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Mn-Mg disordering in cummingtonite:
a high-temperature neutron powder diffraction study
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ABSTRACT

The crystal structure of a manganoan cummingtonite, composition [M“(Nao,13Ca0,41Mg0,46Mn1,00)
M123} Mg, 4;Mng 13)[SigO2:[(OH),, (Z = 2), a = 9.5539(2) A, b = 18.0293(3) A, ¢ = 5.2999(1) A, ff =
102.614(2)° from Talcville, New York, has been refined at high temperature using in situ neutron
powder diffraction. The P2,/m to C2/m phase transition, observed as spontaneous strains +&, = —¢&,,
occurs at ~107°C. Long-range disordering between Mg>" and Mn>* on the M(4) and M(2) sites occurs
above 550°C. Mn*>" occupies the M(4) and M(2) sites preferriné M(4) with a site-preference energy of
24.6+1.5 kJ mol™". Disordering induces an increase in XMﬁ and decrease in XMﬁ at elevated
temperatures. Upon cooling, the ordered states of cation occupancy are ‘frozen in’ and strains in lattice
parameters are maintained, suggesting that re-equilibration during cooling has not taken place.

KEYwoRrbs: cummingtonite, order-disorder, cation partitioning, neuytron diffraction, phase transition.

Introduction pressures and rock compositions, corresponding

A quantitative knowledge of the temperatures and
pressures of formation of mineral assemblages is
fundamental to understanding the thermal evolu-
tion of the Earth, and to the development of well-
constrained petrological and geophysical models.
For some time, geothermometric and geobaro-
metric deductions have been based on the
compositional variations of coexisting rock-
forming minerals (e.g. cation partitioning
between orthopyroxene/clinopyroxene; ortho-
pyroxene/garnet; magnetite/ilmenite).
Information on cooling rates (geospeedometry)
is also potentially available from the knowledge
of intracrystalline cation site partitioning (e.g.
cation ordering within pyroxene or olivine).
Amphiboles provide ideal candidates for
application as thermometric indicators, since
non-convergent cation ordering occurs within
them as a function of temperature, and they are
stable across a wide range of temperatures,
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to environments from the crust to the upper
mantle (including important subduction environ-
ments). Very limited use has been made of
amphiboles as thermometric indicators, however,
because of their compositional and structural
complexity, and a limited understanding of their
thermodynamic properties. The crystal-chemical
complexity that makes amphiboles such a
challenge is itself a potential recorder of the
thermal history of the mineral, and in so doing can
lock away a wealth of information on the time-
temperature paths of the rocks in which they are
found. If a working knowledge can be established
of the temperature dependence of cation ordering
in amphiboles, a treasure-trove of thermometric
petrological information is likely to become
available.

This is the first part of a wider investigation
into the temperature-dependent cation ordering
within the cummingtonite-grunerite series, a
group of Mg-Fe-Mn-Li amphiboles. The
cummingtonite-grunerite series of amphiboles
are monoclinic and in the system described by
Leake (1997), have the general series formula
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(Mg,Fe** Mn,Li);Sig0,,(0OH), (Li <1.00). The
term cummingtonite applies to compositions
with Mg/(Mg+Fe®") >0.50, grunerite being the
Fe**-rich end-member. The solid-solution end-
members (Mn,Mgs) and (Mn,Fe2") correspond to
manganocummingtonite and manganogrunerite
respectively. Cummingtonite occurs as poly-
morphs with space groups C2m and P2,/m with
a phase transition occurring at relatively low
temperatures for all natural compositions.
Figure 1 shows the structure of a cummingtonite
viewed parallel to (100).

Following reports (Bown, 1966) of a primitive
structure in a Mg-rich Fe-Mg-Mn amphibole,
Ross et al. (1968) suggested the possibility of the
phase transition by analogy of P2,/m cummingto-
nite with pigeonite (and its P2,/c—C2/c transi-
tion). The P2/m structure is only observed in Fe-
Mg-Mn amphiboles and is restricted to those
where Mg occupies 70—90% of B sites (Maresch
and Czank, 1988). Upon substitution of Mn** and
Fe?* for the smaller Mg?*, the crystal structure is
forced to revert to C2/m symmetry. Yang and
Smyth (1996) provide evidence that the effective
size of the M(4) cation controls the stability of the
C2/m and P2,/m structures. Yang and Hirschmann
(1995) reported a compositional dependence of
the transition such that, at room temperature,
cummingtonite with Xyg > 0.15 £0.02 will have
P2y/m crystal structure. They also found ferro-
magnesian cummingtonite to be more stable in the
P2,/m structure than manganoan cummingtonites

with the same Mg-content. Also in this vein,
Ghose and Ganguly (1982) found that cumming-
tonite with Fe/(Fe+Mg) = 0.22 has P2,/m
symmetry. Hirschmann et al. (1994) reported
P2y/m symmetry at room temperature in heat-
treated cummingtonites which had Fe/(Fe+Mg) as
high as 0.38. Samples as iron-rich as Fe/(Fe+Mg)
=0.45 are also P2,/m (Ross et al., 1969). Sueno et
al. (1972) studied the P2,/m—-C2/m phase
transition by in situ high-temperature X-ray
diffraction (XRD), following the disappearance
of the 102 reflection of the (h + k = 2n + 1) set,
representative of the primitive symmetry. They
report a T. of 100°C. The ferromagnesian
cummingtonite investigated by Yang and Smyth
(1996) shows a transition temperature of
~ =30°C.

Ordering of cations occurs in the octahedral
strip, which represents the body of the ‘I-beam’
module in amphiboles and comprises three unique
cation sites. In C2/m cummingtonite there are
three pseudo-octahedral sites, M(1), M(2) and
M(3) with point symmetry 2, 2 and 2/m
respectively. The M(4) cation site sits at the
edge of the octahedral strip. This site is
surrounded by eight anions and has point
symmetry 2. The coordination of the site varies
with cation occupancy. The octahedral strip in
P2,/m cummingtonite also contains three pseudo-
octahedral cation sites but the M(1) and M(2) sites
have point symmetry 1 and M(3) has point
symmetry m. The general position and coordina-

Fic. 1. View down [100] of the cummingtonite structure, showing the M(1), M(2) and M(3) sites in the octahedral

ribbon with adjacent M(4). Open circles show the positions of hydroxyls.
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tion of the M(4) site is the same as for the C2/m
structure but it has point symmetry 1 (Leake,
1997; Hawthorne, 1983).

We are focusing on metal cation partitioning
between the M(4) site and the smaller octahedral
sites M(1), M(2) and M(3). Whittaker (1949)
showed that, in crocidolite, Mg>* occupies the
M(4) cation site in preference to Fe>*. Ten years
later using three dimensional least squares
refinement of XRD data from a grunerite, Ghose
and Hellner (1959) reported almost complete
occupation of the M(4) site by Fe?* and showed
that surplus Fe®* and Mg?* were distributed
randomly over the three remaining cation sites.
Ghose (1961) determined the crystal structure of a
cummingtonite from Quebec with particular
interest paid to cation distribution and disor-
dering. Work on Fe-Mg ordering in a cumming-
tonite by Hirschmann et al. (1994) revealed a
strong preference of Fe** for the M(4) site relative
to Mg. However, the first to recognize the
potential of cummingtonite as a geothermometer
were Ghose and Weidner (1972). Using basic
principles of geothermometry that had previously
been applied to pyroxenes with limited success
(Mueller, 1970) and recognizing the similarity in
composition, structure and order-disorder
mechanisms in orthopyroxene and cummingto-
nite, they determined a system of temperature
dependent cation ordering of Mg®" and Fe**
between the M(4) and M(1,2,3) sites.

Ghose and Yang (1989) refined the crystal
structure and determined the cation distribution of
a C2m manganoan cummingtonite from Nsuta,
Ghana. On the basis of bond-lengths they reported
that the sequence of site preference of Mn?" in the
Mn-Mg amphibole is M(4)>M(1)>M(2)>M(3)
and put the compositional limit for the P2,/m to
C2/m phase transition at ambient temperatures
close to Mn,MgsSigO,,(OH),. However, the
kinetics of cation exchange are not fully under-
stood and are largely unconstrained. Furthermore,
what is known of cation ordering in amphiboles
has been determined from room temperature
studies in anneal and quench experiments, the
underlying assumption being that equilibrium
states are attained during annealing and retained
during quenching. Recent studies of cation
ordering in spinels and olivines have shown that
the kinetics of re-ordering may be very rapid
(Redfern et al., 1999). The possibility of rapid re-
equilibration during quenching and the details of
the kinetic pathways away from equilibrium
remain unaddressed.
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In order to determine the high-7 equilibrium
behaviour and the non-equilibrium kinetics of
cation ordering, we have undertaken in situ
crystallographic studies of an iron-free
manganoan cummingtonite from Talcville, New
York (Ross et al., 1969), using time of flight,
neutron powder diffraction techniques.

Experimental procedure

Approximately 5 g of sample R14473 of natural
Talcville cummingtonite of composition
[MA'](Nao.13C310.41Mg0.461\/[n 1.00)
M2 (Mg g7Mng 13)[Sig022 [(OH), was used
for neutron diffraction experiments. The compo-
sition of the cummingtonite was calculated by
averaging electron microprobe analyses, normal-
ized to 24 oxygens, of 20 separate crystals. The
analyses were performed on a Cameca SXS50
electron micro-probe. The sample was placed
into a vanadium furnace inside the sample
chamber of the POLARIS neutron powder
diffractometer (Hull et al., 1992). The sample
chamber was evacuated to a pressure of
10~®mbar. The sample was heated in increments
of 50°C to a maximum of 700°C and assumed to
have reached thermal equilibrium after ten
minutes at each temperature plateau. Powder
diffraction patterns were then collected over a
period of 4—5 h at each temperature with 58 *He
gas tube detectors positioned at 20 = 145° and
216 ZnS detectors at 20 = 90°. On cooling,
further diffraction patterns were collected at
temperatures of 500, 350 and 200°C. All
diffraction patterns were refined using whole
pattern fitting using the Rietveld method
(Rietveld, 1969). This method was recently
employed to study A-site partitioning in
amphibole using X-ray diffraction (Sokolova et
al., 2000). The structures were refined in space
group C2m (Z = 2) for experiments at all
temperatures. The background was refined using
ten coefficients of a Chebyshev function. The
site occupancies of Mg and Mn>* on the M(1),
M(2), M(3) and M(4) site were refined using
chemical constraints. Neutron scattering lengths
for all atoms were those given by Sears (1992).
The starting model for the refinement used initial
atomic coordinates from Sueno et al. (1972) and
constrained all Mn to either the M(2) or M(4)
sites after our previous unconstrained refine-
ments yielded this result. Convergence of the
least squares cycle was achieved for each

refinement. R,,, factors of ~2% were achieved
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for profiles obtained for the detector banks at 90°
and 145°20. Here, R,,,, the R-weighted profile is
used to assess the quality of the refinement since
the numerator is the residual of the fit. It is
defined as:

Zi Wi(li - Ii;cal(’)2

12
R,, =
’ [ S wil? :|

1
where I; and I; ., are the observed and calculated
intensities at the i™ point in the pattern
respectively and the weighting, w; is related to
the estimated standard deviation in the intensity of
the i point by w; = /5%

An infrared powder absorption spectrum of the
sample was recorded at room temperature in the
wavenumber region 500-4500 cm™' (Boffa
Ballaran, unpublished data) using a Bruker 67V
FT-IR spectrometer. The sample was prepared as a
pressed pellet, diluted to 0.29 wt.% of the CsI pellet.

Results

Table 1 displays the refined structural parameters
of sample R14473 as a function of temperature.
Also shown are the R factors for each refinement.

A graphical representation of the refined time-of-
flight neutron diffraction pattern for sample
R14473 at 650°C is given in Fig. 2. Also shown
is the minimized difference in fit line, giving the
difference between observed diffraction pattern
and that refined using the GSAS program by
Larson and Von Dreele (1994). The consequent
structural formula obtained after refinement of the
low temperature (50°C) diffraction pattern is
IM3T(Nag 135Cag 41 Mgo a6Mny o9)
M1-2:31(Mg, 57Mng.13)[Sig0221(OH),. The
presence of Na® substituted for Ca®* in M(4)
suggests that, of the Mn, 0.13 per formula unit is
Mn**. However, the amount of Na* recorded in
the microprobe analyses (=~ 0.3-0.4% element) is
only just above the levels of detection of the
instrument and therefore the presence of Mn>*
must be accepted with caution.

The exchange reaction of Mn®* and Mg>*
between the M(4) and M(2) sites, has the
equilibrium constant:

MnM® (1
M M) (1

- MnV®)

Ko = ~ MnV®)

Therefore, a value of Kp = 1 would represent
complete disorder between M(4) and M(2), K, =0
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FiG. 2. The time-of-flight neutron powder diffraction pattern of cummingtonite R14473 at 650°C. The vertical
markers show the calculated positions of reflections and the Rietveld fit is shown by the solid line. Also shown is the
residual between calculated pattern and the pattern determined by experiment.
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corresponds to complete anti-order and Kp = oo
would imply complete order.

There is a suggestion of an initial increase in
the occupancy of the M(4) site by Mn>" (see
Fig. 3) until a temperature of ~550°C, at which
point a sharp decline in XM« commences and Kp
decreases from a maximum of 17.4 to a minimum
of 11.5 on heating, corresponding to disordering.
Another interesting feature of Fig. 3 is the
retention of the high-temperature disorder on
cooling. Our results show that exchange is
predominantly between M(4) and M(2).
Alternative refinements, constraining all Mn to
the M(4) site at lower temperatures, produced
negative isotropic temperature factors. Once
unconstrained, these models immediately
converged upon site occupancies identical to
those of the M(4)-M(2) model with the same
R,,,s and temperature factors. Additional models
that constrained all Mn to just the M(4) and M(1)
sites were also found to be erroneous and
unstable.

The distribution coefficient, Kp, is related to
the Gibbs free energy for the exchange of cations,
as follows:

AG = —RTInKp

where AG is the Gibbs free energy of disorder and
T is the absolute temperature. The data from the
three highest temperatures were used to determine
this exchange energy as these represent equili-
brium conditions, and gave an exchange energy of
24.6+1.5 kJ mol ™.

The cell parameters of our sample (Fig. 4)
show linear relationships with increasing tempera-
ture, but in two or three segments. The a and b
lattice parameters both show two stages or rates of
expansion on heating, the a parameter strain
behaviour showing a ‘kink” at roughly 150°C and
the b parameter expansion rate increases at
500-550°C. The strain behaviour of the c¢
parameter on heating may be divided into three
linear portions, the nodes of which coincide with
the temperatures at which the change in rate of
expansion occurs in the a and b parameters. At the
higher of the two temperatures, marked changes
in the f angle and the volume of the unit cell
(Fig. 4) also occur. It is also noticeable that on
cooling, a displacement of all parameters except a
is maintained.

Figure 5 shows the positional behaviour of the
hydrogen atom within the structure upon heating
and cooling. The decrease in z and increase in x
above 100°C are the result of the P2,/m to C2/m
phase transition. The behaviour of the hydrogen
atom as a direct result of the onset of disordering
at ~550°C cannot be defined within the errors
illustrated. The in situ results do show that during
cooling of the sample, the hydrogen atom returns
to the positions it originally occupied (within
error) at the respective temperatures during
heating.

The infrared spectrum of the amphibole (Fig. 6)
has a strong sharp peak centred at 3670 cm™" with
a small shoulder at 3674 cm™'. The main peak
corresponds to an O(3) cation triplet MgMgMg

0.530
0.520 1 heating
< 0.510 1
=
£ 0.500 1
=
=
0.490 A
] coollng
0.480 A
0.470 +———— —
0 200 400 600 800
Temperature °C)
FiG. 3. Mn>* occupancy of the M(4) site. Note the “frozen in’ disordered state during cooling.
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(Burns and Strens, 1966), consistent with complete
occupancy of M(1) and M(3) sites by Mg. Subtle
splitting of main absorption bands has been
observed in amphiboles with mixed M(4) site
occupancy. In a slightly synthetic tremolite with
minor Mg at M(4), Hawthorne er al. (1996)
observed a small shoulder at ~3670 cm™' due to
MgMgMg/M®Myg in addition to the strong main
peak at 3674 cm™~' due to MgMgMg/M®Ca. Thus,
for the Talcville cummingtonite (with Mn as the
main M(4) cation), it seems reasonable to ascribe
the main absorption at 3670 cm™' to
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MgMgMg/M*®Mn (and M*Mg ?) and the peak at
3674 cm™! to MgMgMg/M®Ca, in line with the
assignments of Burns and Strens (1966) and
Hawthorne et al. (1996). Mn substitution for Mg
at M(1) and/or M(3) would, by analogy with Fe**
for Mg (Burns and Strens, 1966), be expected to
lead to peaks at frequencies 15-20 cm™! lower
than those due to MgMgMg, and so we can be
confident that the 3674 cm™! peak is not due to Mn
at M(1) and/or M(3).

Table 2 lists some octahedral bond lengths in
the structure at 750, 250 and 50°C. Also listed are
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Absorbance (arbitrary units)

the same bond lengths as reported by Sueno et al.
(1972), for the same structure. Our results for
bonds to M(4) are subject to a relatively high
error, due to the low total scattering length of the
M(4) site, where positive scattering (principally
from Ca which has b = +4.70 fm, but also from
Mg and Na) is reduced by the large negative
scattering contribution from Mn (b = —3.73 fm).
This means that the positional error on M(4) is
high. Papike et al. (1969) noted that in
cummingtonites, when the M(4) site is occupied
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FiG. 6. Infra-red spectra showing the region containing

the hydroxl stretching peak.

by Fe and Mn, the O(5) oxygens are lost outside
the M(4) coordination sphere, the M(4) cations
move in the b direction towards the octahedral
strip. Our bond lengths show that this effect is
even more exagerrated than previously thought
and a covalency between M(4)—0O(2) is confirmed
by bond lengths considerably shorter than the sum
of the ionic radii of Mn®* and O®~. This type of
covalent bonding has already been reported on the
basis of short M(4)-0O(4) bonds in Mg-Mn
amphiboles (Ghose and Yang, 1989). The
M(4)-0(4) bonds given by our refinements also
show a lesser degree of covalency. In the most
disordered state we observed that the average
M(4) cation position has moved parallel to [010],
away from the octahedral strip, decreasing the
degree of M(4)—0(2) covalent bonding.

Discussion

The data presented show a definite preference of
Mn?* for the M(4) site with some disorder into
the smaller M(2) site occurring at high
temperature. It has been recognized previously
(Ghose and Yang, 1989; Hawthorne and Grundy,
1977) that, in the absence of Fe>*, the preference
of Mn** for the M(2) site is greatly increased.
This is confirmed in our results by the site
preference sequence M(4)>M(2)>M(1,3),
compared to that reported by Ghose and Yang
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TABLE 2. Bond lengths as given by our refinements and those of Sueno et al. (1972).
All bond lengths are in angstroms and figures represented in parentheses represent
the error in the last digit of the bond length given.

Bond This study Sueno et al.,
1972
750°C 250°C 50°C 270°C
M1-01 2.073 (5) 2.064 (4) 2.060 (4) 2.063 (4)
M1-02 2.130 (6) 2.121 (5) 2.118 (5) 2.112 (5)
M1-03 2.077 (6) 2.069 (5) 2.062 (5) 2.087 (4)
<M1-0> 2.093 2.085 2.080 2.087
M2-01 2.151 (7) 2.136 (5) 2.119 (5) 2.141 (5)
M2-02 2.083 (4) 2.083 (4) 2.082 4) 2.082 (4)
M2-04 2.039 (6) 2.010 (5) 2.023 (5) 2.031 (5)
<M2-0> 2.091 2.076 2.075 2.085
M3-01 2.134 (4) 2.126 (3) 2.117 (3) 2.089 (4)
M3-03 1.986 (6) 1.984 (5) 1.984 (5) 2.059 (6)
<M3-0> 2.085 2.079 2.073 2.079
M4-02 2.072 (32) 1.867 (28) 1.856 (25) 2215 4)
M4-04 2.102 (5) 2.119 (7) 2.108 (6) 2.109 (5)
M4-06 2.70 4) 2.96 (4) 2.986 (33) 2.584 (5)
<M1-Ml 3.169 (13) 3.156 (10) 3.139 (10) 3.147 (6)
M1-M2 3.115 (5) 3.103 (4) 3.093 4) 3.109 (2)
M1-M3 3.096 (3) 3.087 (3) 3.079 (2) 3.085 (1)
M1-M4 3.03 @) 271 (4) 2.70 (4) 3.202 (4)
M2-M3 3.206 (6) 3.186 (5) 3.164 (5) 3.195 (3)
M2-M4 3.008 (22) 2.873 (17) 2.873 (15) 3.089 (2)

(1989) of M(4)=>M(1)>M(2)>M(3) in a Mn-Mg
cummingtonite with 0.15 Fe per formula unit. It
seems likely that the absence of Fe in the
Talcville sample allows the occupation of M(2)
by Mn?", as indicated by our neutron refinements
and room temperature infrared spectrum.
During heating, an initial increase in XM
occurs as the amphibole adjusts towards the
equilibrium Mn partitioning for these tempera-
tures, until ~550°C, whereupon disordering into
the smaller M(2) site becomes kinetically
possible, showing a site preference energy of
24.6+1.5 kJ mol™'. Analogous ‘relaxation’
behaviour has been observed in olivines and
spinels (Redfern et al., 1996; Henderson et al.,
1996). This is a greater exchange energy than
8.95 kJ mol~!, reported by Ghose and Yang
(1989) for Fe-Mg exchange in an amphibole
with XM%X" = 0.378 and than 18.33 kJ mol ™'
found in Mn-Mg amphibole with XM%X™ =
0.350. Hirschmann et al. (1994) reported an
ordering energy of Fe-Mg between M(1) and
M(4),(~RTInK; 4) of 18.2+0.3 kJ mol™', in
natural ferromagnesian clinoamphiboles with
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Fe/(Fe+Mg) as great as 0.38. They also reported
a decrease in this ordering energy in very
magnesian compositions but found the reaction
to be otherwise independent of temperature over
the range 600—750°C. The variation in quoted
exchange energies may be due to differences in
composition or oxygen fugacity at the tempera-
tures of study. We note that our in situ
experiments were conducted under very low
oxygen fugacity, at the vanadium-vanadium
oxide buffer. It is apparent that the disordered
structural arrangements are retained during
cooling of the sample.

The distortion in lattice parameters during
heating above 100°C is interpreted as resulting
from the P2,/m to C2m phase transition. The
strain behaviour in the lattice parameters shows
that the spontaneous strain resulting from the P2,/
m — C2/m transition is predominantly a shear
with +&; & —g;3. Taking the data above 150°C as
the paraphase (the high symmetry phase), we have
calculated spontaneous strains of €, = 0.0734%
and €3 = —0.0708% at room temperature, which
decrease in magnitude on heating to 7. The scalar
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F1G. 7. Scalar strain as a function of temperature, falling

to zero at the transition temperature of 107°C.

strain may be calculated as the geometric average
of €; and &5 and falls to zero at a T, of 107°C. This
T. is higher than for the Fe-free cummingtonite
also from the Talc district, New York, given by
Prewitt et al. (1970), who reported a T, of 45°C,
but is comparable to the figure of Sueno et al.
(1972) who give a T, of 100°C (Fig. 7). In their
samples, all but the ¢ parameter, were greater than
the cell parameters refined here. From our limited
data, the spontaneous strain appears to be linearly
dependent on temperature below T.. Since, for
this transition, strain must behave as the square of
the order parameter (the transition is a zone-
boundary instability) this indicates that the P2,/m
— C2/m transition is second order, or close to
second-order in thermodynamic character (Salje,
1990). Additional strains, +€,, +€3 and —gs, all
resulting in a volume strain, are associated with
the M-site disordering at T > 550°C. The fact that
both M-site ordering and the P to C transition
induce measurable spontaneous strains provides a
mechanism for interaction between each. We
anticipate that changes in M-site order will induce
changes in the characteristics of the P2,/m —
C2/m transition through the common strain
interaction.
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