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Abstract Samples of the eosphorite-childrenite [(Mn>",
Fe?")AIPO4(OH),H,0] series from Divino das Lara-
njeiras and Araguai (Minas Gerais State) and Parelhas
(Rio Grande do Norte State) pegmatites have been
investigated by X-ray diffraction, microprobe analysis
and Mossbauer spectroscopy at 295 and 77 K. The
Méssbauer spectra of ernstite [(Mn?", Fe'™)Al-
PO4(OH),.,O,] showed the existence of ferric ions in
both A and B sites, whereas ferrous ions seem to be
located exclusively in the A site. Nonoxidised samples
show ferrous ions located in both sites, and no Fe®™
could be detected. The interpretation of the Mdssbauer
spectra of both, oxidised and nonoxidised samples, is
difficult because the hyperfine parameters of these min-
erals are rather similar, rendering it difficult to make
proper site assignments.

Keywords Eosphorite - Childrenite - Ernstite -
Pegmatite - MGssbauer spectra - Brazil

Introduction

Eosphorite and childrenite, Mn?>* AIPO4(OH),-H,O
and Fe*™ AIPO4(OH),'H,O respectively, are the
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end-members of a ABPO4(OH),-H,O (A: Mn, Fe; B: Al,
Fe) series in which site occupancies of metal cations are
still doubtful. The crystal structure of these two closely
related minerals is solved in the space groups Bbam and
Bba?2, respectively (Barnes 1949; Hanson 1960). The Al
octahedron contains two oxygen ions, two OH groups
and two water molecules, whereas the more distorted
(Mn, Fe) octahedron contains four oxygen ions and two
OH groups (Barnes 1949; Hanson 1960; Hoyos et al.
1993). The arrangement of these two octahedra, as well
as some interionic distances, is shown in Fig. 1. The
Al-O distances are closer to 1.9 A, whereas the (Mn, Fe)
distances are larger at about 0.4 A. It is generally ac-
cepted in the literature that only Fe?>™ is present in the
structure of eosphorite or in intermediate members, al-
though Braithwaite and Cooper (1982) reported that in
some Devonshire childrenites Fe®" exceeds Fe’" and
suggest that the presence of Fe’" is possibly a result of
supergenic oxidation (Bermanec et al. 1995).

Another closely related mineral is ernstite, (Mn?",
Fe?")AIPO4(OH),.,O,, which was considered to be
formed by oxidation or alteration of eosphorite (Seeliger
and Miicke 1970). The crystal structure of this mineral
was proposed by these authors on the basis of powder
X-ray diffraction, and therefore, single-crystal studies
are still needed to confirm the proposed structure.

The distinction between these three minerals is difficult
because their X-ray diffraction patterns are similar,
especially those of the isomorphous series childrenite and
eosphorite. These minerals are frequently found together
with other phosphates (e.g. fluorapatite) and silicates (e.g.
albite), which in addition makes X-ray identification more
difficult. Eosphorite occurs sometimes as larger crystals of
gemmological quality, and faceted stones up to 12 ct have
been reported, several with typical, syngenetic inclusions
(Karfunkel et al. 1997).

Moéssbauer spectroscopy is an important technique
that can give valuable informations about the iron coor-
dination, occupancy and oxidation state (Bancroft 1973).
To our knowledge, only one paper has been published that
deals with the Mossbauer spectra of childrenite (Alves
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Fig. 1 Perspective view of the aluminum (a) and manganese
(b) octahedra of eosphorite. Interionic distances are given in
Angstroms

et al. 1980). Unfortunately, no information concerning
the composition or the origin of the sample was given. The
room-temperature Mossbauer spectrum showed the
presence of a narrow, almost symmetrical doublet
(AEq=1.73 mm/s, 6=1.24 mm/s) which was attributed
to Fe’ " linked to the phosphate octahedron.

The present paper is a report of systematic Moss-
bauer studies of several pegmatite samples from the
states of Minas Gerais and Rio Grande do Norte
(Brazil), aiming to investigate the process of oxidation
and position of M>* cations in the crystal structure of
these minerals.

Location

The specimens studied in this work have been sampled
from pegmatitic bodies from three different locations:
Divino das Laranjeiras and Araguai in the Minas Gerais
State and Parelhas in the Rio Grande do Norte State.

The Divino das Laranjeiras region is situated 65 km
ENE of Governador Valadares and approximately
380 km from Belo Horizonte, the state’s capital. More
than 60 pegmatites are known to occur in this area,
distributed at quadrangle of 400 km?, some of which are
rich in eosphorite, childrenite and ernstite (Scholz et al.
2001). The Lavra da Ilha (Island) pegmatite located near
the small village called Taquaral, north of the town
Aracguail, was an important childrenite and eosphorite
occurrence in the 1970 decade (Cassedanne and
Cassedanne 1973), today only with sporadic activities.
The pegmatite is located on an island of the Jequitin-
honha River.

The Alto Redondo Pegmatite is located 23 km SE of
the town Parelhas, in the south of the Rio Grande do
Norte State. Alto Redondo denotes ‘“high round”.
Many pegmatites in this region are more resistant to
weathering processes, overlooking the morphological
lower lying surrounding schists.
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Experimental

Nine samples were collected from five pegmatitic bodies
from Divino das Laranjeiras (three pegmatites), Araguai
(one pegmatite) and Parelhas (one pegmatite). They
were gently crushed and the associated minerals
(Table 1) were removed under an optical microscopy.

Powder X-ray diffractograms (XRD) were obtained
with a Shimadzu XRD-6000 diffractrometer equipped
with a Co-tube and an iron filter. The scanning was done
from 13° to 70° (20) at 0.25° per min using silicon as
internal standard. Cell parameters were calculated by
least-squares refinement after subtracting the back-
ground and the K, contribution and using intensity and
angular weighting of the most intense peaks.

Microprobe analysis was done for some selected ele-
ments in about 20 spots using a Jeol JXA8900R electron
microscope. The following standards were used: Al:
AN100, Fe: Olivin, Mn: Rodonite, P: Apatite Artimex,
Ca: Apatite Artimex, Na: Albite and Mg: Olivin. These
results, along with the brief description of each sample,
are given in Table 1. Water contents were calculated
from the losses of mass observed at about 450°C in the
thermogravimetric analysis (Bermanec et al. 1995).

Moéssbauer spectra (MS) were collected at room
temperature and 77 K with a spectrometer using a
constant-acceleration drive with triangular reference
signal, 1,024 channels and in the velocity range of —11 to
+11 mm/s (increment of 0.045 mm/s) or —4 to +4
(increment of 0.016 mmy/s), respectively. Velocity cali-
bration was achieved from the MS of a standard «-Fe
foil at RT, and the isomer shifts are quoted relative to
a-Fe. The spectra were fitted either with discrete
Lorentzian doublets or with one or two model-
independent quadrupole-splitting distributions
(Vandenberghe et al. 1994). The range of AEq for the
ferric component was chosen to be between 0.20 mm/s
and 2.50 mm/s (steps of 0.10 mm/s), whereas for the
ferrous doublet, the range was from 1.30 mm/s to
2.50 mm/s (steps of 0.10 mm/s). Site occupancies by Fe
were obtained from the relative areas of the respective
subspectra, considering that the recoilless fraction of
ferrous ion is 0.9 of that of the ferric component (De
Grave and Van Alboom 1991). One problem encoun-
tered when quadrupole-splitting distributions are used is
that the derived profiles often show small contributions
that can be just mathematical artefacts caused by the
fitting procedure (Vandenberghe et al. 1994). For this
reason we did not consider any contribution accounting
for less than 5% of the total spectral area.

Results and discussion

Four representative XRD patterns are displayed in
Fig. 2, whereas the calculated cell parameters and the
phase identification for all samples are given in Table 2.
For most samples, all diffraction lines could be ascribed
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Fig. 3 Simulated X-ray diffraction patterns of ernstite, childrenite
and eosphorite. Arrows point to “diagnostic” peaks

that could be considered as “diagnostic” peaks, but they
are of low intensity and might not be seen. In the case of
eosphorite and ernstite, the distinction is not so difficult
because the former has an intense peak near 21° (20).
Thus, eosphorite and childrenite cannot be easily dis-
tinguished one from the other by XRD, but if no peak
near 21° is present, the sample is close to being single-
phase ernstite. As there are no reports in the literature of
texture effects on these minerals, the above reasoning
must be considered with some caution. In the following
discussion, the term “EOS” will be used to represent
either eosphorite or childrenite.

The phase identification given in Table 2 was based
on the above discussion, and the unit-cell parameters
were calculated considering the existence of EOS (RO-
06, PI-10, RO-02, AR-PB-01 and LI-02), and an
admixture of EOS and ernstite (PI-08, PI-06, PI-01 and
JF-06). No systematic variation of the cell parameters
with the composition could be deduced.

The room temperature and 77 K Mdssbauer spectra
of the four samples referred to in Fig. 2 are shown on
the left side of Figs. 4, 5, 6, 7. The plots on the right
show the probability distributions (dots) obtained from

717

Table 2 Cell parameters (A) and phase identification of the studied
samples

Sample a b c Mineral
RO-02 10.429 (3) 13.474 (2) 6.925 (2) Eosphorite
Li-02 10.434 (3) 13.499 (4) 6.930 (3) Eosphorite
RO-06 10.393 (6) 13.472 (6) 6.970 (8) Eosphorite
AR-01 10.428 (6) 13.439 (8) 6.939 (5) Eosphorite
PI-10 10.430 (2) 13.473 (3) 6.925 (2) Eosphorite
PI-06 10411 (7) 13.498 (3) 6.929 (4) Eosphorite
13.33 (1) 10.451 (6) 6.974 (4) Ernstite
PI-01 10.435 (2) 13.504 (7) 6.935 (3) Eosphorite
13.29 (1) 10.51 (1) 6.951 (7) Ernstite
PI-08 10.410 (9) 13.50 (1) 6.960 (5) Eosphorite
13.26 (1) 10.431 (7) 6.989 (6) Ernstite
JF-06 13.281 (8) 10.456 (7) 6.985 (7) Ernstite
10.440 (5) 13.50 (2) 6.945 (5) Eosphorite

fitting the spectra with one or two quadrupole splitting
distributions. The solid lines are the adjusted Gaussian
curves. The numerical results derived from the fits are
listed in Table 3.

The room-temperature MS of sample RO-02
(Fig. 4a) shows only one almost symmetrical doublet
that could be well fitted using one discrete Lorentzian
component with AEG=1.74 mm/s and linewidth of
0.33 mm/s. For the sake of comparison, a fit with one
QSD was also performed, and the results are essentially
the same as those from the one-doublet fit. The RT
spectra of samples RO-06 and PI-10 are similar to that
of RO-02. According to the XRD results, all these
samples consist of EOS. The 77 K spectrum of RO-02
(Fig. 4b) is apparently also composed of one doublet,
but a fit with one discrete Lorentzian doublet resulted in
a linewidth of 0.42 mm/s, suggesting the existence of
more than one component. Indeed, the use of one
quadrupole-splitting distribution improves the fit,
and the probability distribution could be well adjusted
with two components with AEp=1.91 mm/s and

Transmission (%)
Probability (arb. unit)

2 0 2
Velocity (mm/s)

1,0 1,5 2,0 25 3,0
DEq (mm/s)

Fig. 4 Mossbauer spectra of sample RO-02 (left) and derived
probability distributions of quadrupole splittings (right): a 295 K
and b 77 K
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Table 3 Mossbauer parameters derived from the room temperature and 77 K spectra

Sample T(K) AEQ] 51 S] AEQQ 52 Sz AEQ3 53 S3 AEQ4 54 S4
R0-02 RT 1.74 1.25 100
77 1.91 1.35 50 2.26 1.35 50
Li-02 RT 1.70 1.25 87 1.1 0.41 13
77 1.92 1.37 30 2.28 1.37 60 1.1 0.46 10
RO-06 RT 1.73 1.25 100
AR-01 RT 1.70 1.25 92 1.0 0.41 8
PI-10 RT 1.74 1.25 100
PI-06 RT 1.80 1.25 82 1.13 0.41 18
PI-01 RT 1.70 1.26 35 1.37 0.43 47 0.62 0.43 18
PI-08 RT 1.70 1.25 37 1.36 0.41 54 0.70 0.41 9
77 - - - 2.14 1.36 39 1.49 0.50 41 0.88 0.50 20
JF-06 RT 1.70 1.25 26 1.44 0.42 53 0.76 0.42 21
77" - - - 2.25 1.33 25 1.36 0.49 55

AEq is the quadrupole splitting of maximum probability (mm/s), o is the isomer shift relative to a-Fe (mm/s) and S'is the relative area (%)
 Sextet component: Hyr=484 kOe, 6=0.45 mm/s; 2eq=—0.24 mm/s, S=20%

AEG=2.26 mm/s, respectively, and each with relative
areas of 50% (Table 3). It is important to mention that
no evidence for the presence of a ferric contribution was
found. For Fe? ", a large distortion generally causes the
quadrupole splitting to decrease and to become less
temperature dependent (Bancroft 1973). Hence, we
propose that the doublet with AEg=1.91 mm/s (77 K) is
due to substitution in the manganese site, whereas the
other doublet is due to iron in the aluminum site, and
the formula for this EOS could then be written as:
(Mn>*, Fe? " )(AIP", Fe? " )PO4(OH),.H,0. In order to
obtain a charge balance some aluminum sites must be
vacant, and therefore the above suggestion must be
further investigated. The fact that only one doublet was
observed at RT might be explained by the similar values
of both isomer shifts and quadrupole-splittings, which
however, show different temperature dependencies (Ee-
ckhout et al. 2000).

The room-temperature spectrum of JF-06, which is a
mixture of ernstite and EOS, could be successfully fitted,
as far as reproducing of the experimental data is con-
cerned, as a superposition of two quadrupole-splitting
distributions (Fig. 5a). The probability-distribution plot
for the outer doublet is rather narrow, and the high
value for the isomer shift (1.25 mm/s) suggests the
presence of only one ferrous component accounting for
26% of the spectral area. However, for the inner dou-
blet, the obtained distribution profile clearly shows two
contributions with different quadrupole splitting (1.44
and 0.76 mm/s) and the same isomer shift, which is
typical for Fe* " in high spin state. The central portion
of the 77 K spectrum in the same velocity region
(Fig. 5b) is similar to the RT spectrum, but it shows a
small peak near —4 mm/s, indicating the presence of a
magnetic component. The MS at 77 K collected at a
larger velocity scale is displayed in Fig. 5¢ and clearly
shows the presence of the sextet component accounting
for about 20% of the spectral area and whose hyperfine
parameters  (Hy,;=484 kOe, 0=0.45 mm/s and
2eq=—0.24 mm/s) are consistent with those of goethite
containing at least 20 mol% of aluminum (Fysh and
Clark 1982; Murad and Johnston 1987). This sextet is

not seen at room temperature because the aluminum
substitution causes a collapse of the magnetic ordering,
and in this case the MS of goethite consists of a doublet
with a quadrupole splitting of ~0.6 mm/s (Murad and
Johnston 1987). It is relevant to mention that the relative
area of the doublet with average AEG=0.76 mm/s seen
in the RT spectrum (Fig. 5a) is quite close to that of the
sextet, which gives additional support to the above
interpretation. The distribution plot for the ferric com-
ponent at 77 K is very broad and it is centred at
1.36 mm/s, whereas for the ferrous component the
maxima is located at 2.25 mmy/s. The 77 K Mdossbauer
spectrum obtained on the velocity scale (£4 mm/s,
Fig. 5b) was fitted including one sextet component with
all parameters fixed at the values derived from the MS
obtained on the velocity scale (£ 11 mm/s, Fig. 5c). Two
additional QSD were used to account for the ferric and
ferrous contributions, and the results are essentially the
same as those obtained from the spectrum shown in
Fig. 5c. The next question to be answered concerns the
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Fig. 5 Mossbauer spectra of sample JF-06 (left) and derived
probability distributions of quadrupole splittings (right): a 295 K,
b and ¢ 77 K. Note that the velocity scale for the a and b is ~4 mm/
s, whereas for ¢ is ~11 mm/s
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Fig. 6 Mossbauer spectra of sample PI-08 (lefr) and derived
probability distributions of quadrupole splittings (right): a 295 K
and b 77 K

partition of the iron ion into the structure of ernstite in
sample JF-06. Assuming that ernstite is formed by oxi-
dation of EOS, it seems reasonable to propose that the
ferrous ions are located in the manganese site. The bi-
modal distribution profile for Fe’" could mean that
both sites are occupied. In that case, the general formula
can be written as: (Mn*", Fe*", Fe* " )(AI’", Fe*™")-
PO4(OH),.,O.. Another plausible explanation is that the
ferrous ions are exclusively due to EOS, and therefore
ernstite would only contain Fe®*. However, as the XRD
pattern shows EOS as a minor phase, the first interpre-
tation seems to be more likely.

Sample PI-08 also contains ernstite and EOS (see
Table 2). The RT and 77 K Mdgssbauer spectra (Fig. 6a,
b, respectively) resemble that of JF-06: the ferric doublet
is quite broad, whereas the ferrous doublet is narrow
and more intense for PI-08. These spectra were fitted
using the same procedure as described for JF-06, and the
numerical results derived from the fits are listed in Ta-
ble 3. It is important to mention that the 77 K spectrum
for this sample does not show the sextet seen for JF-06,
and thus the two Fe®" contributions revealed in the
distribution plots are certainly due to iron ions in the
structure of both ernstite and/or EOS. The results for
RO-02 showed the absence of ferric ions in the structure
of EOS, and thus it seems reasonable to assume that all
Fe®* in PI-08 is due to ernstite. On the other hand, the
ferrous doublet can be due to any of these two minerals,
and as the hyperfine parameters are very similar for both
of them (Table 3), it is not possible to resolve the
respective subspectra.

The last sample to be discussed is LI-02, which sup-
posedly only contains EOS (Table 2). The RT and 77 K
Mossbauer spectra (Fig. 7a, b) show an intense and
relatively narrow Fe?" doublet, with a weak and broad
Fe*" contribution (~10%) superimposed to the low-
velocity Fe>™ peak. The distribution plot for the ferrous
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Fig. 7 Mossbauer spectra of sample LI-02 (left) and derived
probability distributions of quadrupole splittings (right): a 295 K
and b 77 K

doublet obtained from the 77 K MS shows two contri-
butions with AEG=1.92 mm/s and AEqG=2.28 mm/s,
which are practically the same as those obtained for RO-
02. Thus, it seems coherent to propose that the ferrous
doublets are due to EOS and that the ferric contribution
is due to the presence of small quantities of ernstite.

In conclusion, this work has shown that the identifi-
cation of eosphorite, childrenite and ernstite is not so
straightforward as claimed in literature, and that the
existence of solid solutions or mixtures can only be
confirmed after an exhaustive characterisation.
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