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Abstract: The structures of four Fe,Mg olivine crystals Fal1.6, Fa22.3, Fa27.6 and Fa27.8 have been investigated by ex situ and in
situ experiments using single-crystal X-ray diffractometry. For the ex situ experiments, the crystals were quenched after equilibration
at temperatures between 500 °C and 900 °C. Resetting effects were only observed for samples quenched from 900 °C. The in situ
experiments were performed at temperatures up to 750 °C. With increasing equilibration temperature, Fe?* was found to
progressively segregate into the octahedral M1 site, i.e. the degree of anti-order increases with rising temperature. Thus, contrary to
the results of Rinaldi et al. (2000) and Redfern er al. (2000), no indication of an ordering reversal at high temperatures is found.
Incorporation of the results of Heinemann et al. (2006) on olivine Fa47.9 into the present study allows for the first time to
systematically investigate the compositional variation of the temperature dependence of the Fe?*,Mg site occupancies. The
formulation of Thompson (1969, 1970) for solid solutions undergoing non-convergent disordering processes,

~ RTIn Kp, = [AHY,, - (L, - LE,)X] - TIAS, — (LY, - L)X, (1)
yielded
AH, ., =1153 (+ 67) J/mol AS? ., =3.743(+ 0.072) J/molK

L — L, =973 (+ 211) J/mol L3y —L3p=—0.89 (£ 0.24) J/molK.
AH? , and AS?

9 nare the exchange enthalpy and entropy, respectively, related to the Fe?* Mg site exchange, L{}, , and L§; v
denote enthalpic and entropic intrasite interaction parameters. The compositional parameter X varies between —1 for forsterite (Fa0)
and +1 for fayalite (Fa100). The magnitudes and signs of the four refined quantities can be rationalized in terms of thermodynamic
and crystal-chemical considerations. (L{; — L{,) > 0 indicates that the interactions between the M1 sites are stronger than those
between the M2 sites, conforming with the M1-M1 distances being shorter than the M2-M2 distances. (L{;; —L3},) < O relates to the
electronic entropy which is proportional to the Fa-content. According to equation (1), AHY, ,, increases towards the Mg endmember
while ASY, ., decreases. Since AHY, ,, > O stabilizes the ordered state whereas AS, ,, > 0 stabilizes the anti-ordered state, it follows
that the ordered state is progressively favoured with increasing Mg content. Consequently, ordered site distributions should occur
only in slowly cooled Mg-rich olivines, whereas olivines with Fa > 25 mol% should be found in their anti-ordered states frozen
during cooling. This conclusion is supported by structure refinements and ordering path simulations for a metamorphic olivine
Fal2.4 as well as two volcanic olivines Fa25.6 and Fa27.8.
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Introduction

In the recent literature, the temperature variation of the
Fe** Mg cation distribution in olivine, Mg,[SiO,] (Fo) —
Fe,[Si0,] (Fa), has experienced a controversial discussion.
Redfern et al. (2000) reported that Fe?* in olivine of compo-
sition Fa50, after an initial slight preference for the M1 site,
significantly segregates into the M2 site as soon as the tem-
perature exceeds 650 °C. Artioli et al. (1995) and Rinaldi et
al. (2000) found a similar behaviour in FalO and Fal2 for
which they observed the same effect at about 850 °C. In
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contrast, Morozov et al. (2001, 2002, 2005), based on M6f3-
bauer spectroscopy on quenched Fa50 samples, could not
confirm such behaviour. Their findings agree with those of
Heinemann et al. (2003a,b, 2006) who observed in both ex
situ and in situ single-crystal X-ray diffraction experiments
performed on Fa47.9 up to 900 °C that Fe?* continues to
fractionate into the M1 site with increasing temperature.

In the present study, we extend these investigations by re-
porting on the temperature variation of the Fe?*,Mg cation
distribution in three Mg-rich olivines with compositions
Fa22.3, Fa27.6 and Fa27.8, and, in completion of earlier in-
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vestigations, in two olivines, Fall.6, from the Acapulco
meteorite. In addition, the site occupancies of two untreated
metamorphic and volcanic olivines with 12.4% and 25.6%
Fa content, respectively, have also been determined in order
to investigate the evolution of site occupancies under the
conditions of both slow and fast cooling.

Experimental methods

Electron microprobe analysis

(1) The two meteoritic olivine crystals Fal1.6 derive from a
previous study by Heinemann et al. (1999) where details of
the microprobe analysis are given. (2) The four olivine phe-
nocrysts with compositions Fa22.3, Fa25.6, Fa27.6 and
Fa27.8 were separated from a hand-specimen of an andesit-
ic lava flow from the Saar-Nahe basin, Germany (Schmidt-
Riegraf, 1996). After cutting the phenocrysts into smaller
pieces, we have chosen one single-crystal of each pheno-
cryst for further X-ray investigation. All crystals were free
of inclusions, showed distinct extinctions under the polariz-
ing microscope and produced sharp diffraction spots on
Laue photographs. Prior to their X-ray investigations, the
four single-crystals were ground and polished for chemical
analyses with the electron microprobe (JEOL Superprobe
JXA-8600 MX operated by S. Matveev, Miinster). Accord-
ing to the data reduced by the ZAF correction technique, all
crystals proved to be homogeneous. The mean values of 26
to 80 point analyses on each crystal are reported in Tab. 1
showing that the crystal-chemical constraints, (i) sum over
positive valences = 8, (ii) sum over tetrahedral plus octahe-
dral cations = 3, are satisfactorily met. Deviations from the
constraints were accounted for following Ganguly et al.
(1994). (3) Another olivine crystal (Fal2.4) was selected
from a granulite-facies marble from South Madagascar and
treated as described above (microprobe operator: M. En-
ders, Miinster).

In situ and ex situ experiments

As in part I of this series (Heinemann et al., 2006), the sin-
gle-crystal structure refinements were carried out with two
groups of X-ray intensity data collected on a conventional
and a rotating anode diffractometer operated in Miinster
and Bonn, respectively. These groups are therefore
referred to as (MS) and (BN). The (MS)-data were mea-
sured at ambient temperatures on crystals that had been
rapidly quenched to room temperature after annealing be-
tween 500 °C and 900 °C (ex sifu experiments). For the an-
nealing experiments, the crystals were inserted into silica
glass capillaries which were then placed into silica glass
tubes containing Fe/FeO mixtures to control the oxygen
fugacity.

The (BN)-data were collected in situ at elevated tempera-
tures using a N, gas stream device to heat the crystals
mounted in sealed silica glass capillaries filled with a CO/
CO, gas mixture which provided an oxygen fugacity corre-

sponding to the Fe/FeO buffer. The heating device, its per-
formance and in particular the method of temperature as-
sessment are described by Scheufler et al. (1997). Further
information on the (MS) and (BN) preparation techniques is
given in Heinemann et al. (2006).

The annealing temperatures, in sifu temperatures and run
times are compiled in Tab. 2.

Data collection and reduction

The room temperature X-ray intensity data (MS) were col-
lected on an ENRAF-NONIUS-CAD4 four-circle diffrac-
tometer using MoKa-radiation monochromatized by a py-
rolytic graphite crystal. Covering the octants hkl, oﬁl, hKI,
and hkl data were measured up to sin(0)/A = 1.08 A~! using
an 0—20 scan mode optimized for each run. The in situ mea-
surements (BN) were performed on a rotating Mo-anode
diffractometer, RIGAKU AFC6, also equipped with a pyro-
lytic graphite monochromator. Due to the gas stream heater
the data collection was limited to sin(6)/A = 0.70 A~'. As for
MS, the intensities were measured for half spheres. The re-
spective data reductions followed the procedures described
by Heinemann et al. (2006). For details about both data col-
lections and reductions, see Table 2.

Structure refinement

All structure refinements were carried out in space group
Pbnm using the program RFINE 90, a version of RFINE4
updated by Finger & Prince (1975) and locally modified by
R. Heinemann. Atomic scattering factors were taken from
Cromer & Waber (1974) and Hovestreydt (1983), anoma-
lous dispersion corrections from Doyle & Turner (1968). A
partially ionic structure model was used in which the metal
atoms were considered fully ionized whereas silicon and ox-
ygen were assumed partially ionic, Si** and O'¥, respec-
tively. The large Ca and Mn cations were assigned to the M2
site. Fe>* and Mg were free to fractionate between M1 and
M2, subject to the site occupancy constraints

XM+ XML = 1

XM+ Xig = 1 — X2 - X, 2

and the chemical constraint
XM! 4 XM2 = constant (see Table 1). 3)

sie . denotes the amount of Fe?* or Mg occupying the M1
or M2 site, respectively. In the refinements, the observed
structure amplitudes |F | were weighted according to
w = [0%(F,) + (2R, - F_)’| ! subject to the robust/resistant
technique. R; is the internal agreement of the data based on
Ll (e.g., Le Hénaff et al., 1997). An isotropic extinction
coefficient was refined according to Becker & Coppens
(1974; type I, Lorentzian mosaic distribution), this however
only in the final stages of the refinements due to high corre-
lation with the scale factor.



Table 1. Electron microprobe analyses of volcanic Saar-Nahe (CSR) and metamorphic South Madagascar (Ro8/2) olivines.
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CSR -1 oxides observed sigma® atoms observed sigma® adjusted
SiO, 37.244 0.166 Si 0.9820 0.0044 1.0000
MgO 36.824 0.222 Mg 1.4475 0.0087 1.4320
FeO 25.402 0.316 Fe? 0.5601 0.0070 0.5518
MnO 0.406 0.063 Mn 0.0091 0.0014 0.0087
CaO 0.267 0.018 Ca 0.0075 0.0005 0.0075
sum total 100.143 3.0062 3.0000
Sval 7.9764 8.0000
AM-T)® 0.1204 0.0000
Xp,© 0.2782
CSR -2 oxides observed sigma® atoms observed sigma® adjusted
SiO, 38.410 0.294 Si 0.9926 0.0076 1.0000
MgO 40.342 0.349 Mg 1.5542 0.0134 1.5442
FeO 20.678 0.495 Fe? 0.4469 0.0107 0.4437
MnO 0.321 0.077 Mn 0.0070 0.0017 0.0070
CaO 0.189 0.031 Ca 0.0052 0.0009 0.0052
sum total 99.940 3.0059 3.0001
Sval 7.9970 8.0002
AM-T)® 0.0562 0.0002
X, © 0.2232
CSR -5 oxides observed sigma® atoms observed sigma® adjusted
SiO, 38.082 0.211 Si 0.9917 0.0029 1.0000
MgO 38.104 0.239 Mg 1.4793 0.0078 1.4774
FeO 23.504 0.261 Fe? 0.5119 0.0051 0.5092
MnO 0.349 0.040 Mn 0.0077 0.0009 0.0076
CaO 0.209 0.015 Ca 0.0058 0.0004 0.0058
sum total 100.248 2.9964 3.0000
2val 7.9762 8.0000
AM-T)® 0.0426 0.0000
X, © 0.2563
CSR -12 oxides observed sigma® atoms observed sigma® adjusted
SiO, 37.741 0.228 Si 0.9921 0.0060 1.0000
MgO 36.640 0.264 Mg 1.4358 0.0103 1.4354
FeO 25.102 0.386 Fe? 0.5518 0.0085 0.5483
MnO 0.405 0.060 Mn 0.0090 0.0013 0.0089
CaO 0.264 0.017 Ca 0.0074 0.0005 0.0074
sum total 100.152 2.9961 3.0000
2val 7.9764 8.0000
AM-T)® 0.0396 0.0000
X, © 0.2764
Ro 8/2 oxides observed sigma® atoms observed sigma® adjusted
SiO, 39.828 0.185 Si 0.9916 0.0046 1.0000
MgO 46.223 0.335 Mg 1.7156 0.0124 1.7163
FeO 11.669 0.122 Fe?* 0.2430 0.0025 0.2436
MnO 1.869 0.036 Mn 0.0394 0.0008 0.0395
CaO 0.023 0.010 Ca 0.0006 0.0003 0.0006
sum total 99.612 2.9902 3.0000
2val 7.9636 8.0000
AM-T)® 0.0308 0.0000
Xp,© 0.1243

@ sigma: estimated standard deviation

® A(M-T): difference between charge excess in the M sites and charge deficiency in the T sites

© X, = Fe / (Fe+Mg), Xg, = 1 - X,
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Table 2. Thermal treatment of the samples; data collection and reduction parameters.

data set T annealing type of max. No.of  internal
°0) time measurement  sin6/h unique R (IL)
A refl.
MS Fal24 Ro -8/2 as is - RT® 1.09 1688 0.012
MS Fall.6 Aca -7-1 asis - RT 1.09 1612 0.023
-7-2 750 4d ex situ® 1.09 1684 0.019
-7-3 650 6d ex situ 1.09 1684 0.029
743 500 26d ex situ 1.09 1684 0.030
-7-5 550 131d ex situ 1.09 1684 0.020
-7-6 600 20d ex situ 1.09 1684 0.029
-7-7 700 5d ex situ 1.09 1684 0.026
MS Fall6 Aca -8-1 as is - RT 1.09 1684 0.017
-8-2 750 4d ex situ 1.09 1684 0.020
-8-3 650 6d ex situ 1.09 1684 0.021
-84 500 26d ex situ 1.09 1684 0.026
-8-5 550 131d ex situ 1.09 1684 0.022
-8-6 600 20d ex situ 1.09 1684 0.026
-8-7 700 5d ex situ 1.09 1686 0.024
BN Fa223 CSR -2-1 20 - in situ 0.70 346 0.021
-2-2 450 4h in situ 0.70 348 0.013
-2-3 600 4d in situ 0.70 354 0.024
24 677 2d in situ 0.70 356 0.024
-2-5 725 25h in situ 0.70 357 0.024
-2-6 800 2.5h in situ 0.70 358 0.023
MS Fa25.6 CSR -5-1 asis - RT 1.09 1704 0.017
MS Fa27.6 CSR —12-1 625 7d ex situ 1.09 1704 0.018
-12-2 700 4d ex situ 1.09 1703 0.018
-12-3 550 40d ex situ 1.09 1704 0.021
-12-4 900 1d ex situ 1.09 1704 0.017
MS Fa27.8 CSR -1-1 asis - RT 1.09 1704 0.021
-1-2 625 7d ex situ 1.09 1704 0.016
-1-3 700 4d ex situ 1.09 1703 0.019
-1-4 550 40d ex situ 1.09 1704 0.016
-1-5 900 1d ex situ 1.09 1703 0.014

Notes: (1) RT =room temperature. (2) ex situ = data collection at ambient conditions after quench of the sample
from the indicated temperature where it had been annealed for the time given in column 3. (3) Prior to its isother-
mal annealing for 26 d at 500 °C the sample Aca-7-4 had been slowly cooled from 625 °C to 300 °C. During this
process its Fe?*,Mg site distribution became frozen in close to 500 °C so that further annealing for a relatively
short time at this temperature was sufficient for the crystal to reach equilibrium.

Results and discussion

Variation with temperature and composition of the
Fe**,Mg site occupancies

Detailed results of the structure refinements are listed in
Tab. 3, Tab. 4 and Tab. 5. The unit-cell dimensions are given
in Tab. 6. With K, defined as

Kp = XMIXM2/XMX M @)

the ensuing InKy values of the olivines Fall.6, Fa22.3,
Fa27.6 and Fa27.8 are plotted versus 1/T in Fig. 1 which ad-
ditionally shows the results of Fa47.9 reported by Heine-
mann et al. (2006).

At the lowest temperature of equilibration (500 °C), Fe?*
is slightly enriched in M1, the site into which it continues to
fractionate, increasing the degree of anti-order with increas-

ing temperature. Hence, the slope of each InKj, line is nega-
tive, and InKp, > O for all experimental temperatures. With
decreasing Fa content, the slope becomes slightly steeper.
Its dependence on the Fe,Mg composition can be modelled
in terms of Thompson’s (1969, 1970) formulation of the or-
der induced Gibbs energy, G°4, which for olivine can be
written as (Kroll et al., 2006)

Gord:GQ_Gon

1
== b} [Angch - (LS[] - Ll%/[z) X] Q- Tng)if %)
where the compositional variable X,
X =2Xp, - 1, (6)

takes values between —1 (forsterite, Fa0) and +1 (fayalite,
Fal00). The long range order parameter Q,

Q = Xg;%+ — XFMelh, (7)
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is —1 and +1 for the fully anti-ordered (Fe** in M1, Mg in
M2) and fully ordered state (Mg in M1, Fe?* in M2), respec-
tively. AGY, ., expresses the Gibbs energy difference be-
tween the anti-ordered and ordered states

AC}cxch GQ— 1= G% =1 (8)

The linear X term in which L§;; and L, account for intrasite
interactions adds a composition dependent energy contribu-
tion to AGY,,. S&4; is the conventional configurational en-
tropy due to ordering. Since at internal equilibrium dG°/0Q

=0, one obtains

- RTInK, = AGY,,, — (L, — L) X
= [AHexch (Lllcl/ll - LII;I/IZ)X]
—T[ASY - L3y — L3p)X]. 9

With the exception of Fa22.3 all InK}, data shown in Fig. 1
were used to obtain the adjustable parameters of equation (9),
Le. AHexch’ exch’ (L L&Z) and (Ll§/ll - LSM2)’ by Weighted
least-squares analysis. The refined parameters served in turn
to calculate the InKy, lines plotted in Fig. 1, which thus are not
regression lines obtained for the individual samples but lines
derived from a general model. The agreement with the experi-
mental InK}, values is convincing, particularly for Fa47.9
where both in situ and ex situ data are combined. The InK, da-
ta of Fa22.3 were not included in the regression because they
are considered less reliable than the other data. This is most
probably due to the fact that reflection intensities could be col-
lected in only four rather than eight octants (as for Fa47.9) and
this for technical reasons only up to sin(8/L) = 0.70 A-! rather
than to 1.08 A-! (as for the ex sifu experiments). Nevertheless,

the Fa22.3 results are included into Fig. 1 for comparison. The
symbol drawn at 625 °C represents in fact two equal results
obtained at 20 °C and 450 °C, respectively, but were assigned
to the temperature of the prior equilibration since a redistribu-
tion of the cations during the time of data collection is unlikely
up to 450 °C.

The results of the least-squares analysis, i.e.,

AHY , = 1153 (+ 67) J/mol

ASY ., =3.743(% 0.072) J/molK

LE, —LE, =973 (+ 211) J/mol

L$,, —L$, =—0.89 (+ 0.24) J/molK (10)

deserve a discussion of their thermodynamic and crystal-
chemical implications.

(1) AH?,;, and AS?,, relate to the exchange of one mole
of Fe?* on M2 with one mole of Mg on M1. For X = 0
(Fa50), AH?, ., and AS?,, take the values given in equation
(10). Within error limits, these values reproduce those re-
ported by Kroll ez al. (2006), AHY,,, = 1164(54) J/mol and
ASY ., = 3.68(6) J/molK, for a crystal with X =~ 0 (Fa47.9)
indicating that the dependence of the exchange parameters
on composition is adequately modelled by equation (9).

The exchange enthalpy that Redfern et al. (2000) derived
from their experiments, —11100 J/molK, strongly contrasts
to our value with regard to both size and sign (note the sign
error associated with the value quoted by the authors). In a
InKp, vs. 1/T diagram, AH?, ;, = 11100 J/molK indicates a

steep, positively sloping line, whereas we found the slope to
be gentle and negative (Fig. 1).

(2) Both AH?, ;, and AS?,,, are positive with AHY,, be-
ing small. This has interesting consequences with respect to
the temperature and composition dependent attainment of
ordered and anti-ordered states. A brief account is given fur-
ther below; for a detailed discussion of the crystal-chemical
factors that govern the magnitudes and signs of AH?, ;, and
AS?.., in AB olivines, see Kroll ez al. (2006).

(3) The compositional variation of the exchange enthalpy
is controlled by the magnitude and sign of the difference be-
tween Li, and LE,. Since (LY}, —LH,)>0, the exchange en-
thalpy increases with decreasing X, i.e. towards the Mg end-
member (X = —1), vice versa it decreases towards the Fe
endmember (X = 1),

AH , (X)= AH? , (X =0)- (LY, (11)

exch

The larger the (positive) value of AHY, , (X), the smaller is
the enthalpy of the ordered state relative to that of the anti-
ordered state. Thus, the ordered state becomes the more fa-
voured the larger the Mg content. This has in fact been con-
firmed by the investigation of Mg-rich metamorphic oliv-
ines (Aikawa et al., 1985; Princivalle, 1990; Freiheit et al.,
2000; and this study), in which due to slow cooling the cat-
ion exchange processes could proceed down to low temper-
atures. In such case, the energy TASY, , (X) becomes suffi-
ciently small relative to AHY,,(X) so that an ordered state
(InKj < 0) is attained, contrary to the regime of higher tem-
peratures at which anti-order prevails (InKp, > 0) due to the
dominance of TAS?, .,(X) (see Fig. 1).

The quantities L, and LE, model energetic interactions
between the cations on the M1 and M2 sites, respectively.
Neither of them is likely to be negative since in analogy to

excl

~Li)X.

exch

T[°C]
900 800 700 600 500

0.35

an[

1/T[10YK]

Fig. 1. Variation of InK}, with inverse temperature and composition
of olivines Fall.6, Fa22.3, Fa27.6 and Fa27.8 (Table 5) and Fa47.9
(Heinemann et al., 2006). Open symbols: ex sifu measurements, full
symbols: in situ measurements. Ky, is defined as Ky, = X§'X\i2 /
XM2XMs Where the site occupancies are indicated by Xt ... Fa22 3
was quenched from equilibration at 625 °C. Therefore, measure-
ments at 20 °C and 450 °C yielded site occupancies that correspond
to 625 °C (or nearly so) as plotted.
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Table 3. Atomic fractional coordinates and anisotropic thermal displacement parameters [AZ] of Saar-Nahe olivine CSR-2 (Fa22.3), obtained

from refinements with in situ data (BN-data).

sample CSR-2 CSR-2 CSR-2 CSR-2 CSR-2 CSR-2

T [°C] 20 450 600 677 725 800

Si o x 0.42722 (10) 0.42728 (10) 0.42731 (10) 0.42740 (10) 0.42745 (9) 0.42740 (9)
y 0.09491 (5) 0.09495 (5) 0.09497 (5) 0.09498 (5) 0.09496 (4) 0.09503 (4)
Uy, 0.0046 (2) 0.0080 (3) 0.0096 (2) 0.0104 (2) 0.0110 (2) 0.0117 (2)
U,, 0.0068 (2) 0.0122 (2) 0.0143 (2) 0.0156 (2) 0.0163 (2) 0.0175 (2)
Us; 0.0055 (2) 0.0106 (3) 0.0128 (2) 0.0139 (2) 0.0148 (2) 0.0160 (2)
U, 0.0001 (2) 0.0002 (2) 0.0002 (2) 0.0003 (2) 0.0004 (2) 0.0004 (2)

M1 X, 0.2364 (8) 0.2365 (9) 0.2396 (8) 0.2395 (8) 0.2399 (8) 0.2416 (8)
U, 0.0057 0.0119 0.0146 0.0162 0.0171 0.0187
U,, 0.0097 0.0207 0.0253 0.0278 0.0295 0.0321
Uss 0.0054 0.0118 0.0145 0.0160 0.0170 0.0186
U, 0.0001 —-0.0002 —-0.0004 —-0.0004 —0.0005 —0.0006
Uj; —0.0006 -0.0017 —-0.0022 —0.0026 -0.0028 —-0.0031
U3 -0.0013 —0.0035 —0.0043 —0.0048 —0.0051 —0.0056

M2 X, 0.2073 (8) 0.2072 (9) 0.2041 (8) 0.2042 (8) 0.2038 (8) 0.2021 (8)
X 0.98864 (9) 0.98937 (10) 0.98987 (10) 0.98997 (10) 0.99009 (9) 0.99027 (9)
y 0.27808 (4) 0.27877 (5) 0.27906 (4) 0.27916 (5) 0.27928 (4) 0.27942 (4)
Uy, 0.0077 0.0156 0.0190 0.0209 0.0221 0.0241
U,, 0.0066 0.0129 0.0157 0.0172 0.0182 0.0198
Us; 0.0060 0.0136 0.0170 0.0188 0.0200 0.0219
U, 0.0001 0.0004 0.0005 0.0006 0.0006 0.0007

01 x 0.76600 (26) 0.76479 (29) 0.76432 (27) 0.76414 (26) 0.76399 (26) 0.76384 (26)
y 0.09183 (11) 0.09203 (12) 0.09212 (11) 0.09209 (11) 0.09213 (11) 0.09216 (11)
U, 0.0050 (6) 0.0087 (6) 0.0108 (6) 0.0117 (6) 0.0128 (6) 0.0136 (6)
U,, 0.0094 (6) 0.0184 (7) 0.0219 (6) 0.0241 (6) 0.0253 (6) 0.0274 (6)
Uss 0.0051 (5) 0.0120 (6) 0.0146 (6) 0.0165 (6) 0.0173 (6) 0.0194 (6)
U, 0.0002 (5) 0.0000 (5) 0.0001 (5) —0.0002 (5) 0.0000 (5) —0.0001 (5)

02 x 0.21854 (24) 0.21830 (27) 0.21869 (25) 0.21821 (25) 0.21813 (24) 0.21813 (24)
y 0.44857 (11) 0.44934 (12) 0.44963 (11) 0.44983 (11) 0.44995 (11) 0.45016 (10)
Uy, 0.0068 (5) 0.0129 (6) 0.0155 (6) 0.0171 (6) 0.0178 (6) 0.0196 (6)
U,, 0.0065 (6) 0.0117 (6) 0.0142 (6) 0.0151 (6) 0.0155 (6) 0.0170 (6)
Uss 0.0064 (6) 0.0140 (7) 0.0166 (6) 0.0189 (6) 0.0204 (6) 0.0220 (6)
U, —0.0002 (5) —0.0005 (6) —0.0004 (5) —0.0002 (5) —0.0003 (5) 0.0000 (5)

03 x 0.27999 (18) 0.28146 (20) 0.28200 (18) 0.28231 (18) 0.28263 (18) 0.28300 (18)
y 0.16359 (8) 0.16339 (8) 0.16333 (7) 0.16336 (7) 0.16341 (7) 0.16338 (7)
z 0.03428 (13) 0.03537 (14) 0.03556 (14) 0.03580 (14) 0.03599 (13) 0.03619 (13)
Uy, 0.0055 (4) 0.0120 (5) 0.0147 (4) 0.0162 (4) 0.0172 (4) 0.0188 (4)
U,, 0.0092 (4) 0.0176 (4) 0.0210 (4) 0.0230 (4) 0.0243 (4) 0.0265 (4)
Uss 0.0073 (4) 0.0140 (5) 0.0164 (4) 0.0180 (4) 0.0192 (4) 0.0207 (4)
Uy, 0.0000 (3) 0.0003 (4) 0.0006 (4) 0.0005 (4) 0.0008 (4) 0.0008 (4)
Uj; —0.0003 (4) —0.0007 (4) —0.0008 (4) —0.0008 (4) —0.0011 (4) —0.0008 (4)
U,; 0.0014 (3) 0.0035 (4) 0.0049 (4) 0.0055 (4) 0.0058 (4) 0.0064 (4)

Note: Special positions not listed above: x(M1) = y(M1) = z(M1 ) =0, z(Si) = z(M2) = z(0O1) = z(02) = Y.

solid solution theory, negative values would suggest ordering
tendencies within each of the two sublattices whereas
exchange between the sublattices is observed. Therefore, it is
more likely that both L, and L, are positive which implies
unmixing tendencies in each of the two sublattices and hence
ordering between them. Then, since(Lt}, — Li,) > 0, the un-
mixing tendencies must be stronger in the M1 than the M2
sublattice which conforms with the observation that in the oc-
tahedral chains, extending along [001], the M1-M1 distances
are shorter than the M2-M2 distances, thus promoting larger
interactions between the M1 than the M2 cations. To be more
specific, in Mg-rich olivines, according to the larger value of

LI, the fewer Fe?* cations are more strongly driven from the
M1 into the M2 sublattice than vice versa so that in total the
crystal orders. On the other hand, in Fe?*-rich crystals, the
fewer Mg cations are forced to segregate from M1 into M2
which results in anti-order. It is thus the shorter <M1-M1>
distance that accounts for the observed compositional varia-
tion of the exchange enthalpy. Kroll ez al. (1997) found simi-
lar trends in orthopyroxenes where d(M2-M2) —d(M1-M1) =
1.5 A is even larger than in olivine with Ad = 1 A.

(4) Different from its enthalpic equivalent, (L§;; —L3},) is
a negative quantity, while AS? , is positive. Therefore, in
contrast to AH?, ;. (X),
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Table 4a. Atomic fractional coordinates and anisotropic thermal displacement parameters [A?] of Acapulco olivine
Aca-7 (Fal2.4), obtained from refinements with ex situ data (MS-data).

sample Aca-7 Aca-7 Aca-7 Aca-7 Aca-7 Aca-7 Aca-7

T [°C] as is 500 550 600 650 700 750

Si X 0.42683 (4) 0.42684 (4) 0.42681 (3) 0.42681 (4) 0.42684 (5) 0.42687 (4) 0.42687 (5)
y 0.09440 (2) 0.09444 (2) 0.09445(2) 0.09441(2) 0.09443 (2) 0.09443 (2) 0.09445 (2)
U, 0.00337 (6) 0.00254 (6) 0.00291 (5) 0.00284 (6) 0.00273 (7) 0.00287 (7) 0.00287 (7)

U,, 0.00409 (6) 0.00436 (6) 0.00423 (5) 0.00409 (6) 0.00396 (8) 0.00416 (7) 0.00439 (7)
Us;s 0.00417 (6) 0.00427 (6) 0.00414 (5) 0.00444 (6) 0.00452 (8) 0.00413 (7) 0.00451 (7)
U, 0.00014 (5) 0.00012 (5) 0.00012 (4) 0.00004 (5) 0.00019 (6) 0.00018 (6) 0.00018 (6)

Ml Xg 0.1166 (10) 0.1198(9)  0.1203(6)  0.1210(8)  0.1214 (10) 0.1219(8)  0.1235(9)
U, 0.00526 (8) 0.00438 (8) 0.00478 (6) 0.00460 (7) 0.00458 (9) 0.00453 (8) 0.00489 (8)
U,, 0.00712 (8)  0.00729 (8) 0.00722 (6) 0.00722 (8) 0.00694 (9) 0.00711 (8) 0.00737 (9)
Uss 0.00484 (8) 0.00504 (8) 0.00495(5) 0.00522(7) 0.00517 (9) 0.00492 (8) 0.00514 (8)
U, -0.00011 (6) -0.00013 (6) —0.00010 (5) —0.00016 (6) —0.00014 (7) —0.00014 (7) 0.00001 (7)
U;;  -0.00064 (6) —0.00065 (6) —0.00067 (5) —0.00071 (6) —0.00063 (8) —0.00047 (7) —0.00060 (7)
U,; -0.00112(6) -0.00116 (6) —0.00116 (4) —0.00124 (6) —0.00119 (7) —0.00110 (6) -0.00106 (7)

M2 Xg 0.1134(10) 0.1102(9)  0.1097 (6)  0.1090 (8)  0.1086 (10) 0.1081 (8)  0.1065 (9)
X 0.98951 (5) 0.98963 (5) 0.98961 (4) 0.98956 (5) 0.98966 (6) 0.98971 (5) 0.98971 (6)
y 027775 (2) 0.27776 (2) 0.27775(2) 0.27781(2) 0.27773 (3) 0.27773 (2) 0.27778 (2)
U, 0.00665 (8) 0.00582 (9) 0.00622 (6) 0.00624 (8) 0.00614 (10) 0.00611 (9) 0.00620 (9)

U,, 0.00467 (8) 0.00501 (8) 0.00485(6) 0.00474 (7) 0.00467 (9) 0.00488 (8) 0.00494 (9)
Uss 0.00553 (8) 0.00596 (8) 0.00571 (6) 0.00609 (7) 0.00593 (9) 0.00572 (8) 0.00614 (9)
U, 0.00014 (6) 0.00016 (7) 0.00017 (5) 0.00013 (6) 0.00028 (8) 0.00012 (7) 0.00026 (7)

01 x 0.76587 (10) 0.76587 (11) 0.76582 (8) 0.76588 (10) 0.76600 (13) 0.76595 (11) 0.76593 (11)
y 0.09157 (5) 0.09162(5) 0.09164 (4) 0.09173 (5) 0.09166 (6) 0.09171 (5) 0.09178 (6)
Uy, 0.00337 (14) 0.00297 (14) 0.00313 (10) 0.00310(13) 0.00313 (16) 0.00300 (15) 0.00284 (16)

U,, 0.00714 (16) 0.00690 (16) 0.00726 (12) 0.00682 (15) 0.00710 (20) 0.00685 (17) 0.00696 (18)
Uss 0.00524 (15) 0.00594 (15) 0.00561 (11) 0.00588 (14) 0.00585 (18) 0.00561 (15) 0.00604 (17)
U, 0.00031 (13) 0.00009 (14) 0.00012 (10) 0.00021 (13) 0.00023 (16) 0.00021 (14) 0.00013 (15)

02 x 0.22022 (11) 0.22042(12) 0.22026 (8) 0.22015(11) 0.22011(14) 0.22011 (12) 0.22003 (13)
y 0.44784 (5) 0.44778 (5) 0.44781(4) 0.44776(5) 0.44776 (6) 0.44780(5) 0.44780 (5)
U, 0.00554 (15) 0.00498 (16) 0.00520 (11) 0.00528 (15) 0.00514 (18) 0.00544 (17) 0.00528 (18)

U,, 0.00407 (14) 0.00451 (15) 0.00420 (11) 0.00412 (14) 0.00435(17) 0.00404 (15) 0.00452 (17)
Uss 0.00621 (16) 0.00615 (16) 0.00608 (11) 0.00633 (15) 0.00614 (18) 0.00602 (16) 0.00628 (17)
U,  —-0.00009 (13) 0.00016 (13) 0.00009 (10) 0.00002 (13) —0.00005 (16) —0.00010 (14) 0.00001 (15)

03 x 0.27846 (7) 0.27866 (8) 0.27855(6) 0.27871(7) 0.27865(9) 0.27878 (8) 0.27865 (8)
y 0.16334 (3) 0.16335(3) 0.16340(2) 0.16339(3) 0.16341(4) 0.16339 (3) 0.16339 (4)
z 0.03355(6) 0.03354 (6) 0.03344 (4) 0.03339(6) 0.03359 (7) 0.03357(6) 0.03346 (7)
U, 0.00541 (10) 0.00476 (10) 0.00517 (7) 0.00514 (10) 0.00497 (12) 0.00502(11) 0.00502 (11)

U,, 0.00653 (10) 0.00671 (11) 0.00668 (8) 0.00668 (10) 0.00666 (13) 0.00655 (11) 0.00668 (12)
Uss 0.00538 (10) 0.00541 (10) 0.00519 (8) 0.00549 (10) 0.00550(12) 0.00534 (11) 0.00575 (12)
U, 0.00027 (9)  0.00033 (10) 0.00030 (7) 0.00035(9) 0.00026 (12) 0.00020 (10) 0.00023 (11)
U;;  -0.00016 (9) -0.00024 (9) —0.00024 (7) —0.00012 (9) -0.00019 (11) —0.00025 (10) —-0.00028 (11)
Uy 0.00160 (9) 0.00156 (9) 0.00168 (7) 0.00166 (9) 0.00152(11) 0.00165 (10) 0.00165 (10)

Note: Special positions not listed above: x(M1) = y(M1) =z(M1 ) =0, z(Si) = z(M2) = z(01) = 2(02) = %.

ASY (X)) =ASY ,(X=0)- (LY, L)X (12)  well contribute to the compositional variation of the ex-

exch exch
. . .. . change entropy.
is predicted to decrease for compositions approaching the & Py

Mg endmember, and vice versa to increase towards the Fe

endmember. Kroll et al. (2006) have considered Asgxch asa Quenching experiments and resetting effects

sum of two components, viz. a dominating exchange vibra-

tional entropy and a much smaller exchange electronic en-  The site occupancies of the olivine crystals Fall.6 and
tropy (about 0.3 J/molK for Fa50), the latter resulting from  Fa27.8 were obtained from ex sifu experiments. Between
the distribution of the sixth d-electron of Fe?* over the three 500 °C and 750 °C, no resetting effect disturbs the regular
t,, electron levels. Then, starting from Fa50 and moving to-  increases of InKp, vs. 1/T (Fig. 2). On the other hand, the two
wards Fa0 the exchange electronic entropy decreases tozero ~ samples, Fa27.6 and Fa27.8, quenched from 900 °C clearly
since Mg has no d-electrons. Likewise, it increases to  show a Fe?*,Mg redistribution during quench. Their actual
0.6 J/molK in Fal00 where the Fe content is twice as large  site occupancies correspond to apparent equilibrium tem-
as in Fa50. The change of the electronic entropy may thus  peratures, T,., of 760(33) °C and 806(37) °C, respectively,
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Table 4b. Atomic fractional coordinates and anisotropic thermal displacement parameters [A2] of Acapulco olivine
Aca-8 (Fal2.4), obtained from refinements with ex situ data (MS-data).

sample Aca-8 Aca-8 Aca-8 Aca-8 Aca-8 Aca-8 Aca-8

T [°C] as is 500 550 600 650 700 750

Si X 0.42680 (4) 0.42685(3) 0.42682(3) 0.42690 (4) 0.42683(5) 0.42686 (4) 0.42688 (4)
y 0.09440 (2) 0.09444 (2) 0.09447 (1) 0.09444 (2) 0.09447 (2) 0.09447 (2) 0.09445 (2)
U, 0.00318 (6) 0.00314 (5) 0.00286 (4) 0.00343 (6) 0.00335(7) 0.00296 (6) 0.00292 (6)
U,, 0.00411 (6) 0.00413 (5) 0.00406 (4) 0.00418 (6) 0.00427 (7) 0.00405 (6) 0.00418 (6)
U 0.00429 (6) 0.00417 (5) 0.00423 (4) 0.00432 (6) 0.00404 (7) 0.00426 (6) 0.00431 (7)
U, 0.00013 (5) 0.00009 (4) 0.00007 (4) 0.00012 (5) 0.00021 (6) 0.00011(5) 0.00014 (5)

Ml Xg 0.1155(8)  0.1198(7)  0.1200(6)  0.1212(9)  0.1215(9)  0.1223(8)  0.1237 (8)
U, 0.00506 (7) 0.00485 (6) 0.00462 (5) 0.00515(7) 0.00497 (8) 0.00473 (7) 0.00479 (7)
U,, 0.00693 (7)  0.00703 (7)  0.00700 (6) 0.00706 (8) 0.00707 (8) 0.00691 (8) 0.00711 (8)
Us; 0.00503 (7)  0.00494 (6) 0.00495 (5) 0.00507 (7) 0.00483 (8) 0.00488 (7) 0.00501 (8)
U, -0.00014 (6) -0.00007 (5) —0.00012 (4) —0.00008 (6) —0.00008 (6) —0.00018 (6) —0.00009 (6)
U;;  —0.00067 (6) —0.00064 (5) —0.00063 (4) —0.00065 (6) —0.00058 (7) —0.00058 (6) -0.00067 (6)
U,; -0.00118 (6) —0.00120 (5) -0.00118 (4) —0.00113 (6) -0.00120 (6) —0.00112 (6) —0.00116 (6)

M2 Xg 0.1146 (8)  0.1102(7)  0.1100(6)  0.1088(9) 0.1085(9)  0.1077(8)  0.1063 (8)
X 0.98952 (5) 0.98959 (4) 0.98954 (4) 0.98960 (5) 0.98969 (5) 0.98958 (5) 0.98971 (5)
y 0.27778 (2) 027778 (2) 0.27776 (2) 0.27777(2) 0.27774(2) 027774 (2) 0.27775 (2)
Uy, 0.00641 (8) 0.00638 (7) 0.00622 (6) 0.00656 (8) 0.00656 (9) 0.00624 (8) 0.00627 (8)
U,, 0.00464 (7)  0.00468 (6) 0.00464 (6) 0.00481 (7) 0.00479 (8) 0.00464 (7) 0.00484 (8)
Uss 0.00568 (7) 0.00577 (6) 0.00572(5) 0.00589 (8) 0.00569 (8) 0.00576 (7) 0.00568 (8)
Uy, 0.00014 (6) 0.00017 (5) 0.00021 (4) 0.00015 (6) 0.00012 (7) 0.00017 (6) 0.00023 (6)

ol «x 0.76610 (9) 0.76593 (8) 0.76592 (7) 0.76604 (10) 0.76593 (11) 0.76590 (10) 0.76597 (10)
y 0.09166 (5) 0.09169 (4) 0.09170 (4) 0.09167 (5) 0.09175(5) 0.09160 (5) 0.09170 (5)
U, 0.00309 (13) 0.00327 (11) 0.00313 (10) 0.00356 (13) 0.00360 (15) 0.00328 (14) 0.00320 (14)
U,, 0.00713 (15) 0.00694 (13) 0.00716 (12) 0.00717 (16) 0.00691 (17) 0.00682 (15) 0.00721 (16)
Us; 0.00594 (14) 0.00571 (12) 0.00566 (10) 0.00573 (15) 0.00567 (16) 0.00581 (14) 0.00560 (15)
U, 0.00033 (12) 0.00024 (10) 0.00024 (9) 0.00031 (13) 0.00014 (14) 0.00046 (13) 0.00029 (13)

02 x 0.22033 (10) 0.22014 (9) 0.22017 (8) 0.21998 (11) 0.22004 (12) 0.22003 (11) 0.22021 (11)
y 0.44777 (4) 0.44779(4) 0.44774 (3) 0.44780(5) 0.44785(5) 0.44781(5) 0.44783(5)
U, 0.00534 (14) 0.00531 (12) 0.00523 (11) 0.00554 (15) 0.00558 (16) 0.00540 (15) 0.00537 (15)
Uy, 0.00416 (13) 0.00413 (12) 0.00428 (10) 0.00436 (14) 0.00417 (15) 0.00405 (14) 0.00406 (15)
Us; 0.00610 (14) 0.00618 (13) 0.00615 (11) 0.00627 (15) 0.00590 (16) 0.00635 (15) 0.00620 (16)
U, -0.00016 (12)-0.00012 (10) =0.00002 (9) —0.00003 (12)-0.00023 (14) —0.00006 (12) —0.00032 (13)

03 x 0.27867 (7)  0.27871 (6) 0.27854(5) 0.27871(7) 0.27872(8) 0.27882(7) 0.27863 (7)
y 0.16334 (3) 0.16342(3) 0.16340(2) 0.16337(3) 0.16336(4) 0.16342(3) 0.16337 (3)
z 0.03343 (6) 0.03346 (5) 0.03343(4) 0.03351(6) 0.03347 (6) 0.03352(6) 0.03354 (6)
Uy, 0.00542 (9) 0.00547 (8) 0.00516 (7) 0.00553 (10) 0.00552(11) 0.00527 (10) 0.00519 (10)
U,, 0.00658 (10) 0.00650 (8) 0.00654 (8) 0.00658 (10) 0.00652 (11) 0.00651 (10) 0.00658 (11)
Us;, 0.00541 (10) 0.00555 (8) 0.00530(7) 0.00561 (10) 0.00539(11) 0.00537 (10) 0.00540 (11)
U, 0.00030 (9) 0.00036 (8) 0.00028 (7) 0.00031 (9) 0.00022 (10) 0.00017 (9) 0.00027 (9)
U,;;  -0.00026 (9) —0.00016 (7) -0.00021 (6) —0.00023 (9) -0.00007 (10) —0.00015 (9) —0.00027 (9)
U,s 0.00163 (9) 0.00172 (7) 0.00157 (6) 0.00154 (9) 0.00169 (10) 0.00161 (9) 0.00166 (9)

Note: Special positions not listed above: x(M1) = y(M1) =z(M1 ) =0, z(Si) = z(M2) = z(01) = z(02) = Y.

T,. being obtained from equation (9). These findings con-
firm the results of Morozov et al. (2001, 2002, 2005) and
Heinemann ez al. (2006) who concluded that olivines should
be quenchable from at least 750 °C without noticeable reset-
ting effects. These results are in contrast to Redfern et al.
(2000).

State of order and cooling history

Redfern et al. (2000) introduced the so-called crossover
temperature T,,. Upon cooling a crystal passes at this tem-
perature the border between the regimes of anti-order (Q <

0) and order (Q > 0). At T, the crystal is fully disordered,
i.e. —RT,, InK, = AHY , (X) - T, AS2 ..(X)=0.

Since, as seen, AHY , (X) decreases towards the Fe end-
member whereas ASY, ,, (X) increases, T, also decreases in
that direction (Fig. 3), and since T, is generally low, only
slowly cooled Mg-rich olivines can be expected in the re-
gime of ordered Fe?*,Mg distributions. In slowly cooled or-
thopyroxenes, the Fe*, Mg exchange process effectively
freezes in at an apparent equilibrium temperature T, as low
as 300 °C - 200 °C (Tribaudino and Talarico, 1992; Gangu-
ly et al., 1994; Stimpfl et al., 2005). T,. in olivines can be ex-
pected similarly low. Assuming the lowest attainable T,
somewhere between 250 °C and 200 °C, only olivines with
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compositions <Fa25 are able to enter the regime of order
because only there T,, > T,..

The olivine Ro8/2 (Fal2.4) from a granulite-facies mar-
ble from South Madagascar (Table 5) is an example for such
acase. Its InK, value corresponds to T,. = 224(8) °C (Fig. 2)
while InKp, = 0 is obtained at T, = 340°C, i.e. T,, > T,..

The slow cooling of the host rock may be confirmed by a
cooling rate calculation applying the rate equation of Muel-
ler (1967, 1969) which has been exemplified, among others,
by Ganguly (1982) and Kroll et al. (1997). Other suitable
rate laws suggested in the literature have been compared and
evaluated by Kroll (2003). For our calculation, the InK, line
for Fal2.4 was taken from equations (9) and (10), and the
temperature variation of the rate constant for the Fe?*,Mg
exchange process was obtained following the procedure
outlined by Heinemann et al. (1999, 2006). The resulting
cooling rate is —1 °C/My with an error of a factor of 3 that is
due to the standard deviation in X¥2. The result appears to
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be quite a reasonable order-of-magnitude estimate for the
low temperature cooling of a metamorphic rock.

The ordering history of the Ro8/2 olivine is thus as fol-
lows (Fig. 2, Fig. 4). At some high temperature, the crystal
was anti-ordered, Q < 0. First, during cooling, Fe?* fraction-
ated into M2 which led to increasing disorder. Then, Q = 0
was attained at 340 °C, and from thereon further segregation
of Fe?* into M2 lead to increasing order, Q > 0. This process
ended at a temperature near T,, = 224 °C.

Contrasting to the granulite-facies olivine, the two oliv-
ines Fa25.6 and Fa27.8 from the lava flow (Table 5, CSR-5
and CSR-1, “as is”) feature higher Fa contents and higher
apparent equilibrium temperatures, T,, = 511(23) °C and
T,. = 528(24) °C, respectively. Both have been captured in
anti-ordered states (Fig. 2, 4). Their cooling rate estimates
of =11 °C/d and -28 °C/d (each with an error of a factor of
3) qualify also as reasonable order-of-magnitude esti-
mates.

Table 5. Agreement factors (%), site occupancies and distribution coefficients.

data set T(CC) R, R, GoF XM?2 o(XM2 XM; XM XM; XM2 XMl Kp InKp o(nKp)
MS Fal1l24 Ro -82 asis 1.09 1.16 1.07 0.1239 0.0004 0.8360 0.1197 0.8803 0.1291 0.1197 0.917 -0.087 0.007
MS Fall.6 Aca -7-1 asis 175 1.85 0.70 0.1134 0.0010 0.8766 0.1166 0.8834 0.1146 0.1166 1.020 0.020 0.020
-7-2 500 1.71 1.88 0.61 0.1102 0.0009 0.8798 0.1198 0.8802 0.1113 0.1198 1.087 0.083 0.017
-7-3 550 126 1.53 0.63 0.1097 0.0006 0.8803 0.1203 0.8797 0.1108 0.1203 1.097 0.093 0.013
-7-4 600 157 1.74 0.56 0.1091 0.0008 0.8810 0.1210 0.8791 0.1102 0.1210 1.112 0.106 0.016
-7-5 650 2.07 2.17 0.68 0.1086 0.0010 0.8814 0.1214 0.8786 0.1097 0.1214 1.121 0.114 0.021
-7-6 700 1.62 1.88 0.58 0.1081 0.0008 0.8819 0.1219 0.8781 0.1092 0.1219 1.132 0.124 0.016
-7-7 750 1.74 2.15 0.79 0.1065 0.0009 0.8835 0.1235 0.8765 0.1076 0.1235 1.169 0.156 0.018
Aca -8-1 asis 156 190 0.86 0.1146 0.0008 0.8755 0.1155 0.8846 0.1157 0.1155 0.998 -0.003 0.015
-8-2 500 145 1.57 0.60 0.1102 0.0007 0.8798 0.1198 0.8802 0.1113 0.1198 1.086 0.083 0.014
-8-3 550 129 146 0.63 0.1100 0.0006 0.8800 0.1200 0.8800 0.1111 0.1200 1.091 0.087 0.012
-84 600 1.72 1.87 0.69 0.1088 0.0009 0.8812 0.1212 0.8788 0.1099 0.1212 1.118 0.111 0.017
-85 650 1.74 2.09 0.83 0.1085 0.0009 0.8815 0.1215 0.8785 0.1096 0.1215 1.124 0.117 0.017
-8-6 700 1.57 1.74 0.62 0.1077 0.0008 0.8823 0.1223 0.8777 0.1088 0.1223 1.142 0.133 0.016
-8-7 750 1.68 2.01 0.83 0.1063 0.0008 0.8837 0.1237 0.8763 0.1074 0.1237 1.173 0.160 0.016
BN Fa223 CSR -2-1 20 148 136 129 0.2073 0.0008 0.7805 0.2364 0.7636 0.2099 0.2364 1.165 0.153 0.009
-2-2 450 1.61 1.54 1.26 0.2072 0.0009 0.7806 0.2365 0.7635 0.2098 0.2365 1.167 0.154 0.010
-2-3 600 1.51 147 1.14 0.2041 0.0008 0.7837 0.2396 0.7604 0.2066 0.2396 1.210 0.190 0.010
-2-4 677 151 1.32 1.13 0.2042 0.0008 0.7836 0.2395 0.7605 0.2067 0.2395 1.209 0.190 0.010
-2-5 725 144 135 1.08 0.2038 0.0008 0.7840 0.2399 0.7601 0.2063 0.2399 1.214 0.194 0.009
-2-6 800 145 1.36 1.05 0.2021 0.0008 0.7857 0.2416 0.7584 0.2046 0.2416 1.238 0.214 0.009
MS Fa256 CSR -5-1 asis 1.21 125 0.74 0.2389 0.0005 0.7477 0.2703 0.7297 0.2421 0.2703 1.159 0.148 0.006
MS Fa27.6 CSR -12-1 550 1.34 147 0.65 0.2553 0.0006 0.7284 0.2929 0.7071 0.2595 0.2929 1.182 0.167 0.006
-12-2 625 125 140 0.72 0.2534 0.0006 0.7303 0.2948 0.7052 0.2576 0.2948 1.205 0.187 0.006
-12-3 700 1.31 150 0.69 0.2516 0.0006 0.7321 0.2966 0.7034 0.2557 0.2966 1.227 0.205 0.006
-12-4 900 1.20 1.47 0.66 0.2495 0.0006 0.7341 0.2986 0.7014 0.2537 0.2986 1.252 0.225 0.006
MS Fa27.8 CSR -1-1 asis 1.60 1.73 0.73 0.2573 0.0007 0.7265 0.2945 0.7055 0.2615 0.2945 1.179 0.165 0.007
-1-2 550 1.16 1.35 0.72 0.2571 0.0006 0.7267 0.2947 0.7053 0.2613 0.2947 1.181 0.167 0.006
-1-3 625 123 1.31 0.83 0.2546 0.0006 0.7292 0.2972 0.7028 0.2588 0.2972 1.211 0.191 0.006
-1-4 700 1.57 1.62 1.03 0.2533 0.0007 0.7305 0.2985 0.7015 0.2575 0.2985 1.227 0.205 0.007
-1-5 900 1.15 1.40 0.78 0.2520 0.0006 0.7318 0.2998 0.7002 0.2561 0.2998 1.244 0.218 0.006
XME=1-XM XM =1-XM2- XM -XM2 XM2=XM2/(XM2+ XRE) XM= XMU/(XM + XM Kp= XM x XM/XMZ x XM =XMI(1 - XM2)/XM(1 - XM
— _ER2\% _ERA\%
(IE, —FD) W=(4ZWX(F° F \ GoF:(wax(Fo FCZ\ = goodness of fit.
R=""3(F) | ZwxF}? ) k Nya-P) )

N, = number of reflections, P = number of independent parameters, (N, — P) = degrees of freedom
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Fig. 2. Variation of InK, of the samples Fal1.6, Fa27.6 and Fa27.8
with inverse temperature as in Figure 1. Data of the metamorphic ol-
ivine Ro-8/2, of the untreated crystals Aca-7, 8 and CSR-1 and those
of the quenched crystals CSR-1, 12 are added (Table 5). The data
points of the untreated crystals represent two types of cooling: fast
volcanic (Fa28) as opposed to slow metamorphic (Fal2.4). Evident-
ly, Fe?* Mg site distributions that are ordered can only be expected
from slow cooling, fast cooling freezes at ordered distributions.

500 v T T T v T T T

400 anti-order 4

300  order

at slow cooling
7011 PO <
[

[°C]

100

0 . ! . I ) I . ! .
0.0 0.1 0.2 0.3 0.4 0.5

Mg (SiO,) X FeMg(SiO,)

Fig. 3. Variation of the crossover temperature T,, = AH ., (X) /
ASY . (X) with composition X = 2Xp,~1. At T,,, anti-ordering turns
into ordering with decreasing temperature. The respective T, values
(full circles) were calculated from individual fits to the InKj, lines in
Fig. 1. The curvature of the lines derives from equations (11) and
(12). For metamorphic cooling, the Fe?*,Mg site exchange processes
may be effective down to 250 °C to 200 °C before freezing (horizon-
tal T,, range). Thus, ordered Fe?*,Mg site distributions can only be
realized in Mg-rich olivines, for which T, <T,,.

In contrast to the metamorphic and volcanic olivines, the
a priori unknown cooling history of the Acapulco meteorite
precludes the comparison of our results with rates expected
from geological reasoning. Using Fe?*,Mg geospeedometry
on Acapulco orthopyroxene, Zema et al. (1996) estimated a
rate of —60 °Cl/y at 490 °C, however, on the basis of a possi-
bly inadequate calibration for InK,(T). Using the classical
metallographic technique and the Ni concentration in taeni-

800 T : T T T
B '@ CSR-1 untreated
700 'O CSR-5 untreated |
| ® Aca-7 untreated
Fall.6 10 Aca-8 untreated
600 ' A Ro-8-2-2 untreated |
500 | i -
§ 400t |
H L !
300
200 |+
100 |-
1 1 | ; " 1 1
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02

order parameter Q

Fig. 4. Ordering path simulations of (a) the metamorphic olivine
Ro8/2 (Fal2.4), (b) the volcanic olivines CRS-5 (Fa25.6) and CSR-1
(Fa27.8) and (c) the meteoric olivines Aca-7 and Aca-8 (Fal1.6). At
elevated temperatures, the ordering paths follow the respective equi-
librium curves from which the deviate at temperatures that increase
with increasing cooling rates.

te, McCoy et al. (1996) arrived at a rate of about —0.1 °C/y be-
tween 600°C and 400 °C. The minimum estimated cooling
rate is —3.7 °C/My between 450 °C and 290 °C as obtained by
Pellas et al. (1997) who applied radiogenic and fission track
methods. Both our two untreated Acapulco crystals, Aca-7-as
is and Aca-8-as is, show Fe?* Mg distributions close to disor-
der and corresponding to apparent equilibrium temperatures
of 385(37) °C and 344(26) °C, respectively (Fig. 2, 4). Thus,
the Acapulco crystals must have cooled faster than the meta-
morphic olivine. The cooling rate calculation yielded -1 °Cly
and —0.05 °Cly near the respective T,., each rate being associ-
ated with an uncertainty of about a factor of 10. In view of the
large discrepancies produced by the various methods as dis-
cussed by Pellas ef al. (1997) the rates obtained here can be
considered close to those reported by Zema et al. (1996) and
McCoy et al. (1996).

Conclusion

Heinemann et al. (2006) investigated the temperature de-
pendence of the Fe?*,Mg site distribution in Fa47.8 and
found in agreement with Morozov et al. (2005), but at vari-
ance with Redfern et al. (2000), that the Fe?* concentration
on the M1 site continuously increases with rising tempera-
ture so that anti-order increases. The present study extends
the investigation to Mg-richer compositions. Assuming that
the results of Artioli et al. (1995), Rinaldi et al. (2000) and
Redfern et al. (2000) are correct, one would expect that the
in situ measured olivines Fa22.3 and Fa47.9 exhibit the pre-
dicted reversal of order at high temperatures. This is not the
case, and even more so, only the samples Fa27.6 and Fa27.8
quenched from the highest temperature (900 °C) display the
expected resetting effects towards disorder.

Olivine Fa47.8 is characterized by a very small exchange
enthalpy of only 1.16 kJ/mol leading to a very gentle slope
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Table 6. Unit-cell dimensions [A] and volumes [A3] of Saar-Nahe ol-
ivine CSR-2 (Fa22.3). Standard deviations given in parentheses re-
fer to the last decimal place(s).

sample T (°C) a, b, Co v

CSR-2-1 20 4.7733 (7) 10.2676(10) 6.0112 (6) 294.61 (6)
22 450 4.7908 (9) 10.3232(12) 6.0434 (6) 298.88 (7)
23 600 4.7967(12) 10.3412(29) 6.0543 (8) 300.32(12)
24 677 4.8010(21) 10.3537(18) 6.0613(14) 301.30(16)
25 725 4.8046(11) 10.3634(16) 6.0668 (6) 302.08 (9)
2.6 800 4.8081(23) 10.3727(20) 6.0722(15) 302.84(17)

of the InKy, line and hence to Fe?*,Mg distributions that are
close to disorder at all temperatures. Ghose (1982) already
argued that the ordering tendency due to cation size effects
is almost balanced by anti-ordering effects due to bonding
requirements. Kroll ez al. (2006) could shape the qualitative
argument into a quantitative and predictive one. The present
study shows that the exchange enthalpy increases somewhat
towards the Mg endmember, while the exchange entropy
decreases. Consequently, the crossover temperature T, =
AH, , (X)/ASS,,(X) at which during cooling anti-order
turns into order rises from about 50 °C for Fa50 to about
450 °C for Fa5. As aresult, only Mg-rich olivines can be ex-
pected to attain ordered Fe** Mg site distributions. Olivines
with more than about 25 mol% Fa content remain anti-or-
dered even at slow cooling.

Although our cooling rate calculations produced reason-
able answers, we do not consider these results fit to justify
the establishment of olivine as a geospeedometer. In our
case, several circumstances were apparently (and maybe
fortuitously) fulfilled: (1) the site occupancies in the un-
treated crystals could be determined with sufficient accura-
¢y, (2) the temperature dependences of the Fe?*,Mg site dis-
tributions could be correctly determined, (3) modelling their
variation with temperature and composition according to
Thompson (1969, 1970) was successful, and (4) the model-
ling of the temperature and composition dependence of the
rate constant for the Fe?*,Mg site exchange according to
Heinemann et al. (1999, 2006) seems essentially correct.
Nevertheless, the possibility that errors and inaccuracies
may have compensated each other cannot be fully dis-
carded. Thus, the problems inherent in an olivine geospee-
dometer, particularly the very limited variation of InK, with
temperature and composition, continue to be severe enough
to make its routine application questionable.
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