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Distribution of Fe* in a synthetic (Ca,Na),(Mg,Fe**)Si,O,-melilite:
*’Fe Mossbauer and X-ray Rietveld studies
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Crystal structure and the >’Fe Mossbauer spectrum of synthetic (Ca, s3Nag47)(Mg, s;Fei0)Si; 900, -melilite have
been investigated to confirm the location of Fe™ at the T site, and to evaluate the effect of an incommensurate

structure on *'Fe Mossbauer hyperfine parameters. A conventional Rietveld refinement with occupancies of
Ca(W), Na(W), Mg(T1), Fe*(T1) and Si(72) fixed to 0.765, 0.235, 0.515, 0.485 and 2.00, respectively, con-
verged well with an R, (R-weighted pattern) of 13.14% and a goodness-of-fit of 1.337, indicating exclusive
Fe* distribution at the T/ site. However, the Mossbauer spectrum consists of two doublets with an isomer shift
of 0.19 mm/s and quadrupole splitting of 0.75 and 1.04 mm/s, which can be attributed to Fe** at the 71 site.
There are two sorts of 71 site with distinguishable distortion in the synthetic Na-Fe’*-melilite, which might be
attributed to the existence of an incommensurate phase at room temperature.
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INTRODUCTION

Melilite group minerals have tetragonal, P42,m, symme-
try, with one sort of 8-coordinated site (W) and two sorts
of tetrahedral sites (7/ and 72). In the akermanite
(Ca,MgSi,07)-type melilite, divalent cations such as
Mg*, Fe**, Zn** etc., occupy the T site, and Si** the T2
site (Warren, 1930; Warren and Trautz, 1930; Smith,
1953; Ito and Peiser, 1969; Louisnathan, 1969; Kimata
and Ii, 1981; Kimata and Ohashi, 1982; Kimata, 1982,
1983a, 1983b), whereas, in the gehlenite (Ca,AlAISiO,)-
type melilite, the 71 site is filled with trivalent cations
(M™), and the T2 site is occupied by M7%Si, (Louis-
nathan, 1970). On the other hand, in the sodamelilite
(NaCaAlSi,0,)-type melilite, M** and Si** occupy 71 and
T2 sites, respectively (Louisnathan, 1970).

Akasaka and Ohashi (1985) and Akasaka et al. (1986)
studied the distribution of Fe** in synthetic melilites using
the Mossbauer method, and assigned one *’Fe Mossbauer
doublet of (Na,Ca),(Mg,Fe*")Si,O,-melilite to Fe** at the
T1 site, and two doublets of synthetic melilites containing
Fe**-bearing gehlenite type components to the 77 and T2
sites. Following those studies, Seifert et al. (1987) found
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an incommensurate structure in synthetic iron-akerman-
ite. Consequently, Seifert (1988) suggested that the two
"Fe Mossbauer doublets reported by Akasaka and Ohashi
(1985) and Akasaka et al. (1986) should be attributed to
Fe* at the T1 site, each exhibiting a different distortion.
However, systematic study to evaluate the effect of an
incommensurate structure in melilite on the “"Fe Moss-
bauer hyperfine parameters of Fe*™ has not been carried
out.

In this study, we have refined the crystal structure of
synthetic (Ca,Na),(Mg,Fe*")Si,0,-melilite to confirm the
location of Fe** at the T site and re-examined the >'Fe
Mbossbauer spectrum to evaluate the effect of an incom-
mensurate structure on Fe** Mossbauer hyperfine parame-
ters.

EXPERIMENTAL METHODS

The sample used in this study is the same as that synthe-
sized by Akasaka and Ohashi (1985): a mixture of
Na,Si,05, CaCO;, MgO, Fe,O; and SiO, with a composi-
tion of (Ca,MgSi,0;)so(NaCaFe**Si,0;)s, (mol%) was
sintered at 1000 °C for 30 days. The resulting crystallized
melilite coexists with a very small amount of parawollas-
tonite and a trace amount of hematite. According to
Akasaka and Ohashi (1985), the composition was 42.7(6)
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Si0,, 13.9(6) Fe,0s, 7.6(3) MgO, 30.8(4) CaO and 5.2(2)
wt% Na,O, which gives an average formula of (Ca,s;
Nao.47)22.00(MgoA52F63§19)z1,01Si1.9907 (hereafter, Na-Fe™-meli-
lite). The synthetic product was aggregates of round-
ed grains. Since grinding the sample to very small-sized
particles is one of the most critical stages of any structural
study based on powder X-ray diffraction data (Bish and
Reynolds, 1989; Post and Bish, 1989), the product was
finely ground using a hand agate mortar and pestle under
alcohol for about 60 minutes. Using an optical micro-
scope for examination, the particle size was kept below
10 wm.

The *’Fe Mossbauer spectrum was measured at room
temperature, using 370 MBq *'Co in Pd as a source. The
absorber was about 100 mg of finely ground sample. The
Mossbauer data were obtained using a constant accelera-
tion spectrometer fitted with a 1024 channel analyzer. The
isomer shift was referred to a standard metallic iron foil.
The Doppler velocity was calibrated with respect to the
same standard. The spectrum was fitted to Lorentzians
using the least squares method with line widths and inten-
sities constrained to be equal at each site. The QBMOSS
program of Akasaka and Shinno (1992) was used for
computer analysis. The quality of the fit was judged using
the * value and standard deviations of Mossbauer param-
eters.

The fine powder sample was mounted on a glass
holder with a 20 x 18 x 0.5 mm cavity. The powder was
densely packed from the back of the mount against a
frosted glass slide giving a flat surface level with the top
of the holder. Mounts for the intensity profile collection
were made by loading the powder from the front of the
holder. Following the method of Raudsepp et al. (1990),
the surface was finely serrated several times with a razor
blade. This method tends to randomize the orientation of
any anisotropic crystals that are aligned during filling,
while maintaining a generally flat surface.

Step scan powder diffraction data were collected
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using a RIGAKU RINT automated Bragg-Brentano diff-
ractometer system equipped with incident- and diff-
racted-beam Soller slits, 1° divergence and scatter slits, a
0.15 mm receiving slit and a curved graphite diffracted-
beam monochromator. The Cu X-ray tube generator was
operated at 35 kV and 25 mA. The profile was taken
between 10° and 130° in 26 using a step interval of 0.05°
and a step counting time of 2 seconds.

The crystal structure of the synthesized melilite was
refined using the Rietveld program RIETAN-2000 (Izumi
and Ikeda, 2000). The peaks were defined using the
‘Modified split pseudo-Voigt’ function, which comprised
the split pseudo-Voigt function of Toraya (1990) com-
bined with profile relaxation; an asymmetry parameter is
built into this profile function. Details of the ‘Modified
split pseudo-Voigt’ function are described in Izumi and
Ikeda (2000). The preferred orientation was corrected
with the March-Dollase function (Dollase, 1986). Since
the product contained not only melilite but also a very
small amount of parawollastonite, the structural parame-
ters and mass fractions of melilite and parawollastonite
were refined. The single crystal X-ray results for syn-
thetic soda melilite CaNaAlSi,O; (Louisnathan, 1970) and
parawollastonite (Trojer, 1968) were used as initial
parameters for the Rietveld refinement in our study. The
cell parameters determined using a unit-cell parameter
refinement program in the RIGAKU RINT system were
used as the initial values. A nonlinear least-squares calcu-
lation using the Marquardt method was followed by the
conjugate-direction method to check the convergence at a
local minimum (Izumi, 1993).

RESULTS
Mbossbauer spectroscopy

The Mbssbauer hyperfine parameters are listed in Table 1.
Akasaka and Ohashi (1985) fitted a spectrum of Na-Fe**-

Table 1. Mossbauer hyperfine parameters* of the (Ca,A53Na0_47)(Mg0_52Fe?)§9)Sil_9907*melilite

. LS 0.8 r Area ratio ) .
Fitting ¥ /Freedom Assignment
(mm/s) (mm/s) (mm/s) (%)
One doublet
0.188(1) 0.947(2) 0.463(2) - 1.89 Fe’'(T1)
Two doublets
AA' 0.187(1) 0.749(2) 0.303(4) 23(5) 110 Fe*'(T1)
BB' 0.190(1) 1.04(2) 0.457(8) 77(8) . Fe*'(T1)

*Standard deviations, 1o, are given in parentheses.
LS. isomer shift referred to a metallic iron absorber.
Q.S. quadrupole splitting.

T Full width at half height.
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Figure 1. Mossbauer spectrum of synthetic (Ca, 53Nag 47)(Mgo s;Fego)
Si; 99O, -melilite at room temperature.

melilite with one doublet attributed to Fe**(T7). However,
in the present study, one doublet fit resulted in a large chi-
square value of 1.89 y*/Freedom, but the two doublets fit
produced a reasonable chi-square value of 1.10 y*/Free-
dom (Fig. 1). Taking the chemical formula of Na-Fe*-
melilite, (Ca, 53N 47)5200(Mgo.5:F€0119)51.01S11.9900-, into con-
sideration, both doublets AA’ and BB’ are attributed to
Fe’* at the T site. This assignment indicates the existence
of two sorts of 77 site in Na-Fe**-melilite. Since the quad-
rupole splitting (Q.S.) depends on the site distortion (Ban-
croft et al,, 1967), the 71 tetrahedra showing the Fe* Moss-
bauer doublet with the smaller Q.S. are more regular in
shape than those with the larger Q.S.

Rietveld refinement

To confirm the restricted distribution of Fe** at the T1 site
in the Na-Fe**-melilite, Fe occupancies were refined not
only at the 77 site but also at the 72 site in a preliminary
Rietveld refinement. As a result, Fe at the 72 site was not
detected. In the final refinement, occupancies of Ca(W),
Na(W), Mg(T1), Fe**(T1) and Si(T2) were fixed to 0.765,
0.235, 0.515, 0.485 and 2.00, respectively, on the basis of
chemical composition. The refined powder patterns are
shown in Figure 2, where the incommensurate structure
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Figure 2. C_)bserved and calculated X-ray powder diffraction pattern for the synthetic (Ca, s3Nag 47)(Mgo s;Fedf0)Si; 000;-melilite refined in space
group P42,m. The crosses are the observed data, the solid line is the calculated pattern, and the vertical bars mark all possible Bragg reflec-
tions (Ko, and Kay,) for melilite and parawollastonite (below). The difference between the observed and calculated patterns is shown at the

bottom.
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Table 2. Data collection and details of structure refinement

20 scan range (°) 10-130

Step interval (°20) 0.05

Integration time/step (s) 2

Max. intensity (counts) 8017

No. of phase refined 2

Phase Melilite Parawollastonite
Chemical formula Ca, 53Nag 47 Mgo_52Fe3+o_4gsi207 CaSiOs
Crystal system Tetragonal Monoclinic
Space group P42/ m P2i/a
a(A) 7.8228(2) 15.477(9)
b (A) 7.8228(2) 7.375(3)
c(A) 5.0271(1) 7.064(3)
B(°) 95.39(5)
V(A% 307.64(1) 802.7 (7)
VA 2 12

Dearc (g/em?) 3.023 2.883
No. of unique reflections 98 1468

No. of refined parameters 183

[N — P]*! 2217

R, (%)* 9.48

Ryp (%)% 13.14

R (%)* 9.83

§*2 1.337

Ry (%)*? 3.64 3.12

Ry (%)*? 2.45 1.70
D-Wd* 1.331 1.383
o 1.201 1.136
Mass fraction 0.957 0.043

*! No. of observations (steps) - no. of refined parameters.

2 R, R-pattern; R,,, R-weighted pattern; R., R-expected; S, Goodness-of-fit (= Ry,/R.); Ry, R-
Bragg factor; Ry, R-structure factor (Young, 1993).

*3 Durbin-Watson d statistic (Hill and Flack, 1987).

* Preferred -orientation parameter in the March-Dollase function.

Table 3. Refined atomic positions and temperature factors

Multiplicity Wyckoff letter Occupancy . Coorilnates - B
01 4 e 1.00 12 0 0.173(2) 3.3(6)
02 2 a 1.00 0.1468(9) 1/2-x 0.250(1) 3.3(6)
03 4 e 1.00 0.0801(7) 0.1865(9) 0.798(1) 3.0(6)
CaNa 2 c Ca0.765Na0.235 0.3351(3) 1/2-x 0.1865(9) 2.3(5)
MgFe 4 e Mg0.515F¢0.485 0 0 0 2.0(5)
Si 8 f 1.00 0.1374(3) 1/2-x 0.9386(6) 1.9(5)

*! Isotropic displacement parameters in A%

was not taken into consideration. The R-factors (Young, ite are shown in Table 2. The final results are character-
1993), goodness-of-fit indicator S (Young, 1993), Durbin- ized by R, (R-weighted pattern) = 13.14%, S = 1.337
Watson d statistic (D-W d) (Hill and Flack, 1987), and and D-W d of 1.331 for the refinement of melilite. In
preferred orientation parameter r in the March-Dollase terms of S, the fit between the observed and calculated

function and mass fractions of melilite and parawollaston- patterns is acceptable. The mass fractions of melilite and
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Table 4. Interatomic distances (A) and selected interatomic angles (°)

T1-03 [4x] 1.885(6) W-03 [2x] 2.477(6)
Mean 7/ -O 1.885 w-02 2.454(6)
03-03' [2x] 3.176(9) w-01 2.482(7)
03-03" [4x] 3.028(7) W-03" [2x] 2.718(6)
03-T1-03' [2x] 114.8(2) W-02'[2x] 2.729(7)
03-T1-03" [4x] 106.9(2) 02-W-03 [2x] 69.2(1)
03-W-03' 2.8(1)

72-01 1.620(4) 02-W-03'[2x] 82.4(1)
72-02 1.569(5) 02'-w-03' 80.8(1)
T2-03 [2x] 1.612(7) O1-W-02"[2x] 105.4(2)
01-02 2.676(9) 01-W-03" [2x] 58.1(2)
01-03 [2x] 2.535(5) 03"-W-03" 150.7(2)
03-03' 2.582(8)
03-02 [2x] 2.671(7)
72-01-T2' 139.5(4)
01-T2-02 114.3(1)
01-T2-03 [2x] 103.3(3)
03-72-03" 106.4(3)
03-T2-02 [2x] 114.2(3)
12-03-T1 121.2(2)

parawollastonite were 0.957 and 0.043, respectively. 2.00

Refined atom positional parameters and isotropic

atomic displacement parameters are shown in Table 3. - 1.95 y =0.9205x+ 1.3942 A >

Interatomic distances (A) and selected interatomic angles °$ R* =097

(°) are listed in Table 4. 5 1.90 .-"

5
DISCUSSION 2 185
| S 6

As well as the result by Akasaka and Ohashi (1985), the T 1.80

exclusive distribution of Fe** at the 71 site in synthetic Na- : o ’

Fe**-melilite was confirmed in the present study by using 1.75 ’

the Mossbauer and Rietveld methods. Moreover, we

found that Na-Fe**-melilite has two sorts of T1 sites with 1.70

different degrees of distortion, which resulted from the 0.30 0.40 0.50 0.60 0.70

’Fe Mossbauer spectrum with two doublets assigned to
Fe** at the 77 site. Seifert et al. (1987) found a similar
phenomenon in Fe**-bearing Akermanite with their Moss-
bauer study, and concluded that the incommensurate
phase exhibits two distinguishable 7/ sites containing Mg
and Fe?*. Moreover, the existence of a low-temperature
incommensurate phase in akermanite has been confirmed
by electron microscopic and electron diffraction studies
(Seifert et al., 1987; Tishi et al., 1989, 1990), *Si MAS
NMR (magic-angle spinning nuclear magnetic resonance)
spectroscopy (Merwin et al., 1989), EXAFS analyses (Ta-
mura et al., 1996), X-ray single crystal structure refine-
ment (Kimata and Saito, 1987; Armbruster et al., 1990;
Hagiya et al., 1992, 1993; Kusaka et al., 1998) and other
means (cf. Seifert and Rothlisberger, 1993). Thus, the rea-
son for two T1 sites with distinguishable distortions in the

Mean ionic radius (A)

Figure 3. Variation of 77-0 distance (A) against mean ionic radius
(A). Filled circle, the (Ca,,53Nao_47)(Mg0_52Fe?)§9)Si1_9907*rnelilite
in this study; Gray diamond, Ca,ZnSi,O, (Louisnathan, 1969);
Open circle, CaNaAlSi,O; (Louisnathan, 1970); Open square,
Ca,MgSi,0; (Kimata and Ii, 1981); Gray triangle, Ca,CoSi,O;
(Kimata, 1983a); Open triangle, Sr,MgSi,O, (Kimata, 1983b);
Open diamond and gray square, Sr-Na-melilite (Bindi et al.,
2001).

Na-Fe**-melilite might be attributed to the incommensu-
rate structure at room temperature.

The Q.S. values of Fe** at the two T sites obtained
in the present study, 0.749 and 1.04 mm/s, are important
for the interpretation of the Mdssbauer spectra of melilite.
Akasaka and Ohashi (1985) and Akasaka et al. (1986)
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Figure 4. Variation of W-Oi distances (A) against mean ionic radius (A). Filled marks represent the (Ca; 53Nag47)(Mgo s2Fed0)Si; 900, -melilite
in this study, and open marks are melilites reported so far: Ca,ZnSi,0; (Louisnathan, 1969), CaNaAlSi,O; (Louisnathan, 1970), Ca,MgSi,0,
(Kimata and Ii, 1981), Ca,CoSi,0; (Kimata, 1983a), Sr,MgSi,O; (Kimata, 1983b), and Sr-Na-melilite (Bindi et al., 2001). Reverse triangle,
W-01; Circle, W-02; Square, W-02’; Diamond, W-03; Triangle, W-03""”; Star, mean W-O.

found two Fe’*-doublets in the ’Fe Mossbauer spectra of
synthetic melilites containing Ca,Fe**AlSiO;-, Sr,Fe**AlSiO,-,
or CazFe3+GaSiO7—components, and assigned an inner
doublet with a Q.S. of 0.8-1.3 mm/s to Fe**(T/) and an
outer one with a 0.S. of 1.8-1.9 mm/s to Fe**(72). Later,
Seifert (1988) mentioned that both doublets should be
assigned to Fe** at the T1 sites with different distortions.
However, the Q.S. values of the outer doublets assigned
to Fe**(T2) by Akasaka and Ohashi (1985) and Akasaka
et al. (1986) are too large to be attributed to Fe**(T1) in
terms of the Q.S. values of Fe™*(T1) of Na-Fe’ -melilite
in the present study (0.749 and 1.04 mm/s).

The exclusive distribution of Fe™ at the T1 site in
Na-Fe**-melilite is also proven by the expression of the
T1-0 distance against the mean ionic radius at the 77 site.
As shown in Figure 3, the 77-O distance can be posi-

tively correlated to the mean ionic radius with the equa-
tion of <T'1-O> (A) = 0.9205 x [mean atomic radius (A)];
+ 1.3942 (A); the T1-0O distance of Na-Fe™*-melilite lies
on this trend at the mean ionic radius derived from the
occupancy of Mgy 5;sFedtss at the T7 site.

As in other melilites, the W site of Na-Fe**-melilite
shows four short W-O bonds and four long bonds (Fig. 4).
Our result and the published data indicate that the mean
W-0 distance increases with increasing mean ionic radius
at the W site, which is represented by the equation of <W-
0> (A) = 0.5926 x [mean atomic radius (A)]y + 1.9064
(A) (Fig. 4). The W-01, -02, -03 and -03”” distances
also tend to increase with increasing mean ionic radius.
However, the W-02’ distances are very variable and do
not seem to correlate with the mean ionic radius. It is
noted that the W-02’ distance of NaCaAlSi,O,-melilite
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of 2.572 A given by Louisnathan (1970) is considerably
smaller than those of other melilites.

The 72-01, -O2 and -O3 distances are consistent
with those of other melilites, in which the 72 site is filled
with Si, refined by X-ray single crystal structure analyses.
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