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High-Temperature Study of Octahedral
Cation Exchange in Olivine by
Neutron Powder Diffraction

C. M. B. Henderson,* K. S. Knight, S. A. T. Redfern, B. J. Wood

Time-of-flight, neutron powder diffraction to 1000°C provides precise octahedral site
occupancies and intersite distribution coefficients for MnMgSiO,, and MnFeSiO,, olivines.
Intersite exchange occurs in minutes down to 500°C. Equilibrium distribution coefficients
show that manganese ordering into the larger octahedral site decreases with increasing
temperature. Exchange energies are 15.7 and 10.1 kilojoules per mole for magnesium-
manganese and iron-manganese, respectively. Distribution coefficients deduced for
FeMgSiO, olivine suggest an exchange energy of 4.8 kilojoules per mole. Intersite ex-
change energies are consistent with diffusion coefficients in the order iron > magnesium
> manganese. Geothermometry based on magnesium-manganese and iron-manganese
exchange may be possible only for samples equilibrated below 500°C.

As olivine [(Mg,Fe,Mn),Si0,] is the ma-
jor constituent of the Earth’s upper man-
tle, its physical properties dominate the
deep Earth’s geophysical and geochemical
properties down to the 410-km seismic
discontinuity, which is attributed to the
transitions of olivine to B- and +y-spinel-
type polymorphs. A common simplifying
assumption is that olivine is near ideal,
with Mg and Fe fully disordered over M1
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and M2, the two octahedral sites. In-
tracrystalline M-site partitioning would,
however, be expected to modify olivine’s
thermodynamic stability, the diffusion
rates of M-site metals, and (potentially) its
elastic parameters. Furthermore, if signifi-
cant partitioning does occur, M-site occu-
pancies might also provide a means of
using olivine as a petrogenetic indicator
for thermometry and speedometry in a
wide range of rocks.

Crystal chemical studies of olivines,
primarily at room temperature (T) and
pressure (P), show that divalent cations
tend to order preferentially between M2,
the larger site, and M1, the more distorted
site; for example, Fe, Ni, and Zn into M1,
and Mn and Ca into M2 (I). Early at-
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tempts to determine the T dependence of
partitioning involved study at room T and
P of samples quenched from high T, main-
ly in the Mg-Fe (2) and Mg-Mn (3) oli-
vine systems; contradictory data were ob-
tained, likely because M1-M2 reequilibra-
tion occurred during quenching. It has
been shown that Mg-Fe intersite equili-
bration at 1000°C occurs in about 1 s, that
reordering upon cooling occurs on a time
scale of about 10 ms, and that blocking Ts
appear to be between 500° and 800°C,
depending on the cooling rate (4). Rapid
exchange has recently been confirmed in a
theoretical study of ordering kinetics (5).
The typical experimental quenching rates
are too slow to freeze-in the equilibrium
high-T ordering states. In situ experiments
are, therefore, essential for studying order-
ing in such mineral systems. No signifi-
cant changes in Fe-Mg ordering were de-
tected up to 800°C by in situ powder x-ray
diffraction (XRD) (6). By contrast, high-T
XRD, single crystal studies (7) suggest that
Fe is slightly ordered into M1 [KEMe = 1.1
to 1.2 (8)], and that with increasing T this
ordering increases [for example, KieMe =
1.37 at 900°C (9)]. However, recent high-T
neutron diffraction, single crystal work (10)
shows that KE™Mn increases from 1.02 at
room T to about 1.46 at 800°C, followed by
a progressive decrease, falling to 0.19 at
1300°C. This trend indicates that Fe orders
into M1 up to about 950°C, but this behav-
ior is reversed at higher Ts with substantial
partitioning into M2.

More precise structural information for
olivines at high Ts is necessary to obtain
clearer Ky versus T trends. The precision
to which Fe-Mg Kps may be determined
by x-ray methods is limited both by the
rapid fall-off of form factors and the inher-
ent limits on obtaining data at short scat-
tering vectors, whereas the precision of
neutron time-of-flight diffraction mea-
surements is constrained by the neutron
scattering contrast between Fe and Mg
nuclei. We have used a different approach,
namely, investigating the process of cation
exchange in a broader context using Mn
analogs. Aspects of the fundamental char-
acterization of cation exchange thus ob-
tained can be used to interpret the expect-
ed behavior of Fe-Mg nonideality. To this
end, time-of-flight, neutron powder dif-
fraction data for olivine analogs were ob-
tained at the ISIS facility, Rutherford
Appleton Laboratory, using the POLARIS
diffractometer (11). We have studied syn-
thetic FeMnSiO, and MgMnSiO, olivines
(12) to take advantage of the large con-
trast in coherent ~neutron scattering
lengths between the pairs Fe-Mn and Mn-
Mg [Fe, 9.54 fm; Mg, 5.375 fm; Mn, —3.73
fm (1 fm = 107" m)]. We were also able
to obtain data over a wide range of scat-
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tering vectors, allowing good discrimina-
tion of occupancies and displacement fac-
tors so that precise site occupancy factors
and K values for Fe-Mn and Mg-Mn
olivines were obtained (13) (Table 1 and
Fig. 1).

By combining measured Ky, values for
the two samples at the same T, the T de-
pendence for KFe-Me was approximated as

o Mn _ (Fe/Mn)y
KFD = (FC/MH)MZ (1)
(Mg/Mn)y;
Mg-Mn — et
v v W
KEE-Mn (Fe/Mghw
K5 = ke~ G )

where Ky = 1 for complete disorder.

The measured KEMn value of 4.21 for
the Fe-Mn olivine (Fig. 2A) at room T
confirms earlier observations that Fe is
ordered onto M1 and Mn onto M2 (1);
this Ky represents the degree of order
quenched-in during sample cooling. With
increasing T, no significant change occurs
until about 400°C, where Kp, begins to
show a small increase, reaching 5.03 at
500°C. This increase occurs because at
such Ts, the sample approaches the equi-
librium order. With further increase to
1000°C, there is a steady, slightly nonlin-
ear decrease in KE™Mn t0 2.70. Upon heat-
ing, the K&-M» value at 600°C is the same
(4.21) as that measured at room T at the

start of the experiment, suggesting that
the blocking T for Fe-Mn exchange during
the rapid quench from the sample synthe-
sis T was close to 600°C. The decreasing
KEe-Mn with increasing T corresponds to
the sample becoming less ordered.

Upon stepwise cooling (at about 0.4°
per second) down to 500°C, KEE‘M“ values
coincide with those measured on heating.
This trend defines a blocking T as low as
500°C, consistent with the slower cooling
rate of our experiments allowing equilibra-
tion at lower T than occurred during
quenching after synthesis. Figure 3 shows
idealized paths for such ordering patterns
and demonstrates the dependence of block-
ing T and low-T K, value on cooling rate.
Data points between 550° and 1000°C,
when plotted on an Arrhenius-type diagram
of In Ky versus 1/T, define an energy for
Fe-Mn intersite exchange of 10.1 = 0.3
k]J/mol. Data for the Mn-Mg olivine sample
follow similar trends (Fig. 2B), but KM&Mn i
larger than KE™M® with a value of 7.5 at
room T; thus, Mg (in the Mg-Mn sample) is
more strongly ordered onto M1 than Fe (in
Fe-Mn olivine). The Mg-Mn sample be-
comes less ordered as T increases. The or-
dering path on heating is similar to that
depicted in Fig. 2A, implying similar block-
ing Ts for Mg-Mn and Fe-Mn exchange.
Data between 500° and 1000°C define an
exchange energy for Mn-Mg of 15.7 = 0.9
k]/mol. It therefore seems unlikely that geo-
thermometry based on Fe-Mn and Mg-Mn

Table 1. Structural parameters for (Fe, ;Mn,, £),SIO, at 100°C. Numbers in parentheses are errors in the
last digits; x, y, z, fractional atomic coordinates; B,q, Isotropic temperature factors; S, fractional site
occupancies. Space group, Pmcn; cell parameters: a = 6.17510(9) A, b = 4.86394(7) A andc =
10.59147(16) A; refinement parameters: R, =29% R,, =20%, and Az = 1.7%.

Atom X y z A2) S
Fe1-Mn1 0.0000 0.0000 0.0000 0.51(2) 0.673(2)
Fe2-Mn2 0.25 0.9716(32) 0.2850(13) 0.51(2) 0.327(2)
Si 0.2500 0.4275(4) 0.0965(2) 0.37(2)

o1 0.2500 0.7622(3) 0.0924(2) 0.73(2)
02 0.2500 0.2132(4) 0.4538(1) 0.72(2)
03 0.0389(2) 0.2875(2) 0.1641(1) 0.71(2)

40+

201

Neutron counts (normalized)

T T A TR

T Fig. 1. Comparison of experimen-
tal (dots) and calculated (solid line)
diffraction pattern for FeMnSiO,
olivine at 100°C, together with the
difference plot [(ops = leac)/oy,, ]
(below) and theoretical peak posi-
tions (above). The dotted lines in
the difference plot mark values of
+1and =3.
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exchange on M1-M2 would be possible for
samples equilibrated above 500°C.

The KEe™e values for the Fe-Mg system
derived from the equilibrium partitioning
data for the other two samples above 500°C
(Fig. 2) are <1, suggesting that Fe is or-
dered onto M2 and Mg onto M1. Although
this deduction contrasts with some high-T
results (7, 8), it is in line with the single
crystal neutron results above 900°C (10);
further high-T work on Fe-Mg olivines is
required to cast further light on this phe-
nomenon. The absolute values deduced
here should be.treated with caution as sub-
tle differences in the crystal chemical rela-
tions for the Fe-Mg olivine system could
affect the exact order properties, but the T
dependence is thought to be reliable. The
deduced KFeMe values between 550° and
1000°C define an energy of Fe-Mg ex-
change of 4.8 = 1.0 kJ/mol.

The low exchange energies reflect the
rapid M1-M2 exchange, with the lowest
energies expected to correspond to the
fastest exchange rates. Thus, exchange
rates should decrease in the order Fe-Mg
> Fe-Mn > Mg-Mn: This implies that the
hopping energies of intersite diffusion de-
crease in the order Mn > Mg > Fe, and
hence, the relative values of the calculat-
ed volume diffusion coefficients in olivine
decrease as Dy, > DMg > Dy, (14). For
the Fe-Mn sample at low T, refinement of
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Fig. 2. Temperature dependence of the M1-M2
distribution coefficient in olivine. (A) KEEMn = (Fe/
Mn)y,,/(Fe/Mn)yp. (B) KNOMN = (Mg/Mn),,,/(Mg/
Mn),s,- (@) Heating experiments; (O) cooling ex-
periments. Ticks mark 1o standard deviations.

isothermal diffraction data collected in
successive 30-min periods shows no signif-
icant structural differences, suggesting
that intersite exchange equilibration oc-
curs on a time scale of minutes (perhaps
much less). Thus, K, values determined at
room T for Fe-Mn olivines (15) quenched
from high T, and presumably for quenched
Mg-Mn olivines (16), must be treated
with caution.

The results of our in situ neutron dif-
fraction studies on Mn analogs have wider
implications for Fe-Mg natural olivines.
The increasing degree of order up to about
900°C observed in high-T single crystal
measurements on natural Fe-Mg olivines
(7,9, 10) might originate from the same
processes as seen in our Fe-Mn data below
450°C, that is, the samples move toward
equilibrium degrees of order at Ts lower
than the blocking T experienced during
natural cooling. In addition, the fact that
Kp values fall off the equilibrium Kp ver-
sus T trend at low Ts (Fig. 3) offers the
possibility of obtaining information on
cooling rates of natural samples.

Recent structural studies of Fe-Mg or-
der-disorder arrangements over octahedral
sites in amphiboles are based on structural
analyses carried out at room T on
quenched samples (17), but no T depen-
dence was detected between 600° and
750°C. Such data have been used to de-
velop sophisticated thermodynamic mix-
ing models (18), but before such models
can be assessed, it is necessary to establish
whether Fe-Mg intersite exchange is very
rapid, as in olivine, or significantly slower,
as in orthopyroxene (19). The contrast in
Fe-Mg intersite exchange kinetics is evi-
dent when the exchange energy estimated
here for olivine (4.8 kJ/mol) is compared to
the value of 25 kJ/mol for orthopyroxene
(20). Further high-T in situ structural work
is necessary to elucidate the effects of octa-

— - Slow heating
and cooling

— — —» Rapid cooling

Kp

Blocking T
for slow cooling

N\
Blocking T X
for rapid cooling >

Temperature

Fig. 3. Schematic variation of K, with tempera-
ture depending on heating and cooling rates,
modeled on the data for Fe-Mn olivine. The equi-
librium part of the rapid cooling curve should be
coincident with the slow cooling curve but is
displaced for clarity.
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hedral site order-disorder on structural and
thermodynamic properties of mafic minerals
in general.

REFERENCES AND NOTES

1. G. E. Brown Jr., in Orthosilicates, P. H. Ribbe, Ed.
(Reviews in Mineralogy, vol. 5, Mineralogical Society
of America, Washington, DC,-1980), pp. 275-381.

2. F. Princivalle, Mineral. Petrol. 43, 121 (1990); G. Ot-
tonello, F. Princivalle, A. Della Giusta, Phys. Chem.
Miner. 17, 301 (1990).

3. T.Akamatsu et al., Phys. Chem. Miner. 16, 105 (1988).

4. N. Aikawa, M. Kumazawa, M. Tokonami, ibid. 12, 1
(1985).

5. T. Akamatsu and M. Kumazawa, ibid. 19, 423
(1993).

6. G. Artioli, M. Bellotto, B. Palosz, Powder Diffr. 9, 63
(1994).

7. J.R.Smyth and R. M. Hazen, Am. Mineral. 58, 588

(1973); G. E. Brown and C. T. Prewitt, ibid., p. 577.
8. Distribution coefficients for intersite order in Fe-Mg
olivines are formulated as KEe-M3 = (Fe/Mg),,,/(Fe/
M@)pe (Molar ratios).
. T. Motoyama and T. Matsumoto, Mineral. J. 14, 338
(1989).
. G. Artioli, R. Rinaldi, C. C. Wilson, P. F. Zanazzi, Am.
Mineral. 80, 197 (1995); R. Rinaldi and C. C. Wilson,
Solid State Commun. 97, 395 (1996).
. R. . Smith, S. Hull, A. R. Armstrong, Mater. Sci.
Forum 166-169, 251 (1994).
2. We prepared the Fe-Mn sample by mixing Fe,Og,
MnO, and SiO, and crystallizing the mixture at
1150°C for three periods of 12 hours each, and the
Mn-Mg olivine was prepared from MgO, MnO, and
SO, crystallized at 1400°C for three periods of 4
hours each; both were ground between heat treat-
ments. Both samples were buffered in CO,-CO gas
mixtures about 1 log unit more oxidizing than the
Fe-FeO buffer and quenched within the reducing gas
atmosphere to below 500°C in <1 min. About 3.5 g
of each was prepared. Both samples were studied
by x-ray powder diffraction and were found to be
phase pure, with narrow peaks showing that they
were well crystallized and homogeneous. Each sam-
ple was loaded into a thin-walled quartz glass tube,
with silica wool separating the sample from either
Fe-FeO buffer (Fe-Mn sample) or Ni-NiO buffer (Mn-
Mg). The tubes were then evacuated and sealed,
placed in vanadium cans, and mounted inside a va-
nadium furnace assembly, the whole of which was
evacuated to a residual P of about 0.05 Pa. For the
Fe-Mn sample, isothermal diffraction patterns were
collected for 2 hours each upon heating and for 1/2
hour each upon cooling; Mg-Mn data were collected
for 1 hour upon heating. Structural data were ob-
tained by Rietveld refinement. For the Fe-Mn sample,
at each T between 400° and 750°C, diffraction pat-
terns were collected in four 1/2-hour periods. Some
of these isothermal data sets were refined separately,
but no differences in site populations were observed.
13. Relative errors on occupancy factors for the Fe-Mn
olivine are about 0.5%, equivalent to errors in Ky
values of only 1 to 1.5%. Data for the Mg-Mn sam-
ple are less precise, with errors in Ky values of
about 3 t0 4.5%.

14. M. Miyamoto and H. Takeda, Nature 303, 602
(1983). )

15. H. Annersten, J. Adetuniji, A. Filippidis, Am. Mineral.
69, 1110 (1984).

16. C. A. Francis and P. H. Ribbe, ibid. 65, 1263
(1980).

17. M. Hirschmann, B. W. Evans, H. Yang, ibid. 79, 862
(1994).

18. M. S. Ghiorso, B. W. Evans, M. M. Hirschmann, H.
Yang, ibid. 80, 502 (1995).

19. J. A. Sykes-Nord and G. M. Molin, ibid. 78, 921
(1993).

20. G. M. Molin, S. K. Saxena, E. Brizi, Earth Planet. Sci.
Lett. 105, 260 (1991).

21. We thank Rutherford Appleton Laboratory for re-
search grant RB6035 and R. Rinaldi and an anon-
ymous reviewer for constructive critical comments.

o

—
o

—
—

—

13 October 1995; accepted 1 February 1996

1715





