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ABSTRACT

The structural behavior of gaudefroyite, CagMn>*s[(BO3)s(CO3),0¢], was determined by using Rietveld refinements based
on synchrotron powder X-ray-diffraction data from 25 to 486°C. The structure was also refined at 25°C using synchrotron
high-resolution powder X-ray-diffraction (HRPXRD) data that gave the pseudohexagonal unit-cell parameters a 10.60791(2),
¢ 5.88603(1) A, and V 573.605(2) A® at room temperature. The expansion of the gaudefroyite structure is nearly isotropic and
is caused mainly by an increase in the Cal-O3 distance. The volume change from 25° to 486°C is 2.2(2)%. Beyond 486°C,
significant changes were observed in the X-ray-diffraction traces; they indicate the formation of a minor second phase that
exsolved from the host gaudefroyite.
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SOMMAIRE

Nous avons déterminé le comportement structural de la gaudefroyite, CagMn>*s[(BO3)s(CO3)205], au moyen d’affinements
Rietveld de données en diffraction X sur poudre obtenues entre 25 et 486°C avec rayonnement synchrotron. La structure a aussi
été affinée a 25°C en utilisant des données de haute résolution obtenues avec rayonnement synchrotron; les parametres réticulaires
de la maille pseudo-hexagonale sont @ 10.60791(2), ¢ 5.88603(1) A, et V573.605(2) A3 a température ambiante. L’expansion de
la structure est presque isotrope, et résulte surtout de 1’augmentation de la distance Cal-O3. Le changement du volume en allant
de 25° 2 486°C est 2.2(2)%. Au dela de 486°C, nous observons des changements importants dans le spectre de diffraction X; ils
indiquent la formation d’une faible quantité d’une seconde phase, exsolvée de la gaudefroyite hote.

(Traduit par la Rédaction)

Mots-clés: gaudefroyite, structure a température élevée, exsolution, affinements de Rietveld, rayonnement synchrotron.

INTRODUCTION

Gaudefroyite, CagMn3*[(BO3)s(C0O3),0¢], Z = 1,
occurs in the hydrothermal manganese deposits, Tach-
gagalt, Anti-Atlas Mountains, Morocco (Jouravsky &
Permingeat 1964), and in the Kalahari manganese field,
South Africa (Beukes et al. 1993, Hochleitner 1986). In
South Africa, gaudefroyite occurs either as vein fillings,
where it is associated with barite, calcite, manganite,
and hydrogrossular, or as massive ores, where it is
associated with manganite, bixbyite, braunite, hausman-
nite and hematite. These mineral associations indicate
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a high temperature and a low pressure of formation;
gaudefroyite and barite were formed during an episode
of boron metasomatism (Beukes ef al. 1993).

At ambient pressure, there is no information avail-
able on the high-temperature structure of gaudefroyite.
Streaked satellite reflections occur in gaudefroyite.
The purpose of this study is to examine the structural
evolution of gaudefroyite with temperature for possible
transitions that may occur on heating, or on the loss of
the streaked satellite reflections. We find that the struc-
ture refines well from 25 to 486°C; thereafter, a minor
second phase exsolves from the host phase.
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BACKGROUND INFORMATION

The structure of gaudefroyite was determined and
refined by Granger & Protas (1965), Yakubovich et
al. (1975), and Hoffmann et al. (1997). Hoffmann et
al. (1997) presented their preferred structural model
in space group P63/m. The structure of gaudefroyite
contains infinite columns formed by trans-trans-
connected edge-sharing Mn**Og4 octahedra that are
cross-linked by triangular BO33~ groups to form two
different types of channels (Figs. 1a, b). The CO3>"
groups that are located in the center of the wide channels
locally violate the mirror plane perpendicular to the ¢
axis, such that the CO3%~ groups may be disordered
(Hoftmann et al. 1997).

Gaudefroyite is both structurally and composition-
ally similar to cancrinite with regards to the CO3~ group
and its surroundings (Hassan 2000). In cancrinite, the
COs% groups are ordered within identical channels
and produce a superstructure (Grundy & Hassan 1982,
Hassan 1996, Hassan & Buseck 1992). Gaudefroyite
shows strong, continuous streaked reflections in
selected-area electron-diffraction (SAED) patterns, an
indication that the symmetry of gaudefroyite is lower
than hexagonal (Hassan 2000). The COs?" groups in
the large 63 channels are ordered in two different ways,
and this pattern of order gives rise to two different
types of channels, A and B. The A and B channels
occur in a 1:1 ratio, and these channels are partially
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ordered and give rise to the continuous streaked reflec-
tions in SAED patterns (Hassan 2000). A DTA-TG
study of gaudefroyite shows that the loss of CO(g)
in gaudefroyite occurs at 1053°C (Hassan & Duane
1999).

EXPERIMENTAL METHODS

The sample used in this study is from the Wessels
mine, Kalahari manganese field, South Africa. Pure
and well-developed crystals of gaudefroyite occur in
association with barite, calcite, manganite, and hydro-
grossular. Crystals of gaudefroyite were hand-picked
under a binocular microscope and finely ground using
an agate mortar and pestle for the X-ray diffraction
experiments.

High-resolution powder X-ray diffraction (HRPXRD)

The structure at 25°C was refined using HRPXRD
data from beam-line 11-BM, Advanced Photon Source,
Argonne National Laboratory. The sample was loaded
into a kapton capillary and rotated during the experi-
ment at a rate of 90 rotations per second. The data were
collected to a maximum 26 of about 45° with a step
size of 0.001° and a step time of 0.3 s/step. Beamline
optics consists of a platinum-coated collimating mirror,
a dual Si (111) monochromator, and a platinum-coated
vertically focusing mirror. The HRPXRD traces were

Fi1G. 1. The structure of gaudefroyite. (a) Viewed down [001],
with BOjs triangles projected edge-wise and connecting
the MnOg octahedra to build a porous framework. In the
center of the large channels (~10.8 A in diameter), the
CO;% groups are surrounded by Ca atoms at the Ca?2 sites.
The Ca atoms at the Cal sites reside in smaller channels
(~3.6 A in diameter). (b) Viewed down the a axis. The
single chains of edge-sharing MnOg octahedra parallel
to the ¢ axis are linked by intervening BO3 groups (after
Hoffmann et al. 1997).
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collected with twelve silicon-crystal analyzers, which
increase detector efficiency and reduce the angular
range to be scanned, and therefore, allows rapid acquisi-
tion of data. A silicon and alumina NIST standard (ratio
of 1/53Si:2/3A1,03) was used to calibrate the detector
response, zero offset, and to determine the wavelength
used in the experiment [\ = 0.40167(2) A]. Data were
merged by interpolating measured counts onto a regu-
larly spaced grid and by applying corrections for small
differences in wavelength (~1 eV).

High-temperature synchrotron powderX-ray
diffraction

High-temperature synchrotron X-ray powder-
diffraction experiments were performed at beam-line
X7B of the National Synchrotron Light Source at
Brookhaven National Laboratory. The powdered sample
was loaded into a quartz capillary (diameter = 0.5 mm,
open to air at one end) and was oscillated during the
experiment over a 0 range of 10°. The high-T X-ray
data were collected using in situ synchrotron radiation
[\ = 0.9212(4) A] at ambient pressure and from 25 to
845°C. Elevated T was obtained using a horseshoe-
shaped heater and a thermocouple element near the
capillary. The temperature was calibrated using the 811
and 982°C phase-transition temperatures of synthetic
BaCO3; (Hodgman 1955). Data were collected at a
heating rate of about 7°C/min. The data were collected
over regular intervals of about 17°C to a maximum
26 of about 50° [(sin®/\) < 0.46 A~']. An image plate
(IP) detector (Mar345, 2300 X 2300 pixels) mounted
perpendicular to the beam path was used to collect full-
circle Debye—Scherrer rings with an exposure time of
10 s. An external LaBg standard was used to determine
the sample-to-detector distance, wavelength, and tilt of
the IP. The diffraction patterns recorded on the IP were
integrated using the FIT2D program to produce conven-
tional /-20 traces (Hammersley ez al. 1996).

RIETVELD REFINEMENTS OF THE STRUCTURE

Several X-ray traces at regular intervals of tempera-
ture were modeled using the Rietveld method, as
implemented in the GSAS program and using the EXpGul
interface (Larson & Von Dreele 2000, Toby 2001). For
the room-temperature structure of gaudefroyite, the
starting structural parameters and space group, P63/m,
were taken from Hoffmann ez al. (1997). The refined
coordinates of the atoms were then used as input for the
next higher-T structure.

The background was modeled using a Chebyschev
polynomial. The reflection-peak profiles were fitted
using profile function type-3 in the GSAS program with
the refinable coefficients GW, GV, GU, LX and LY.
A full-matrix least-squares refinement varying a scale
factor, cell parameters, atom coordinates, and isotropic
displacement parameters converged rapidly. For the
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HRPXRD data, all atoms were refined anisotropically,
and no constraints were used. For the IP data, isotropic
displacement parameters were used, and similar atoms
were set to have equal displacement-parameters;
for example, the atoms of the CO3>~ groups were
constrained to have equal displacement-parameters,
and U(C) = U(B). Toward the end of the refinement,
all parameters were allowed to vary, and the refinement
proceeded to convergence. The number of observed
reflections in a typical XRD trace is 186 for the high-T
data (1568 for HRPXRD data). Synchrotron X-ray
powder-diffraction patterns are shown in Figures 2 to
4, as examples.

Thermal analyses

Simultaneous differential scanning calorimetry
(DSC) and thermogravimetry (TG) data were also
obtained using a Netzsch STA 449C simultaneous
TG and DSC instrument. About 1.56 mg of powdered
sample was loaded in an Al,O3 crucible. Data were
collected in a static air environment, at a heating rate
of 10°C/min from 25 to 1200°C. The TG curve was
corrected for buoyancy effect, and the DSC curve was
corrected for baseline effect. Corrections for buoyancy
and baseline effects were obtained in a blank run using
empty crucibles that were later used to run the sample
in a second run, but the two experimental runs were
made under identical conditions. The thermal data were
analyzed using the programs provided with the instru-
ment. The DTG and DDSC curves are the derivatives
of the TG and DSC curve, respectively.

RESULTS AND DISCUSSION
High-temperature XRD traces

In selected-area electron-diffraction (SAED)
patterns, fairly strong continuously streaked reflec-
tions occur in the gaudefroyite sample used in this
study, but such reflections were not observed in the
powder XRD traces (Fig. 2; Hassan 2000). However,
the XRD traces show significant changes after 486°C,
indicating that a structural transition may have occurred
(arrows in Fig. 2). The structure could not be refined at
temperatures beyond 486°C without excluding the extra
reflections that appear in the XRD traces. Moreover,
the traces beyond 486°C, and the trace obtained after
cooling the sample to room T, could not be indexed in
a single crystal-system, particularly the cubic system, as
a structure of higher symmetry is expected if a transi-
tion occurs. Therefore, the extra reflections in the XRD
traces that occur beyond 486°C indicate an exsolved
minor second phase within the sample. To rule out the
possibility of a polymorphic phase-transition, thermal
analyses were carried out using some of the remaining
powdered sample.
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DSC and TG analyses

A previous DTA and TG study showed that the loss
of COy(g) in gaudefroyite occurs at 1053°C, and no
weight change occurs before 1053°C (Hassan & Duane
1999). The DSC and TG results from this study and
the characteristic data are shown in Figure 5. The DSC
result shows no phase transition; the loss of CO,(g)
occurs at about 1000°C. However, the TG curve shows
a weight increase before the weight loss, which was not
observed in the previous study, in which a large sample
was used compared to the present study (90.8 mg versus
1.56 mg in this study). No obvious phase-transition is
observed at about 486°C (Fig. 5), as was indicated by
the high-T XRD traces (Fig. 2). The changes observed
in the XRD traces beyond 486°C are most likely caused
by the appearance of an exsolved minor phase within
the host sample. The weight increase in TG could occur
from oxidation of Mn3* to form MnO, (pyrolusite),
Mn,05 (bixbyite), or Mn3;O4 (hausmannite). We tried
to insert the diffraction peaks of these possible phases
to see if a match was possible for the non-gaudefroyite
diffraction peaks. Pyrolusite and bixbyite can be ruled
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out, but hausmannite seems like a good candidate for the
exsolved phase, as a few diffraction peaks do match.

Unit-cell parameters

From the HRPXRD data at 23°C, the cell param-
eters (pseudohexagonal cell) obtained in this study
are a 10.60791(2), ¢ 5.88603(1) A, V 573.605(2) A°,
and they are similar to those reported by others (e.g.,
Beukes et al. 1993, Hoffmann ef al. 1997). The unit-cell
parameters increase linearly with T (Table 1, Fig. 6).
The expansion of the a and ¢ parameters is of similar
magnitude, indicating that the expansion is nearly
isotropic (Fig. 6d). The volume thermal expansivity for
gaudefroyite was obtained by fitting all the cell-volume
data simultaneously to the expression:

v(T)=V, exp[fav (T)dT],

where V(T) is the volume at any temperature T, Vy; is
the volume at reference T, usually room T, and ay(T) is

FiG. 2. Stack of XRD traces for gaudefroyite at different temperatures. The arrow heads
indicate changes in the traces at temperatures higher than 486°C.
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FiG. 3.
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HRPXRD trace for gaudefroyite, together with the calculated (continuous line) and observed (crosses) profiles. The

difference curve (1,55 — Ioqic) is shown at the bottom. The short vertical lines indicate the position of allowed reflections.
Note that from 20 to 30° 26, the intensity is scaled by X20, and in the interval 30-45° 28, it is scaled by X50 compared to

the low-angle region.

TABLE 1. GAUDEFROYITE: UNIT-CELL AND RIETVELD-REFINEMENT DATA

T(C) a (A ¢ (A) Vv (A?) ‘R?
25 10.60791(3) 5.88603(1) 573.605(2) 0.0662
25 10.60074(2) 5.88402(8) 572.63(1) 0.0233
59 10.60643(9) 5.88761(8) §73.60(1) 0.0248
93 10.61129(9) 5.80062(8) 574.42(1) 0.0222
145 10.61864(9) 5.89528(8) 575.67(1) 0.0243
196 10.62601(9) 5.90008(8) 576.94(1) 0.0211
247 10.63402(9) 5.90520(8) 578.31(1) 0.0242
298 10.64342(9) 5.91056(8) 579.86(1) 0.0243
350 10.65448(9) 5.91703(8) 581.70(1) 0.0250
384 10.65998(2) 5.92041(8) 582.63(1) 0.0238
401 10.66317(9) 5.92221(8) 583.16(1) 0.0238
452 10.67026(9) 5.92616(7) 584.32(1) 0.0237
486 10.67467(9) 5.92984(8) 585.17(1) 0.0287

T Data from HRPXRD. " R.? = R-structure factor based on observed and calculated
structure-amplitudes = [£F 7 — F2¥ 1 S(F 2"

a function for the volume thermal expansion coefficient:
a(T) =ag + a\T + a,T2. Ignoring the quadratic term,
for the range 25 to 486°C, the values: ap=4.41(+ 0.17)
X 1073/°C and a; = 1.51 (x 0.80) X 107%/°C, were
obtained with V. = 572.63(1) A3 at 25°C. The volume
change from 25 to 486°C amounts to 2.2(2)%.

The structure of gaudefroyite

The general structural features of gaudefroyite
have been described in the introduction; the structure
at 23°C is similar to that obtained by Hoffmann ez al.
(1997). The structure refines remarkably well to 486°C.
The XRD trace obtained at room T after heating is
different from that before heating, which indicates that
the exsolution that occurred in the sample after 486°C
was not reversible.

Some of the isotropic displacement parameters
were set equal to each other, for example, those of the
O atoms (Table 2). The isotropic displacement param-
eters have normal values at room T, and they increase
smoothly with T (Fig. 7).

The average <Mn-0O>, <C-0O>, and <B-O>
distances are nearly constant with T (Fig. 8a). Therefore,
the structural units CO3, BO3 and MnOg behave as rigid
bodies. In the case of the MnOg polyhedron, the Mn3*
cation displays the (4 + 2) coordination because of the
Jahn—Teller effect. The two Mn—-O2 bonds are much
longer than the other four (Mn—-O1 and Mn-03) bonds;
the latter sets are nearly equal to each other (Table 3,
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TABLE 2a. GAUDEFROYITE:
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Fic. 4. Comparison of the XRD traces for gaudefroyite at (a) 25 and (b) 486°C, together
with the calculated (continuous line) and observed (crosses) profiles. The difference
curve (Lyps — Lqie) is shown at the bottom. The short vertical lines indicate the position
of allowed reflections.

COORDINATES AND DISPLACEMENT PARAMETERS OF ATOMS (x 100 A%), FROM HRPXRD

Atom sof X y z Ugq Uy, U,, Uag Uy, U, U,y
Cat 1 1/3 2/3 0.25 0.94 1.14(8) 1.14(8) 0.51(7) 057(3) O 0

Ca2 1 0.1332(1) 0.8323(1) 0.25 0.81 1.32(7) 1.08(7) 0.53(4) 0.93(6) O 0

B 1 0.2180(8) 0.7629(7) 0.75 0.47 1.4(4) 0.32(30) 0.26(20) 0.84(24) 0 0

Mn 1 0 0.5 0 0.60 0.53(3) 0.46(4) 0.54(3) 0.02(4) -0.24(3) 0.28(3)
C 0.5 0 0 0.0772(23) 3.92 4.6(5) 4.6(5) 2.5(8) 2.29(27) O 0

o1 1 0.0932(3) 0.4735(3) 0.25 0.94 2.12(22) 0.36(20) 0.17(17) 0.04(17) O 0

02 1 0.3211(4) 0.9191(4) 0.75 1.38 2.01(21) 2.30(22) 1.57(18) 2.54(20) O 0

o3 1 0.3037(2) 0.4704(3) 0.5399(3) 1.71 1.04(14) 3.09(20) 0.55(14) 1.23(14) -0.15(10) -0.09(10)
O¢ 0.5 0.0531(5) 0.9044(5) 0.5745(8) 5.57 0.17(30) 4.84(43) 4.66(41) -2.96(28) -1.30(24) 3.85(34)
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FiG. 5.

Fig. 8a). However, all the Mn—O bonds are nearly
constant with T (Fig. 8a).

The average <Cal-O> and <Ca2-O> distances
increase linearly with T (Table 3, Fig. 8b). The average
<Cal-O> distance increases slightly more than the
average <Ca2-O> distance. The Ca2-O (= O1, 03)
distances are short and nearly constant with T, whereas
the short Ca2—02 distance increases only slightly
(Fig. 8b). However, the Ca2—Oc distances [two long
distances (b, c¢) increase and one short distance (a)
decreases] vary significantly with T (Fig. 8b). Because
the O¢ atoms belong to the CO3%~ groups that occur in
the channels of the structure, the Ca2—O¢ distances,
and the Ca2 site that also occurs in the channels (Fig.
1), will have an insignificant effect on the expansion
of the structure. For the Cal site, the short Cal-O1
distance is nearly constant with T, whereas the longer
Cal-O3 distance increases significantly and linearly
with T, and is mainly responsible for the expansion of
the structure (Fig. 8b). It appears that the exsolution in
gaudefroyite occurs because of the high strain in the
long Cal-O3 distances at high T, and when exsolution
occurs, the strain probably is released. There are six
equal Cal-O3 distances, and these bonds are directed
in three-dimensional space and not located in any
particular plane, so the expansion of the hexagonal
structure is nearly isotropic.

191

Thermal analyses: TG, DTG, DSC, and DDSC curves for gaudefroyite, together with characteristic data.

The results in this study indicate that above 486°C,
a minor amount of an exsolved phase occurs within the
gaudefroyite host. This minor exsolved phase remains
to be identified, but hausmannite appears to be a good
candidate. Because it gives rise to few additional reflec-
tions (other reflections may overlap with those from
gaudefroyite), we could not identify it convincingly by
XRD. Additional data from chemical analysis and SEM
may be necessary to identify the exsolved phase.
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FiG. 6. The variation of the unit-cell parameters for gaudefroyite with temperature: (a) a, (b) ¢, (c) V, and (d) the ratio d/dy. All
parameters increase linearly on heating. Error bars are smaller than the symbols. Open diamonds are from HRPXRD data.

Fic. 7. Isotropic displacement parameters for gaudefroyite:
all parameters increase with temperature.
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FiG. 8. Variation of bond distances with temperature in
gaudefroyite. The HRPXRD data at 25°C are displayed
using opposite symbols, e.g., if the high-T data are shown
as a solid symbol, the HRPXRD data are shown as an open
symbol, or in a larger size.
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