. In the Rietveld refinements, hematite, bixbyite, 
and esseneite were also included as additional phases to refine 
the mass fractions of each phase. The Fe content was influenced 
by the amount of crystallized hematite and decomposed esseneite 
(Nagashima 2006). These facts are consistent with the results of 
chemical analyses of epidote and piemontite. Figure 1 shows a 
result of the Rietveld refinement of the product from q = 0.25 
at 370 MPa and 500 °C (run no. 30). Despite the products of 
run nos. 21, 27, and 30 consist of piemontite and trace hematite 
(Table 1), the structural refinement was carried out as single 

phase because the peaks of hematite were too small to fit. The 
atomic positions refined in this study are shown in Table 41. The 
crystal structure of piemontite from q = 0.5 starting material 
(run no. 22) is shown in Figure 2. The interatomic distances and 
selected bond angles calculated from refined atomic positions 
are listed in Tables 51 and 61, respectively. Errors in all tables are 
shown by the estimated standard deviation of 1σ (e.s.d. values). 
The site occupancies of M3+ (=Fe+Mn) are listed in Table 7. The 
site preference of M3+ is M3>M1 as well as the other trivalent 
transition elements such as Fe3+, Mn3+, and Cr3+ (i.e., Anastasiou 
and Langer 1977; Giuli et al. 1999; Nagashima and Akasaka 
2004; Nagashima et al. 2009).

57Fe Mössbauer spectroscopy
The 57Fe Mössbauer spectra and hyperfine parameters of 

synthetic Ca2Al2(Fe3+,Mn3+)Si3O12(OH)-epidote/piemontite are 
shown in Figure 3 and Table 8, respectively. The spectrum of 
run no. 41 product (q = 1.0) composed of epidote associated with 
small amounts of hematite and esseneite consists of six doublets 
(Fig. 3a). The doublets AA′ (IS = 0.36 and QS = 2.07 mm/s) and 
BB′ (IS = 0.34 and QS = 1.55 mm/s) are assigned to Fe3+ at the 
M3 and M1 sites, respectively, because it has been known that 
doublets with IS = 0.24–0.44 and QS = 1.89–2.32 mm/s and 
IS = 0.22–0.36 and QS = 1.46–1.67 mm/s are assigned to Fe3+

at the M3 and M1 sites as reviewed by Liebscher (2004). The 
doublets CC′ (IS = 0.32 and QS = 0.95 mm/s) and DD′ (IS = 0.39 
and QS = 0.53 mm/s) are attributed to Fe3+ at the octahedral M1 
site in residual esseneite. The CC′ value is consistent to that of 
synthetic esseneite (IS = 0.32–0.35 and QS = 0.9–1.0 mm/s) after 
Akasaka (1983, 1990). Although the doublet DD′ is somewhat 
different from the result for synthetic esseneite, smaller QS 
values of Fe3+ at the M1 site, such as 0.72–0.80 mm/s have been 
also reported by Frenzel et al. (1985) and Matsui et al. (1972). 
Thus, the smaller QS value of Fe3+ of the doublet DD′ may be 

1 Deposit item AM-10-039, Tables 4, 5, and 6. Deposit items are available two 
ways: For a paper copy contact the Business Office of the Mineralogical Society 
of America (see inside front cover of recent issue) for price information. For an 
electronic copy visit the MSA web site at http://www.minsocam.org, go to the 
American Mineralogist Contents, find the table of contents for the specific volume/
issue wanted, and then click on the deposit link there.

Table 2. Average chemical compositions of epidote and piemontite
q-value* 1.0 0.75 0.5 0.25
P (MPa) 400 360 200 200 370
T (°C) 500 500 500 500 500
Run no. 41 27 22 38 30

n = 28 (18 grains) n = 6 (5 grains) n = 10 (10 grains) n = 16 (12 grains) n = 6 (6 grains)
avg. s.d. avg. s.d. avg. s.d. avg. s.d. avg. s.d.

SiO2 37.41 0.44 36.86 0.52 36.75 0.37 37.40 0.72 36.91 0.59
Al2O3 22.26 1.67 23.28 0.44 22.18 1.04 22.45 1.16 22.15 0.57
Fe2O3† 15.15 2.33 9.51 1.36 6.40 1.34 2.05 0.85 2.03 0.61
Mn2O3† – 3.37 0.98 8.57 1.86 12.86 1.63 11.68 1.28
CaO 23.16 0.45 23.69 0.46 22.71 0.36 23.28 0.53 23.08 0.62

Total 97.98 96.71 96.61 98.04 95.85
Cations per 12.5 O atoms

Si 2.99 0.02 2.98 0.04 2.98 0.02 2.99 0.04 3.01 0.03
Al 2.10 0.14 2.22 0.03 2.12 0.09 2.11 0.09 2.13 0.04
Fe 0.91 0.15 0.58 0.08 0.39 0.08 0.12 0.05 0.12 0.04
Mn – 0.21 0.06 0.53 0.12 0.78 0.11 0.73 0.08
Ca 1.99 0.04 2.05 0.03 1.97 0.03 1.99 0.04 2.02 0.06

Total 7.99 8.04 7.99 7.99 8.01
* Abbreviations as in Table 1.
† Total Fe and Mn as Fe2O3 and Mn2O3, respectively.
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Fig.1Figure 1. Rietveld refinement plot for the product from q = 0.25 starting material at 370 MPa and 500 °C (run no. 30). This product was refined 
with single phase of piemontite. The crosses are the observed data, the solid line is the calculated pattern, and the vertical bars mark all possible Bragg 
reflections (CuKα1 and CuKα2). Bar marks are piemontite. The difference between the observed and calculated patterns is shown at the bottom. 

Table 3. Data collection* and details of structure refinement
q† 1.0 0.75 0.5 0.25
Syntheis P (MPa) 400 360 200 360 200 370

T (°C) 500 500 500 500 500 500
Run no. 41 27 22 21 38 30
Fe3+‡ 0.91 0.58 0.39 0.39 0.12 0.12
Mn3+‡ – 0.21 0.53 0.53 0.78 0.73

Total of Fe3++Mn3+ 0.91 0.79 0.92 0.92 0.90 0.85
Max. intensity (counts) 4239 5724 5180 5499 6114 5964

Epidote/piemontite
Space group P21/m
a (Å)  8.8902(5)  8.8980(3)  8.8817(5)  8.8904(4)  8.8831(4)  8.8727(3)
b (Å)  5.6366(2)  5.6549(2)  5.6543(3)  5.6606(2)  5.6687(3)  5.6686(2)
c (Å)  10.1600(5)  10.1752(4)  10.1630(6)  10.1760(4)  10.1715(5)  10.1682(4)
β (°) 115.432(4) 115.428(3) 115.435(4) 115.455(3) 115.450(4) 115.480(3)
V (Å3) 459.79(4) 462.39(3) 460.91(4) 462.39(3) 462.49(4) 461.67(3)
Z 2 2 2 2 2 2
RB (%)§ 2.31 1.84 2.45 1.92 1.38 1.86
RF (%)§ 1.09 0.85 1.02 0.91 0.71 0.97
Rp (%)§ 5.08 6.58 7.89 7.02 5.70 6.01
Rwp (%)§ 6.59 8.98 10.15 9.25 7.51 7.92
Re (%)§ 5.33 6.67 6.33 6.59 5.58 6.57
S§ 1.237 1.346 1.604 1.404 1.347 1.205
D-W d|| 1.313 1.153 0.827 1.062 1.126 1.415

Mass fraction#
Ep, Pm 0.939 0.966 1.000 0.970 0.951 1.000
Hm 0.022
Bx 0.020
Es 0.039 0.034 0.030 0.028
* Step interval (°2θ) 10–150°, step 0.02°.
† Abbreviations as in Table 1.
‡ Determined using EMPA. The data of run no. 21 were assumed as the same as those of run no. 22.
§ RB = R-Bragg factor, RF = R-structure factor, Rp = R-pattern, Rwp = R-weighted pattern, Re = R-expected, S(=Rwp/Re) = Goodness of fit (Young 1993).
|| D-W d = Durbin-Watson d-statistic (Hill and Flack 1987).
# Bx = bixbyite, Ep = epidote, Es = esseneite, Hm = hematite, Pm = piemontite.
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Figure 2. Crystal structure of q = 0.5 piemontite (run. no. 22) 
projected down [010] using the program VESTA (Momma and Izumi 
2008).

interpreted that the degree of distortion of the M1 octahedra in 
residual pyroxene decreased during the chemical reaction to 
form epidote. The peaks F (–0.79 mm/s) and F′ (1.93 mm/s) are 
caused by Fe3+ of hematite, because hematite used as starting 
material showed two peaks at –0.84 and 1.79 mm/s in a range of 
the Doppler velocity between –4.00 and 4.00 mm/s. The doublet 
of EE′ (IS = 1.16 and QS = 2.37 mm/s) are attributed to Fe2+ in 
epidote or pyroxene. 

The Mössbauer spectra of the products from q = 0.75 and 0.5 
starting materials at 360 and 200 MPa and 500 °C (run nos. 27, 
22, and 21 in Table 8) are composed of four doublets of AA′, 
BB′, CC′, and DD′ assigned to Fe3+ on M3, Fe3+ on M1, and Fe3+

in esseneite, respectively (Figs. 3b, 3c, and 3d). 
The assignments of the doublets AA′, BB′, CC′, and DD′ in the 

spectra of the products from q = 0.25 at 200 MPa (run no. 38) and 
370 MPa (run no. 30) (Figs. 3e and 3f) are essentially the same 
as others. However, there is an additional doublet aa′ with IS = 
0.36–0.37 and QS = 1.90–1.97 mm/s. In terms of their Mössbauer 
hyperfine parameters, the doublet aa′ is also assigned to Fe3+ at 
M3. The existence of two doublets of Fe3+ at M3 (IS = 0.39 and QS
= 1.95 mm/s; IS = 0.34 and QS = 2.04 mm/s) has been found for 
synthetic epidote with 0.5 ≤ Fe ≤ 0.7 apfu, which was considered 

evidence for the existence of a miscibility gap (Fehr and Heuss-
Assbichler 1997). The Fe3+ content of Al-Fe3+-Mn3+ piemontite in 
run nos. 30 and 38 is 0.12 Fe3+ apfu (Table 2). The composition is 
very different from that of the epidote displaying two Fe3+(M3) 
doublets reported by Fehr and Heuss-Assbichler (1997). These 
two doublets may imply the existence of an additional miscibility 
gap at Mn3+:Fe3+ = 0.75:0.25 bulk composition.

Finally, the site occupancies of Fe3+ and Mn3+ were determined 
by combining the results of the chemical analyses, the Rietveld 
refinement and 57Fe Mössbauer analyses, as listed in Table 7.

discussioN

Distributions of Fe3+ and Mn3+ in the octahedral sites
Generally natural epidote and piemontite contain both Fe3+

and Mn3+ (Deer et al. 1997; Franz and Liebscher 2004). In most 
of the previous studies, Fe3+ and Mn3+ have been assumed to 
show the same behavior, because the ionic radii of Fe3+ [0.645 Å; 
Shannon (1976)] and Mn3+ (0.645 Å) are the same and Fe cannot 
be distinguished from Mn in X-ray structural analyses. Thus, 
the ratios of Fe3+ and Mn3+ at M3 and M1 have been fixed to the 
Fe3+

total:Mn3+
total ratio. Dollase (1969, 1973) determined Mn3+ and 

Fe3+ occupancies in piemontite and epidote, respectively, based 
on the results of X-ray single-crystal study and 57Fe Mössbauer 
analyses. His results indicated the stronger preference of Fe3+

rather than Mn3+ for M3. However, as Dollase (1973) pointed 
out, these results for Mn3+ and Fe3+ occupancies contradict the 
theoretical expectation based on the Jahn-Teller effect. Fer-
raris et al. (1989) carried out a structural refinement of Sr-rich 
piemontite from St. Marcel (Italy) using the neutron single-
crystal diffraction. According to their refinement, Fe3+ rather 
than Mn3+ preferred M3. However, it has been interpreted that 
the substitution of Sr for Ca at A2 promotes incorporation of 
Mn3+ into M1 (Armbruster et al. 2002; Nagashima and Akasaka 
2004). The intracrystalline partitioning coefficient (abbreviated 
as KD value) for Fe3+-Al partitioning, where KD = (Fe3+/Al)M1/
(Fe3+/Al)M3, is 0.033–0.054 for epidote synthesized at 0.46–0.55 
GPa and 700 °C (0.68–1.00 Fe3+ apfu at M1+M3: Giuli et al. 
1999), and KD values for Mn3+-Al partitioning, KD = (Mn3+/Al)M1/
(Mn3+/Al)M3, are 0.063–0.080 for piemontite synthesized at 1.5 
GPa and 800 °C (0.88–1.39 Mn3+ apfu at M1+M3: Langer et al. 
2002) and 0.038–0.063 for piemontite at 0.2–0.35 GPa and 500 

Table 7. Cation occupancies at M1, M2, and M3
q* 1.0 0.75 0.5 0.25
Synthesis P (MPa) 400 360 200 360 200 370
                 T (°C) 500 500 500 500 500 500
Run no. 41 27 22 21 38 30
Fe3+ 0.91 0.58 0.39 0.39 0.12 0.12 
Mn3+ – 0.21 0.53 0.53 0.78 0.73 

Total of Fe3++Mn3+ 0.91  0.79  0.92 0.92 0.90 0.85 
Results of Rietveld analysis

M1 Al0.84Fe0.16(1) Al0.898M0.102(4) Al0.815M0.185(6) Al0.789M0.211(4) Al0.780M0.220(5) Al0.842M0.158(4)
M2 Al1.0 Al1.0 Al1.0 Al1.0 Al1.0 Al1.0
M3 Al0.25Fe0.75 Al0.312M0.688  Al0.265M0.735 Al0.291M0.709 Al0.320M0.680 Al0.308M0.692

Combined results of Rietveld analysis and Mössbauer spectroscopy
M1 Al0.84Fe0.16 Al0.90Fe0.08Mn0.02 Al0.81Fe0.06Mn0.13 Al0.79Fe0.08Mn0.13 Al0.78Fe0.01Mn0.21 Al0.84Fe0.01Mn0.15
M2 Al1.00 Al1.00 Al1.00 Al1.00 Al1.00 Al1.00
M3 Al0.25Fe0.75 Al0.31Fe0.50Mn0.19 Al0.27Fe0.33Mn0.40 Al0.29Fe0.31Mn0.40 Al0.32Fe0.11Mn0.57 Al0.31Fe0.11Mn0.58

KD value
[(Fe+Mn)/Al]M1/[(Fe+Mn)/Al]M3 0.063 0.050 0.087 0.109 0.133 0.086 
(Fe/Mn)M1/(Fe/Mn)M3 1.520 0.559 0.794 0.247 0.352 
* Abbreviations as in Table 1.
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that Fe3+ prefers M1, whereas in epidote/piemontite with Fe3+

content less than Mn3+, i.e., piemontite from run nos. 22, 21, 38, 
and 30, the KD values are 0.25–0.79 indicating a stronger Mn3+

rather than Fe3+ preference for M1. These results indicate that 
Fe3+ and Mn3+ distribute among octahedral sites according to their 
individual distribution schemes by the substitutions of Fe3+ ↔ 
Al and Mn3+ ↔ Al, respectively. Taking into account the almost 
identical ionic radii of Fe3+ and Mn3+, our result may be general-
ized that the cations of transition elements having similar ionic 
radii are distributed among octahedral sites based on individual 
preference, such as Fe3+ ↔ Al and Mn3+ ↔ Al. Figure 6 shows the 
relationship between Fe or Mn content (apfu) at M3 against that 
at M1. The increase of Mn3+ content at M1 is about 1.5× larger 
than that of Fe3+. It indicates that Mn3+ has a stronger preference 
for M1 than Fe3+ at this temperature. This result agrees with the 
relation between KD value of Mn3+ in Al-Mn3+ piemontite and 
that of Fe3+ in Al-Fe3+ epidote. 

Nagashima and Akasaka (2004) discussed the pressure and 
temperature dependence on the KD values and Al/Mn3+ partition-
ing, and concluded that the distribution of Mn3+ at M3 and M1 
is not significantly influenced by the crystallization pressure 
and temperature. On the basis of their result, we consider that 

°C (0.46–1.23 Mn3+ apfu at M1+M3: Nagashima and Akasaka 
2004). The KD value of Mn3+ tends to be larger than that of Fe3+, 
i.e., Fe3+ rather than Mn3+ prefers M3. 

As a result of this study, the occupancies of Σ(Fe3++Mn3+) 
in the octahedral sites are plotted collinearly on the regression 
line of Mn3+ occupancies at M3 and M1 of Al-Mn3+ binary 
piemontite series by Nagashima and Akasaka (2004) (Fig. 4). 
Fe3+ occupancies in the synthetic Al-Fe3+ binary epidote series 
by Giuli et al. (1999) are also similar to those of Σ(Fe3++Mn3+) 
and Mn3+. Moreover, the range of the KD values of Σ(Fe3++Mn3+) 
(KD = [(Fe3+ + Mn3+)/Al]M1/[(Fe3+ + Mn3+)/Al]M3) in this study is 
almost overlapping with those of Fe3+ in Al-Fe3+ epidote (Giuli 
et al. 1999) and Mn3+ in Al-Mn3+ piemontite (Langer et al. 2002; 
Nagashima and Akasaka 2004) (Fig. 5). It is also shown that 
the KD values tend to increase with increasing Mn content in 
the synthetic phases. 

In spite of the quite similar KD values of Σ(Fe3++Mn3+) vs. 
Al, intracrystalline partitioning coefficients of individual Fe3+ vs. 
Mn3+ between M3 and M1 are different. The KD value of Fe3+ vs. 
Mn3+ [KD = (Fe3+/Mn3+)M1/(Fe3+/Mn3+)M3] increases with increas-
ing Fe content. In the case of epidote from run no. 27 (0.58 Fe3+

+ 0.21 Mn3+), the KD value of Fe3+ vs. Mn3+ is 1.52, indicating 

Table 8. 57Fe Mössbauer hyperfine parameters of the run products analyzed by Rietveld method
q* 1.0 0.75 0.5 0.25
Synthesis P (MPa) 400 360 200 360 200 370

T (°C) 500 500 500 500 500 500
Run no. 41 27 22 21 38 30
Fe3+ 0.91 0.58 0.39 0.39 0.12 0.12 
Mn3+ – 0.21 0.53 0.53 0.78 0.73 

Total of Fe3++Mn3+ 0.91 0.79 0.92 0.92 0.90 0.85 
AA′

Fe3+ in M3 in epidote IS (mm/s) 0.357(1) 0.353(1) 0.354(7) 0.350(2) 0.344(3) 0.341(6)
QS (mm/s) 2.070(2) 2.103(1) 2.11(1) 2.121(4) 2.163(6) 2.22(1)

FWHH (mm/s) 0.29(4) 0.309(3) 0.294(5) 0.302(6) 0.272(7) 0.25(2)
Area ratio (%) 62(1) 75(1) 73(1) 66(2) 58(4) 36(6)

aa′
Fe3+ in M3 in epidote IS (mm/s) 0.371(8) 0.357(9)

QS (mm/s) 1.90(2) 1.97(2)
FWHH (mm/s) 0.24(1) 0.28(2)
Area ratio (%) 16(2) 35(6)

BB′
Fe3+ in M1 in epidote IS (mm/s) 0.336(5) 0.318(4) 0.33(2) 0.355(8) 0.35(1) 0.35(1)

QS (mm/s) 1.55(1) 1.508(8) 1.57(4) 1.61(2) 1.56(3) 1.51(3)
FWHH (mm/s) 0.29(4) 0.28(1) 0.28(2) 0.302(6) 0.24(1) 0.28(2)
Area ratio (%) 13(1) 12.0(6) 13(2) 16(1) 7(1) 9(2)

CC′
Fe3+ in M1 in esseneite IS (mm/s) 0.32(1) 0.304(9) 0.31(2) 0.33(1) 0.335(8) 0.32(1)

QS (mm/s) 0.95(2) 0.90(2) 0.98(5) 0.91(2) 1.09(2) 0.95(2)
FWHH (mm/s) 0.29(4) 0.28(1) 0.28(2) 0.302(6) 0.24(1) 0.28(2)
Area ratio (%) 10(1) 8.3(7) 8(2) 12(1) 10(1) 14(2)

DD′
Fe3+ in M1 in esseneite IS (mm/s) 0.39(1) 0.37(1) 0.330(1) 0.38(2) 0.343(8) 0.33(3)

QS (mm/s) 0.53(2) 0.63(3) 0.724(3) 0.48(5) 0.67(2) 0.64(6)
FWHH (mm/s) 0.29(4) 0.28(1) 0.28(2) 0.302(6) 0.24(1) 0.28(2)
Area ratio (%) 9(1) 4.6(6) 6(2) 5(1) 8.8(9) 5(2)

EE′
Fe2+ in epidote or IS (mm/s) 1.16(3)
esseneite QS (mm/s) 2.37(7)

FWHH (mm/s) 0.29(4)
Area ratio (%) 4.0(3)

FF′
Fe3+ in hematite Peak position of F (mm/s) –0.79(1)

Peak position of F′ (mm/s) 1.93(1)
FWHH (mm/s) 0.29(4)
Area ratio (%) 2.4(4)
χ2/Freedom 1.20 1.34 1.13 1.15 1.10 0.97

Note: Estimated standard deviations are in parentheses (1σ). IS = isomer shift relative to metallic iron absorber, QS = quadrupole splitting, FWHH = full-width at half height.
* Abbreviations as in Table 1.
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Figure 3. 57Fe Mössbauer spectra of Al-Fe3+ and Al-Fe3+-Mn3+ series synthetic epidote and piemontite at 293 K. (a) Run no. 41 (q = 1.0), 
(b) run no. 27 (q = 0.75), (c) run no. 22 (q = 0.5), (d) run no. 21 (q = 0.5), (e) run no. 38 (q = 0.25), and (f) run no. 30 (q = 0.25). The refined 
Mössbauer hyperfine parameters are listed in Table 8.
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the pressure and temperature dependence on the KD values and 
Fe3+/Mn3+ partitioning would be negligible, although the pressure 
or temperature dependence of Al/Fe3+ or Fe3+/Mn3+ partitioning 
have not been studied systematically. 

Structural changes caused by cation substitutions in the 
octahedral sites

The structural variations of synthetic Al-Mn3+ piemontite 
were investigated by Nagashima and Akasaka (2004). They 
concluded that non-linear variations of the unit-cell parameters 
are due to the Jahn-Teller effect. The characteristic variation of 
the a-axis was confirmed. The a-axis decreases with increasing 
Mn3+ content up to 1 apfu, and it starts increasing with increasing 
Mn3+ > 1 apfu. On the other hand, the a-, b-, c-axes of synthetic 
Al-Fe3+ epidote simply increase with increasing Fe3+ content 
(Giuli et al. 1999). In the case that each pure Al-Fe3+ epidote and 
Al-Mn3+ piemontite has the same Fe3+ and Mn3+ concentrations, 
the b-axis of epidote is shorter than that of piemontite (Giuli et 
al. 1999; Langer et al. 2002; Nagashima and Akasaka 2004). The 
variation of the unit-cell parameters with M3+ in this study is not 
simple. It shows the combined result of linear variation due to 
Al↔Fe3+ substitution (Giuli et al. 1999) and nonlinear variation 
due to Al↔Mn3+ substitution (Nagashima and Akasaka 2004). 
The a-axis decreases with the increasing Mn3+ content as found 
for Al-Mn3+ piemontite, but the b-axis behaves in the opposite 
way (Fig. 7). Moreover, in the present study, the QS values of 
Fe3+ at M3 (AA′) increase from 2.07 to 2.22 mm/s with increas-
ing Mn3+ at M3 (Table 8). This indicates an increase of the site 
distortion of M3O6 octahedra with increasing Mn3+ content at 
M3. However, the variations of the unit-cell parameters and dis-
tortion parameters with Fe3+↔Mn3+ substitution are not distinct. 
Bermanec et al. (1994) suggested that the high octahedral Mn3+
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content in piemontite does not necessarily show stronger defor-
mation due to Jahn-Teller distortion than epidote and clinozoisite, 
and Ferraris et al. (1989) also argued that the distortion of MO6

octahedra tends to be independent from the Mn3+ content of these 
sites. In the case that both Mn3+ and Fe3+ occur in epidote-group 
minerals, it is very difficult to evaluate the contribution of the 
Jahn-Teller effect on the crystal structure. However, the results 
of this study clarify that the Jahn-Teller effect acts on the crystal 
structure, but has no clear effect on the site distribution. 
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