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Lamellar structure of rhodonite and pyroxmangite intergrowths
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Abstract

Reflections from X-ray and electron diffraction patterns of intergrowths of rhodonite and
pyroxmangite are diffuse parallel to c*. Relatively sharp reflections correspond to ordered
rhodonite or pyroxmangite. High resolution lattice fringe images show that units of
rhodonite and pyroxmangite are intergrown as thin lamellae less than 3004 thick with (001)
in common. Broadening of the powder X-ray lines and variation in the observed optical
angle, 2V, are explained on the basis of the lamellar structure of the two minerals.

Introduction

The paragenesis and intergrowth of rhodonite and
pyroxmangite have been discussed by Burrell (1942),
Momoi (1963, 1968), Suzaki (1963), Yoshimura (1967),
Trommsdorff et al. (1970) and Ito (1972). Maresch and
Mottana (1976) transformed synthetic pyroxmangite of
composition MnSiO; to rhodonite at low temperature
(about 400°C) and low pressure (about 3 kbar), They
surmised that rhodonite will stably coexist with pyrox-
mangite provided that their chemical compositions are
different. Peacor et al. (1978), Peters et al, (1978) and
Winter et al. (1981) showed that the chemical composi-
tions of coexisting rhodonite and pyroxmangite are differ-
ent. Aikawa (1979) reported that intergrown rhodonite
and pyroxmangite have a constant orientation relation;
ar, and by, are nearly parallel to a,, and by, respectively,
¢, makes an angle of abour 4° with Cpy On (110), and the
chemical compositions of the two minerals are different
(the subscript rh refers to rhodonite, py to pryoxmangite).
Ried and Korekawa (1980) reported a new type of fault,
called a chain periodicity fault which is approximately
parallel to (001) and is due to irregularity in the periodicity
along ¢, the direction of the silicate chain. For example.
pyroxmangite was shown to have slabs of rhodonite one
or more unit cells thick in the c-axis direction.

Momoi (1963) and Suzaki (1963) described two charac-
teristics of rhodonite—pyroxmangite intergrowths: (1)
broadening of reflections of the powder X-ray pattern,
and (2) anomalous values of the optic angle 2V. In order
to understand these characteristics, this study of inter-
growths of rhodonite and pyroxmangite from various
localities has been carried out.

Specimens and experiments

Three samples used in this study are ‘‘rhodonite’’ from
different localities. The fibrous rhodonite from the Sankei
Mine, Hokkaido, which is a Au-Ag-Cu-Pb-Zn hydro-
thermal vein type deposit embedded in a green tuff
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complex covering Paleozoic sediments, occurs with
quartz, rhodochrosite, pyrite, sphalerite and other metal
sulfides (Suzaki, 1963). The filling temperatures of fluid
inclusions in quartz associated with rhodonite range from
160 to 200°C. The ‘‘rhodonite’ from the Ohedani Mine,
Kyoto Prefecture and from the Kiyokawa Mine, Tokyo
are both in strata-bound manganese ore deposits embed-
ded in Paleozoic sediments. The Ohedani ‘‘rhodonite”
occurs with quartz, rhodochrosite, tephroite and spessar-
tine. The deposit has been regionally metamorphosed,
and belongs to the epidote-actinolite zone of the green-
shist facies (Hashimoto and Saito, 1970). The Kiyokawa
“rhodonite’’ occurs as veinlets cutting rocks containing
rhodochrosite, hausmannite, jacobsite, tephroite, bemen-
tite and spessartine. A petrologic study has not been
carried out, but it is considered that the deposit has been
regionally metamorphosed, perhaps under zeolite-facies
conditions.

A preliminary survey of these specimens using powder
X-ray diffraction methods resulted in their identification
as a mixture of the two minerals as described by Momoi
(1963) and Suzaki (1963). Fragments of the specimens
were then studied by single-crystal X-ray methods. The
cell dimensions were measured from a-, b- and c-axis
precession photographs, and the profiles of diffuse reflec-
tions were measured using a densitometer. The chemical
compositions of the fragments (femounted and polished
after the single crystal X-ray experiments) were deter-
mined using a JXA-5A electron probe microanalyser with
PET and RAP wavelength-dispersive crystal spectro-
meters. An accelerating potential of 15 kV and a sample
current of 0.01 4A on MgO were the operating condi-
tions. The beam current was digitized with counting times
of 10 seconds on each of 5-10 areas of each grain
analysed. Synthetic MgO, SiO,, Al,0;, CaSiO;, MnO,
Fe,0; and natural albite (Amelia, Virginia) were used as
standards for all analysis. Analyses were carried out in
the standard fashion with focused beam. Data sets were
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reduced following the method of Bence and Albee (1968)
using the o-factors given by Nakamura and Kushiro
(1970). An electron microscope (Hitachi HU-12SE) oper-
ating at 100 kV and equipped with an energy dispersive X-
ray analyzer was used for transmission electron micros-
copy. The specimen from Kiyokawa was prepared by ion
milling a specimen from a thin section which was first
oriented using single-crystal X-ray methods.

The diffraction pattern

Several precession patterns are shown in Figure 1. The
shape of the diffuse reflections is columnar parallel to ¢*.
The profile of the diffuse reflections obtained using a
densitometer parallel to ¢* is symmetrical around the
intensity maxima. The positions of the intensity maxima
correspond to those from ordered rhodonite or pyrox-
mangite. The orientational relation of the two minerals is
in good agreement with that described previously
(Aikawa, 1979).

Crystals from Kiyokawa give diffraction patterns corre-

sponding to various phases, including: rh(s), rh(s) +
py(d), rh(d) + py(d), rh(d) + py(s) and py(s), where (s)
and (d) denote sharp and diffuse reflections, respectively.
However, the specimens from Sankei give only two types
of diffraction patterns; rh(s) + py(d) and rh(d) + py(s),
and no single-phase crystal or sample of rh(s) + py(s) has
been detected. The specimens from Ohedani always give
sharp reflections of types rh(s), rh(s) + py(s) and py(s).

The electron diffraction patterns are similar to X-ray
diffraction patterns. In Figure 2 are shown strong and
sharp reflections corresponding to rhodonite and pyrox-
mangite connected by streaks paraliel to ¢*. However,
intensity maxima which cannot be indexed with rhodonite
or pyroxmangite cell parameters, are relatively sharp,
and are superimposed on diffuse streaks, were often
observed in electron diffraction patterns. The intervals
between intensity maxima along diffuse streaks are not
constant even in the same diffraction photograph, and
also are different among diffraction photographs from
different areas of the same crystal.

Fig. 1. Precession photographs of rhodonite and pyroxmangite intergrowths. (A) and (B). The 0! net of the specimen, rh(d) +
py(s), from Sankei. Two sets of reflections are apparent. One set of reflections is marked by the axes b*,, and c*,, and is due to
pyroxmangite; the other set of reflections, marked by the axes b*;, and ¢y, is due to rhodonite. The reflections from pyroxmangite
are sharp, and those from rhodonite are diffuse. Photograph (A) was taken with MoK« radiation, 120 hr. exposure. Photograph (B)
was taken with FeK« radiation, 150 hr. exposure. (C) and (D). The 0k/ net of the specimen, rh(s) + py(d), from Kiyokawa. Two sets
of reflections are apparent as in Figures 1A and 1B. The sharp reflections are due to rhodonite, and the diffuse reflections are due to
pyroxmangite. Photograph (C) was taken with MoK« radiation, 100 hr. exposure. Photograph (D) was taken with FeKa radiation, 120

hr. exposure.
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Fig. 2. Electron diffraction patterns and X-ray diffraction
pattern of rhodonite and pyroxmangite intergrowths from
Kiyokawa. (A) shows sharp reflections of rhodonite and
pyroxmangite connected by strong streaks, in which intensity
maxima are observable. (B) and (C) show 20! reflections of the
electron diffraction photographs of two different areas of a
crystal. (B) does not show well-defined subsidiary reflections,
but (C) shows relatively sharp subsidiary reflections. (D) shows
20! reflections of the precession photograph of the crystal used in
electron microscopy.

Chemical composition

The specimens consisting of two-phase intergrowths or
of a single phase which were previously identified by
single crystal X-ray methods have been examined using
an electron probe microanalyser. The specimens were
scanned parallel and perpendicular to the ¢ axis in order
to detect any chemical inhomogeneity, but none was
found at the 1-2 pm resolution limit of the probe. The
results are listed in Table 1.

The Ca content decreases in the order rh(s) + py(d),
rh(d) + py(d) and rh(d) + py(s) in the Kiyokawa speci-

mens. This result reconfirms the relation that rhodonite is
more Ca-rich than pyroxmangite when the two minerals
coexist (e.g., Aikawa, 1979; Winter et al., 1981; Brown et
al., (1980). Pyroxmangite from the Kiyokawa Mine has
less than 3 mole% CaSiOs, and rhodonite has more than
about 8 mole% CaSiO; (Aikawa, 1979). The composition-
al ranges of intergrowths of these two phases from the
Kiyokawa Mine is thus between 3 and 8 mole% CaSiOs.
Twenty grains of the Sankei ‘‘rhodonite’” were selected
for analysis, but were not examined by single-crystal X-
ray methods. The results are shown in Table 2. The
Sankei specimens contain a larger amount of CaSiOs. The
composition of the Sankei ‘‘rhodonite’ is divided into
two ranges; one contains about 6~9 mole% CaSiQO,, the
other about 13-17 mole% CaSiOs. This is shown to relate
to two types of diffraction patterns, rh(d) + py(s) and
rh(s) + py(d), respectively. Pyroxmangite from the San-
kei Mine has less than about 6 mole% CaSiO; and
rhodonite has more than about 17 mole% CaSiO;. Winter
et al. (1981) reported compositions of rhodonite-pyrox-
mangite pairs from Bald Knob, North Carolina, together
with previously published data. The results of this study,
especially those of Sankei ‘‘rhodonite’’, do not agree with
those reported by Winter et al. (1981). The difference in
the composition ranges of the two intergrowth minerals
from different localities may reflect different geological
environments of formation of the specimens (Peters et al.,
1977; Peacor et al., 1978; Brown et al., 1980; Winter et
al., 1981).

Electron microscopy of rhodonite and pyroxmangite
intergrowths

Rhodonite and pyroxmangite intergrowths show faults,
planar and parallel to (001) as shown in Figure 3a, which
are the same as those Ried and Korekawa (1980) ob-
served in natural and synthetic pyroxenoids. There is no
strain at these faults, and the contrast on both sides of a
fault is quite uniform (Fig. 3a). The separation between
these faults is about 50 to 300A. Due to the faults, the
diffraction patterns show streaks parallel to c* as shown
in Figure 2. In order to elucidate the nature of the faults,
high resolution lattice fringe images were obtained. The
complex lattice fringe images (Fig. 3b) are similar to those
of synthetic pyroxenoids as reported by Ried and Kor-
ekawa. These fringes are also parallel to (001) and there is
no strain at the boundary. The widths of all fringes
coincide with dyg, of rhodonite and pyroxmangite, where
dyor is nearly equal to ¢ - sina@ = 0.9¢ (Ried and Kor-
ekawa, 1980). There are homogeneous areas consisting of
about 5-20 repeats of fringes of rhodonite or pyroxman-
gite and heterogeneous areas consisting of intergrowths
of 1-3 fringes corresponding to rhodonite and pyroxman-
gite. However, fringes with widths corresponding to
pyroxenoids with periodicities greater than 9 silicon tetra-
hedra were not observed. The complex and fine scale
lamellar structure described in this study are explained by
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Table 1. Analyses of rhodonites and pyroxmangites
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Locality Kiyokawa Mine Sankei Mine
Sample K-1 K-2 K-3* K-4 K-5 §-2

PY py(s)+rh{(d) py(d)+rh(d) py(d)+rh(s) rh** py (d)+rh(s)
SiO2 47.40 46.88 45.90, 47.75 48,43 47.45 47.34
Alzo3 0.05 0.07 0.08, 0.06 0.06 0.03 0.59
MgO 0.96 1.50 0.94, 1.04 0.70 0.78 0.87
FeOQ*** 0.42 0.45 0.43, 0.49 0.33 1.03 0.31
MnO Sy."37 50.69 50.09, 50.74 50.53 45.60 44,18
cao 1.37 1.37 2.01, 1.94 2.77 6.36 7.11
Total 101.58 100.97 99.45,102.02 101.31 101.24 100.41

Cations relative to 30 oxygens

Si 10.04 9.98 9.96, 10.04 9.98 10.00 9.98
Al 0.01 0.02 0.02, 0.02 0.02 0.01 0.15
Mg 0.30 0.48 0.30, 0.33 0.22 0.24 0.27
Fe 0.08 0.08 0.08, 0.09 0.06 0.18 0.31
Mn 9.21 9.14 9.21, 9.04 9.10 8.14 8.06
Ca 0.31 0.31 0.47, 0.44 0.63 1.44 1.61

*Data of different points in same grain. **This occurs at boundary of bedded

manganese ore body and massive chert. ***All assumed to be Fe2+. (s)= sharp.

(d)= diffuse.

‘“chain periodicity faults”> which were first found in
natural and synthetic pyroxenoids by Ried and Korekawa
(1980); it can be completely explained by the occurrence
of pyroxmangite (rhodonite) repeat units within rhodonite

Discussion

The repeat distances of subsidiary reflections in elec-
tron diffraction patterns are not regular, differ from those

(pyroxmangite). reported by Ried and Korekawa, and do not show the
Table 2. Analyses of rhodonite and pyroxmangite intergrowths from the Sankei Mine
Sample 1 2 3 4 5 6 7 8 9 10
$10 46,07 45,41 46,34 45,54 46,75 46.04 45.74 46.01 46.85 46.32
al 53 0.02 0.19 0.03 0.24 0.04 0.04 0.05 0.29 0.04 0.23
Mg 1.08 1,07 1.12 1.10 1.15 1.06 1.19 0.88 1.05 0.92
FeO* 0.28 0.20 0.28 0.28 0.29 0.25 0.26 0.28 0.26 0.28
MnO 49.66 49.74 49,97 49,85 49.68 49,67 49,37 49.08 49.04 48.64
cao 2.81 2.86 2,93 2.99 3.09 3.17 3.29 3.51 3.54 3.79
Na 0 0.03 0.05 0.06 0.03 0.00 0.00 0.02 0.00 0.00 0.03
Tofal 99,95 99.53 100,74 100.03 100.99 100.24 99,91 100.06 100.78 100.22
Cations relative to 30 oxygens
si 9.94 9.86 9.92 9.84 2.95 9,91 9.88 9.90 9.98 9.93
al 0.01 0.05 0.01 0.06 0.01 0.01 0.01 0.07 0.01 0.06
Mg 0.35 0.35 0.36 0.35 0.36 0.34 0.18 0.28 0.33 0.30
Fe 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
ca 0.65 0.67 0.67 0.69 0.70 0,73 0.76 0.81 0.81 0.87
Na 0.01 0.02 0.03 0.0l 0.00 0.00 0.01 0.00 0.00 0.01
Sample 11 12 13 14 15 16 17 18 19 20
sio 46,31 46.38 45,88 46.13 56,01 46.32 45,51 45,15 46,01 46.55
al 53 0.27 0.29 0.30 0.37 0.64 0.52 0.16 0.18 0.15 0.22
Mgb 0.90 0.96 0.78 0.79 0.82 0.84 0.81 0.88 0.86 0.80
FeO* 0.30 0.35 0.30 0.26 0.25 0.28 0.29 0.30 0.31 0.29
MnO 46.36 46.70 46.41 46.44 46.09 45,84 44.40 44,65 44.98 44.00
cao 5.52 5.63 5.64 5,82 6.15 6.32 6.73 6.77 6.96 7.51
Na, 0 0.02 0.03 0.00 0.04 0.02 0.00 0.02 0.03 0.00 0.00
Tofal 99.69 100. 34 99,31 99.85 99.99 100.13 97.92 97.95 99.28 99,37
Cations relative to 30 oxygens

si 9.93 9.90 9.90 9.89 .84 9.88 9.92 9.87 9,90 9.96
Al 0.07 0.07 0.08 0.09 0.16 0,13 0.04 0.05 0.04 0.06
Mg 0.29 0.31 0.25 0.25 0.26 0,27 0.26 0.29 0.28 0.26
Fe 0.05 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.05
Mn 8.42 8.44 8.48 8.43 8.35 8.28 8.20 8.26 8.20 7.97
ca 1.27 1.29 1.30 1.34 1.41 1.45 1.57 1.59 1.61 1.72
Na 0 0.01 0.01 0.00 0.02 0.01 0.00 0.01 0.01 0.00 0.00
*All assumed to be Fe2+
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Fig. 3. Bright-field micrographs using 00/ reflections of rhodonite and pyroxmangite intergrowths from Kiyokawa. (A) shows many
faults with separations of 50 to 300A. (B) Lattice fringe images. Widths of fringes correspond to dyy, of rhodonite or pyroxmangite.

features such as doublets or triplets near reflections of
rhodonite or pyroxmangite. Moreover, the diffraction
patterns of different portions of a crystal are different
from each other, as described previously. This shows that
the areas giving diffraction patterns have different and
irregular arrangements of chain periodicity faults. On the
other hand, subsidiary reflections could not be observed
in X-ray diffraction patterns. The X-ray diffraction pat-
tern represents the average of the different electron
diffraction patterns from various areas of a crystal, be-
cause the volume of crystal (about 0.5 X 0.3 x 0.2 mm in
this study) contributing to X-ray diffraction is very large
compared with that (about 1 x 1 x 0.1 um) for electron
diffraction. Therefore, subsidiary reflections could not be

observed in X-ray diffraction patterns, and only the
relatively sharp reflections corresponding to rhodonite
and pyroxmangite connected with strong diffuse streaks
could be observed, as can be seen in Figures 1 and 2d.
The line broadening of the powder diffraction pattern
(Fig. 4) can be explained by the same relations.

There is no strain at the faults. However, cell dimen-
sions of rhodonite and pyroxmangite intergrowths as
shown in Table 3 are somewhat different from those of
single phase rhodonite or pyroxmangite; that is, b is
longer and c is shorter than those of single phase rhodo-
nite or pyroxmangite. This may be explained as simply
being due to strain caused by coherency of the lamellar
boundaries.
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30 32 34 36 38 4.0
26 degrees (Fe Ka)

Fig. 4. Powder X-ray diffraction patterns between 14° and 18°
and between 30° and 40° in 2&(FeKa) of pyroxmangite (A),
mixtures of rhodonite and pyroxmangite from different localities
(B, C and D) and a single phase rhodonite (E). A: Ohedani. B:
Sankei. C: Kiyokawa. D: Ohedani. E: Nodatamagawa, Iwate
Prefecture.

Because most of the chemical and physical properties
of rhodonite and pyroxmangite are very similar, it is
difficult to distinguish between them by ordinary chemi-
cal and physical methods. However, the optic angle, 2V,
is very different; that of rhodonite is 63-87° and pyrox-
mangite 37-46° (Deer et al., 1978). Suzaki (1963) pointed
out that specimens giving broad reflections in powder X-
ray patterns show a wide variation in 2V ranging from 40
to 72°. The values of the specimen from the Kiyokawa
Mine obtained using a universal stage have been con-
firmed to fall in the range of 48-70° (48, 52, 52, 64 and 70),
although the number of measurements is only five. Ho-
mogeneously strained rhodonite and pyroxmangite as
described in the last paragraph must give different optical

angles compared with those of single-phase rhodonite and
pyroxmangite. The intermediate values of 2V are thus
explained by the lamellar structure. The thickness of
lamellae is small in comparison with the wavelength used
for the measurement of 2V. If different domains of the
crystal have different ratios of rhodonite and pyroxman-
gite as can be seen in Figure 3, then they must have
different values of the average 2V. The angle 2V may
therefore vary over different portions of a crystal.

According to Ried and Korekawa (1980), their synthet-
ic Fe-rhodonite and pyroxferroite have the same chemical
composition. As described previously, Winter et al.
(1981) and Aikawa (1979) showed that rhodonite is Ca-
rich and pyroxmangite is Ca-poor when the two minerals
coexist in nature. The present results of chemical compo-
sitions of rhodonite and pyroxmangite intergrowths using
EPMA are in good agreement with those of coexisting
natural pyroxenoids, although each of the two minerals
could not be separately analyzed. In order to clarify the
difference in chemical compositions of the two minerals
existing in such fine-scale intergrowths, an analytical
electron microscope was used, but it failed to elucidate
the difference. This must be related to the resolution limit
of the method, which is about 500A.

Why did the complex natural rhodonite and pyroxman-
gite intergrowths form? Synthetic Fe-rhodonite and pyr-
oxferroite intergrowths might be formed during crystal
growth and natural rhodonite and pyroxmangite inter-
growths might also be formed by the same process.
However, it may also be necessary to consider some
post-crystallization process such as exsolution. Pyroxen-
oids in nature always contain Ca, Fe, Mg, etc. substituted
for Mn, so the experimental results obtained by Maresch
and Mottana (1976) cannot be directly applied, and it is
difficult to predict the change of P-T conditions of the
transformation between multicomponent rhodonite and
pyroxmangite. However, it is very interesting that rhodo-
nite and pyroxmangite intergrowths in nature consist of
separate parallel blocks of rhodonite and pyroxmangite
and thus differ from synthetic Fe-pyroxenoids. More-
over, the conditions of formation of rhodonite and pyrox-
mangite intergrowths used in this study are quite different
from those of the synthetic Fe-pyroxenoids; that is, the
specimens in nature are considered to be formed under
low temperature (200-400°C) and low pressure (less than
approximately 3 kbar) conditions. Therefore, the natural
rhodonite and pyroxmangite intergrowths may be formed
by a process different from that of synthetic Fe-pyrox-
enoids.
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Table 3. Chemical compositions and cell dimensions

Locality Sample Composition Cell dimension
i o -] (-]
(eaEieh) a(®  b@A) <@ a®) B v (®)
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3MgzMngsFe;
_, Dy (s) 6.70  7.63 17.35 113.8  82.4  94.8
g K=2 rh(d) Ca3MgsMn91Fel ----- not determined = - = = = - - - - -
N9 _, py{d) 6.72  7.67 17.39 113.8  82.4  95.4
"é E K=3 thia) C2sMIsMrgiFe; 730 762 12.19  11l.0  84.9  94.4
d py (d) 6.75  7.70 17.38 113.6  82.9  95.5
~ =
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