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Abstract

To calculate accurately the pressure interval and mineral proportions (i.e. yields) across the olivine to wadsleyite
and wadsleyite to ringwoodite transformations requires a detailed knowledge of the non-ideality of Fe-Mg mixing in
these (Mg,Fe),SiOy4 solid solutions. In order to constrain the activity—composition relations that describe non-ideal
mixing, Fe-Mg partitioning experiments have been conducted between magnesiowiistite and (Mg,Fe),;SiOy4 olivine,
wadsleyite and ringwoodite as a function of pressure at 1400°C. Using known activity—composition relations for
magnesiowiistite the corresponding relations for the three polymorphs were determined from the partitioning data. In
all experiments the presence of metallic iron ensured redox conditions compatible with the Earth’s transition zone. The
non-ideality of the (Mg,Fe),SiO4 solid solutions was found to decrease in the order ngfj;ey“e > I/Vggf,lwg"‘)d“e > Wpiine.
These partitioning data were used, along with published phase equilibria measurements for the Mg,SiO4 and Fe;SiO4
end-member transformations, to produce an internally consistent thermodynamic model for the Mg,;SiO4—Fe;SiOy4
system at 1400°C. Using this model the pressure interval of the olivine to wadsleyite transformation is calculated to be
significantly smaller than previous determinations. By combining these results with Fe-Mg partitioning data for
garnet, the widths of transition zone phase transformations in a peridotite composition were calculated. The olivine to
wadsleyite transformation at 1400°C in dry peridotite was found to occur over a pressure interval equivalent to
approximately 6 km depth and the mineral yields were found to vary almost linearly with depth across the
transformation. This transformation is likely to be even sharper at higher temperatures or could be significantly
broader in wet mantle or in regions with a significant vertical component of mantle flow. The entire range of
estimated widths for the 410 km discontinuity (4-35 km) could, therefore, be explained by the olivine to wadsleyite
transformation in a peridotite composition over a range of quite plausible mantle temperatures and H,O contents.
The wadsleyite to ringwoodite transformation in peridotite mantle was calculated to take place over an interval of 20
km at 1400°C. This transformation yield was also found to be near linear.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The 410, 520 and 660 km seismic discontinuities
(hereafter referred to as d410, d520 and d660)
provide some of the only clues as to the physical
and chemical state of the mantle in the transition
zone. The depth, width and amplitude of these
discontinuities will depend on the mantle tem-
perature, chemical composition and mineral pro-
portions [1,2]. Several studies have identified sig-
nificant topography of discontinuities in the
transition zone [3.4], which might result from lat-
eral variations in temperature. Similarly, recent
studies have identified that 4410 varies signifi-
cantly in thickness in different parts of the mantle
[5,6]. As more detailed seismic coverage of the
mantle emerges it seems possible that an inte-
grated model for the phase relations and elastic
properties of mantle materials might eventually be
used to invert seismic data to give a precise pic-
ture of the regional chemical composition and
temperature in the transition zone. At present,
however, many of the influences that may affect
the position and width of transformations in the
transition zone are quite poorly constrained.

Although it is now generally accepted that d410
is caused by the olivine to wadsleyite transforma-
tion, there are still a number of outstanding differ-
ences between seismic and experimental observa-
tions. Seismic observations of the width of d410,
for example, show it to be quite sharp in some
regions of the mantle with several estimates below
6 km [7-9]. Phase equilibrium determinations of
the olivine to wadsleyite transformation in the
Mg, Si04-Fe,Si0y4 system, however, yield a depth
interval of over 10 km for typical mantle tem-
peratures and compositions [10,11]. It has been
proposed that a non-linear gradient in elastic
properties across the olivine to wadsleyite trans-
formation might sharpen the seismically observed
discontinuity [12,13] and that Fe-Mg partitioning
involving non-transforming phases, such as gar-
net, might have a similar effect [12,14]. There
are very few precise experimental data available,
however, with which to test these possibilities. On
the other hand, components such as H,O and
Fe3* might act to broaden the transformation in-
terval of the olivine to wadsleyite transition [15-

17]. These components might not only explain
relatively broad 4410 observations in some re-
gions of the mantle [5,6,18] but because these
components are often present, but go undetected
in high-pressure experiments, their occurrence
may have inadvertently broadened previous ex-
perimental determinations of the transformation
interval. It is therefore important to first deter-
mine the phase relations of the Mg;SiO4—Fe;Si04
system in the absence of H,O and Fe** and then
examine the effects when these components are
added.

If the transformation of olivine to wadsleyite
really can occur over a depth interval of less
than 6 km then this corresponds to a transforma-
tion pressure interval of less than 2 kbar. This
level of precision in pressure measurement is,
however, very difficult to achieve in a multianvil
phase equilibrium experiment at these conditions.
Calorimetric measurements combined with miner-
al elasticity data are also not of sufficient accuracy
to well constrain this transformation interval
when used in isolation. The width of the olivine
to wadsleyite transformation in the Mg;SiO4—
Fe,Si04 system, however, can be quite accurately
calculated using knowledge of the thermodynam-
ics of the Fe-Mg partitioning between the solid
solutions involved and combining this with accu-
rate phase equilibrium determinations only for the
end-member Mg;SiO4 and Fe;SiO4 mineral trans-
formations. In order to calculate the basic phase
relations in the Mg;SiO4—Fe;Si04 system I have
performed a series of experiments to measure Fe—
Mg partitioning between magnesiowiistite and the
(Mg,Fe),Si04 polymorphs at 1400°C over a wide
range of pressure. These partitioning relations do
not vary strongly with pressure and can be used
to refine thermodynamic data for the Mg;SiO4—
Fe,Si04 system that can be used to calculate ac-
curate phase transformation pressure intervals
[19]. These experiments were performed in equi-
librium with metallic Fe to buffer Fe3* concentra-
tions at the lowest level. Analyses of mantle xe-
noliths indicate that the upper mantle has a
relatively low Fe’™/SFe ratio of approximately
2% [20]. Experiments have shown, however, that
wadsleyite in equilibrium with metallic Fe has an
Fe3*/SFe ratio very similar to this upper mantle
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ratio [20]. If the Fe**/=Fe ratio of the upper man-
tle is the same as the transition zone, then the
oxygen fugacity in this region will consequently
be very close to metallic Fe saturation.

These results and the optimised thermodynamic
data are used to calculate the pressure intervals of
the olivine to wadsleyite and wadsleyite to ring-
woodite transformations in peridotite mantle. The
variety of factors and conditions that may result
in locally sharp or broad discontinuities are then
discussed.

2. Theoretical background

For a binary Mg;SiO4—Fe,Si04 phase transfor-
mation the shape of the coexisting two-phase re-
gion is a function of the non-ideality of Fe-Mg
mixing in each solid solution. The degree of non-
ideality is described by the Fe-Mg activity—com-
position relationship, which can be determined
through Fe-Mg partitioning experiments between
a corresponding phase, in this case magnesiowiis-
tite, for which these relations are already known.

The partitioning of iron and magnesium be-
tween olivine and magnesiowiistite can be de-
scribed on a single site basis by the exchange re-
action:

FeO + MgSi1/202 =
magnesiowlistite olivine
MgO + FGSi1/202

magnesiowiistite olivine (1)

The equilibrium distribution coefficient Kp for
this reaction is defined as:
XMWXOI
Kp = 73/1[‘% 1;; (2)

XMgXFe
where XP! is the molar Fe/(Fe+Mg) ratio. At
equilibrium and at a fixed pressure and temper-
ature the standard state Gibbs free energy change
for exchange reaction (Eq. 1) is:

LI%W ](:)1

0 _ _ g “Fe

Mg™Fe

The activity—composition relationship is:

dpe = (XR7Re) (42)
Sl = (T 78k (4b)

where 9! is an activity coefficient, which describes
the non-ideality of mixing. Identical formalisms
can be written for magnesiowiistite. Eq. 3 can
then be written as:
Mw 0l
7M§7Fe 5
Ol ,,Mw ()
Mg / Fe

AG{,) = —RTInKp—RTIn

The activity coefficients are also a function of
composition. The simplest description for this
variation is a so-called symmetric solution model,
Le.:

2
RTInyRL = Wk, (1-X91) (6a)
RTInyQ. = wo (1—X0' )2 (6b)
Mg FeMg Mg

W(F)éMg is a Margules interaction parameter where
the magnitude of W equates to the degree of non-
ideality of mixing. Two similar equations can be
written to describe the activity coefficients of mag-
nesiowlistite. For Fe-Mg mixing in most silicates
WEemg 1s relatively small and a symmetric model
is usually adequate to describe most data [16,21—
23].

By using two symmetric interaction parameters
to describe both solid solutions Eq. 3 can be re-
arranged to become:

AGY) = —RTInKp + Wy, (2X0-1) +
W, (12230 (7)

Previous studies have shown that the applica-
tion of Eq. 7 to experimental partitioning data
collected over a range of Fe contents can provide
good estimates for the difference between the two
interaction parameters [21,24], but the individual
parameters are highly correlated with each other.
In order to refine one of the interaction parame-
ters the other one must first be known. In several
recent studies the activity composition relations
for magnesiowiistite as a function of temperature
and pressure have been extensively studied and
the interaction parameter for this phase is now
known very well [21,23,25]. T have performed ex-
periments to measure the Fe-Mg partitioning be-
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tween magnesiowlistite and olivine, wadsleyite
and ringwoodite and used the previously deter-
mined interaction parameter for magnesiowiistite
to determine this parameter for these polymorphs.
A major benefit of using magnesiowlistite to de-
termine activity—composition relations is that it
coexists with all three (Mg,Fe),SiO4 polymorphs
over large ranges of pressure and composition.
Whereas the (Mg,Fe),SiOs polymorphs them-
selves only coexist with each other at a single
composition at a particular pressure and temper-
ature. In this study AG(()I), the Gibbs free energy
change of the ion exchange reaction (Eq. 1) at
pressure and temperature is also used as a con-
straint in the refinement of internally consistent
thermodynamic data for the high-pressure
Mg,SiO4 and Fe,SiO4 end-member phases. Esti-
mates of the Gibbs free energy change over a
range of pressures provides much needed con-
straints on the magnitude of the volume change
of the ion exchange reaction at pressure and tem-
perature. These refined thermodynamic data are
then used to calculate phase diagrams at high
pressure in this system.

The interaction parameters also vary as a func-
tion of pressure and temperature according to:

W = Wy—TWs + PWy (8)

In this study all data were collected at a single
temperature so Ws is not considered. Values of
Wy can be determined from the excess volumes
of mixing, which for the olivine, magnesiowiistite
and ringwoodite solid solutions are estimated to
be 0.01, 0.011 and =zero IJ/bar respectively
[21,26,27] on a single site basis. The excess volume
of mixing for the wadsleyite solid solution cannot
be determined because the Fe,SiO4 end-member
does not exist. As wadsleyite is stable over a nar-
row range of pressure, however, Wy can be quite
reasonably assumed to be zero.

3. Experimental technique

Magnesiowiistite and olivine solid solutions of
varying Fe/(Fe+Mg) ratio were prepared from re-
agent grade Fe, O3, MgO, and SiO;. Ground mix-
tures of the required compositions were pressed

into pellets and reduced in a gas mixing CO-
CO, furnace between 1200 and 1300°C at an
fO3 1 log unit above the iron—wiistite oxygen buff-
er. Recovered samples were then reground and
reduced a second time. Olivine and magnesiowiis-
tite solid solutions in the molar ratio of 2:1 were
then ground together with an additional 20 wt%
metallic Fe to produce the starting compositions
shown in Table 1. Compositions of both solid
solutions were chosen such that they would ap-
proach the suspected equilibrium composition
from both higher and lower initial Fe contents.
Experiments were performed in a split cylinder
multianvil press using 10/5 (octahedral edge
length/truncation edge length) and 18/11 octahe-
dral sample assemblies and 32 mm Toshiba tung-
sten carbide cubes. Pressure calibrations for these
assemblies have been previously reported [16].
Four-bore Al,O; thermocouple ceramic rods
were used as capsules. Two 0.5 mm long capsules
were placed inside an outer molybdenum foil cap-
sule with 0.2 mm thick Al,O; discs between and
at each end of the capsules. Powders were packed
into the holes in each of the rods making a total
of eight samples. After the experiment these cap-
sules were cut in half along the disc that separated
the two ceramic rods and both exposed sides were

Table 1
Starting compositions
(Mg,Fe),SiO4 (Mg,Fe)O Kp
Fe/(Fet+Mg) Fe/(Fet+tMg)
AB 0.000 0.060 0.000
AC 0.050 0.000 ©
A 0.050 0.060 0.825
B  0.050 0.150 0.298
C 0.100 0.060 1.741
D 0.100 0.360 0.198
E 0.150 0.150 1.000
F 0.150 0.360 0.314
G 0.200 0.150 1.417
A2 0.000 0.200 0.000
B2 0.100 0.400 0.167
C2 0.200 0.100 2.250
D2 0.200 0.600 0.167
E2 0.400 0.400 1.000
F2 0.400 0.800 0.167
G2 0.600 0.600 1.000
H2 0.800 0.800 1.000
12 0.600 0.800 0.375
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Table 2
Experimental run conditions

Run Assembly Pressure Temperature Time Capsule Phases observed
(GPa) (°O) (hours) (+mw)

PCl1 0.5 inch 2.0 1400 24 graphite olivine

V189 10/5 13 1400 26 2X AlL,O3 olivine/AnB

V191 10/5 14.5 1400 23 2X AL O3 wadsleyite

V192 10/5 9.0 1400 24 2X AL O3 olivine

V200 18/11 6.0 1400 100 2X AL, O3 olivine

V208 18/11 11.0 1400 50 2X AL O3 olivine/ring

V209 10/5 14.0 1400 50 2X AL, O3 olivine/wad/AnB

V212 10/5 16.0 1400 75 2Xx AL, O3 wad/ring

V217 10/5 14.0 1400 26 2X AL O3 olivine/ring

V220 10/5 14.0 1400 24 1 X AL,O3 olivine/wad

V223 10/5 13.2 1400 24 1 X AlLO;3 olivine/wad/ring

V227 10/5 13.0 1400 24 1 X AL O3 olivine/wad/ring

V229 10/5 12.8 1400 29 1 X AL,O3 olivine/wad/ring

V252 10/5 12.4 1400 24 1 X ALLO3 olivine

V254 10/5 12.5 1400 29 1 X AlLO3 olivine/wad/ring

PC1 was performed in a piston cylinder. AnB is short for anhydrous phase B, wad is wadsleyite, ring is ringwoodite and mw is

magnesiowlistite. See text for assembly and capsule details.

polished to reveal the eight sample chambers. The
uncertainty in the temperature at the mid point of
the two capsules is considered to be approxi-
mately 40°. In experiments performed to find the
olivine-wadsleyite-ringwoodite ‘triple point’ a
single capsule was used and the sample was sec-
tioned and polished on the surface that was only
separated from the thermocouple by a 0.2 mm
thick Al,O3 disc, such that thermal gradients be-
tween the sample and thermocouple would have
been negligible. All experimental conditions are
given in Table 2. The phases present in the recov-
ered charges were identified using Raman spec-
troscopy and an electron microprobe was used
to analyse phase compositions.

4. Results

Experimental run products are reported in table
3! (on-line database). After all experiments metal-
lic Fe remained dispersed through the sample and
a very small rim (<20 pum) of garnet formed at
the wall of the Al,O3 capsule. Between 12 and 14

! See online version of this article.

GPa olivine reacted with magnesiowiistite to pro-
duce anhydrous phase B ({Mg,Fe}4SisOq4).

Fig. 1a shows RTIn(Kp) for olivine—-magnesio-
wiistite experiments performed between 2 and 13
GPa at 1400°C. The final compositions were ap-
proached from starting materials with initial val-
ues of Kp that were both higher and lower. Apart
from some olivine compositions with Fe/
(Fe+Mg) <0.05 the various compositions could
be observed to reach equilibrium from both direc-
tions. In some cases both silicate and oxide in-
creased in Fe/(Fe+Mg) ratio due to the oxidation
of metallic Fe. Kp for this exchange reaction de-
creases slightly with pressure. Uncertainties in
Fig. la are calculated from the lo standard devi-
ation of the microprobe analyses.

The results of least squares fitting of these data
using Eq. 7 with the known activity composition
relations for magnesiowiistite (Wy=11100 kJ,
Wy =0.011 J/bar [21]) are shown at 6 and 13
GPa. Using molar volume data to constrain Wy
(0.01 J/bar) results in a refined value for Wy of
2+ 1 kJ for the olivine solid solution. Values for
AGY, obtained are —21.9 kJ at 6 GPa and —22.5
kJ at 13 GPa. Previous studies have shown that at
1 bar the Fe’*/SFe ratio of magnesiowiistite in
equilibrium with metallic Fe increases with Fe/
(Fe+Mg) ratio to a maximum of approximately
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Fig. 1. Fe-Mg partitioning results for olivine-magnesiowdis-
tite (a) and wadsleyite-magnesiowiistite (b) from experiments
performed at 1400°C. Kp is defined as in Eq. 2 and the units
of RTIn(Kp) are joules. A least squares fit of Eq. 7, using
known activity—composition relations for magnesiowiistite, is
shown at 6 and 13 GPa for olivine and for all data between
13 and 14.5 GPa for wadsleyite. The previous experimental
results of Wiser and Wood [22] and Fei et al. [19] are shown
for comparison.

10.5% in wiistite [23,25]. As the ferric iron content
decreases with pressure [28], however, it is likely
to be low in most of the samples studied here and
has been ignored in the thermodynamic treat-
ment. Only at 2 GPa is the ferric iron content
of magnesiowiistite likely to be significant, which

may explain why the partitioning data at 2 GPa
are slightly lower than expected when compared
to the 6 GPa data. The lower values of Kp re-
ported by Fei et al. [19] might also have resulted
from a slightly higher magnesiowiistite ferric iron
content because molybdenum capsules were used.
The experiments of Wiser and Wood [22], on the
other hand, were performed in the presence of
metallic Fe and are in good agreement.

Fig. 1b shows RTIn(Kp) for wadsleyite-magne-
siowlistite experiments performed between 13 and
16 GPa at 1400°C. Previous experiments [19] are
in good agreement with these results. Very little
pressure dependence can be discerned, except for
one point at 16 GPa that falls slightly below the
other data. A least squares fit to all data between
13 and 14.5 GPa using Eq. 7, with the known
activity composition relations of magnesiowiistite,
yields values for W‘ggfdg of 7.5x1.2 kJ. A slightly
different fitting procedure for determining activ-
ity—composition relations was outlined by Wiser
and Wood [22] and uses the equations:

wad

logypad = —XyidlogQ + / lodeXWad 9)

X\\ ld
logyWad (1 —X‘g’fgd)logQ + / 10deXWaGI (10)
1
where

LZMW \l;/gd
IOgQ log Mwaad (1 l)

Using this method Wy, is calculated to be
8.6t 1.5 kJ between 13 and 14.5 GPa, which is
consistent with the value of 7.5 kJ from the least
squares fit of Eq. 7. There is no significant or
systematic variation in the value of Wg;‘f/lg ob-
tained by fitting the data at each individual pres-
sure. A symmetric solution model fits the ex-
perimental data very well and any degree of
asymmetry must be much smaller than can be
detected with these data. As shown in Table 4
this is the largest determined interaction parame-
ter of the three (Mg,Fe),SiO4 polymorphs.

Data for ringwoodite-magnesiowiistite Fe-Mg
partitioning were refit along with previously pub-
lished data [16] using Eq. 7 to give Wy, =4.1%
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Table 4
Internally consistent thermodynamic data at 1400°C

G(1673K. 1bar) V(1673 1bar) K 1673k  1bar) K Initial data

J) (J/bar) (bar)
Mg,SiO4 Forsterite —2555725 4.6053 957000 4.6 [29]
Mg, SiO4 Wadsleyite —2514481 4.2206 1462544 4.21 [29]
Mg, SiO4 Ringwoodite —2500910 4.1484 1453028 4.4 [29]
MgO Periclase —712105 1.1932 1259000 4.1 [19]
Mg;ALSis0, Pyrope —7379204 11.8058 1290 000 4 [30]
Fe,Si04 Fayalite —1976015 4.8494 998 484 4 [19]
Fe,SiO4 Wadsleyite —1955055 4.4779 1399958 4 [19]
Fe,SiO4 Ringwoodite —1950 160 4.3813 1607810 5 [32]
FeO Wistite —443151 1.2911 1526000 4 [19]
Fe;AlSi;01, Almandine —6514529 12.1153 1207515 5.5 [31]

Wy Wy
U] (J/bar)

Olivine 2000 0.01
Wadsleyite 7500 0.0
Ringwoodite 4160 0.0 [16]
Magnesiowiistite 11100 0.011 [21]
Garnet 0.0 0.0 [21]

All end-member data have been optimised from the initial data sources apart from data for periclase and wiistite and all values
for K'. End-member data are reported as per mole of the indicated formula. Values for Wy and Wy are on a single site basis.
The Gibbs free energy of each pure phase at P and 7 is calculated using the Murnaghan equation of state, i.e.:
Gir.p) = G var) V V(7 bar) {K /(K= D[(1+ K[ K7 P) (K "D/K) 1]} where P is in bars. The partial molar free energy of (e.g.) the ol-
ivine Mg,SiO4 component would be Ggy, = Gﬁ/llg(T. 1,)+2RTlnX§}[g+2( Wyt PR ) (1= X30,)%

0.8 kJ/mol. This is within the error of the previ- end-member Mg,SiO4 and Fe;SiO4 polymorphs,

ously determined value [16]. One sample (V212) which can then be used to construct an accurate
was made into a petrographic thin section for phase diagram for this system at 1400°C. All high
analysis with Fourier transform infrared spectros- pressure and temperature constraints are ex-
copy. No bands corresponding to OH™ in either tremely important because thermodynamic and
wadsleyite or ringwoodite were detected in this elastic properties such as the heat capacity, expan-
sample. sivity and bulk modulus are known for most high-

pressure phases only below 700°C, such that large
extrapolations in temperature must be made to

5. Thermodynamic model mantle conditions. In addition, phase equilibria
data also lack the accuracy required to determine
In addition to using the partitioning data to transformation intervals that may be below 0.2
refine activity—composition relations for the GPa and must, therefore, be supported by a
(Mg,Fe),Si0O4 polymorphs, by using Eq. 7 data well-constrained thermodynamic model.
can also be obtained on the Gibbs free energy As a first step the volume, bulk modulus and
change of the ion exchange reaction at pressure Gibbs free energy of each end-member at 1 bar
and temperature. Fitting partitioning data col- and 1400°C were calculated using existing ther-
lected over a range of pressure at constant tem- modynamic data [19,27,29-32]. These data and
perature also provides an estimate of the volume the independently determined activity—composi-
change of the ion exchange reaction at pressure tion relations were then used to calculate R7In-
and temperature. These thermodynamic proper- (Kp) for each experimental point at the particular
ties provide very useful constraints with which pressure and composition using Eq. 7. In addition

to optimise internally consistent data for the the end-member thermodynamic data were also
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used to calculate the transformation pressures of
the Mg,Si0y4 forsterite to wadsleyite and wadsley-
ite to ringwoodite transitions and Fe,;SiO, fayalite
to ringwoodite transition at 1400°C. Each exper-
imental partitioning observation was compared
with a calculated value and the difference in free
energy was determined and weighted by the ex-
perimental uncertainty. Uncertainties in composi-
tion determined using the electron microprobe
were used to weight the partitioning data and
for end-member transforma- tions an uncertainty
of 0.5 GPa was assumed. The calculated end-
member phase transformations were compared
with in situ experimental measurements [33-35].
The calculated and observed weighted differences
were summed and this value was then minimised
by adjusting the thermodynamic data for the end-
member phases, except those for periclase and
wiistite and values of K’. There are no measured
thermodynamic or phase equilibria data on the
fictive Fe,;Si04 wadsleyite end-member, so an ad-
ditional constraint is required for this component.

]
Wad (30)

EHT = 20.00 kV
=

Determining the compositions of the three poly-
morphs at the point where they all coexist pro-
vides this constraint. At this ‘triple point’ the
chemical potentials of each component must be
equal in each phase. Fig. 2 shows a run product
from an experiment (V254) where all three poly-
morphs were found to coexist. The olivine and
wadsleyite compositions at the ‘triple point’ are
3-4% more Fe-rich compared to estimates from
previous studies [10,27]. These compositions pro-
vide a crucial node on the phase diagram, which
was missing from previous studies. The pressure
of the triple point was allowed to vary in the
optimisation but the resulting value (12.87 GPa)
is consistent, within experimental error, with the
pressure determined from the multianvil pressure
calibration for this experiment (12.5+ 0.5 GPa). A
final constraint on the free energy of Fe;SiO4
wadsleyite is that it does not actually exist as a
pure phase.

The optimised thermodynamic end-member
data are reported in Table 4. The model reprodu-

¥

WD= 15mm

Signal A = RBSD

Fig. 2. Back-scattered electron image of coexisting olivine, wadsleyite and ringwoodite in sample V254. The Fe/(Fe+Mg)100 ratio
of each phase is shown in brackets. The entire sample chamber is shown in the inset. Magnesiowiistite and metallic Fe are also

scattered throughout the sample.
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ces the experimentally determined end-member
phase transformations to within 0.3 GPa and
the maximum difference between calculated and
observed RTIn(Kp) was 0.5 kJ/mol. In most cases
the optimisation resulted in very minor changes
from the initial thermodynamic data selected
from previous studies. During the optimisation
the largest change in the Gibbs free energy of
any end-member was 0.4%. Changes in phase vol-
umes as a result of the refinement were below 1%
for all phases except that of Mg;SiO4 ringwoo-
dite, which increased by 1.5% from the initial vol-
ume, calculated using the thermal expansion data
of Suzuki et al. [36]. There is, however, a signifi-
cant uncertainty resulting from the extrapolation
of these data [36] to 1400°C because the measure-
ments were made below 800°C. This is the case
for all expansivities of the high-pressure phases.
On the other hand, the thermal expansion of ring-
woodite determined in a recent first-principles cal-
culation [37] gives a volume at 1400°C that is in
very good agreement with the optimised volume
of Mg,SiOy4 ringwoodite given in Table 4.

6. Discussion
6.1. Evaluation of the thermodynamic model

The solid curve in Fig. 3 shows the olivine—
wadsleyite Fe-Mg distribution coefficient Kp cal-
culated from the optimised thermodynamic data
at 13 GPa. In addition some partitioning data
from coexisting olivine and wadsleyite, also ob-
served in this study, are plotted. These data
were not used in the optimisation, which was per-
formed solely with data from partitioning involv-
ing magnesiowiistite. The calculated partitioning
trend is, however, in excellent agreement with
these experimental data. The calculated and ob-
served Kp values reported here are generally high-
er than in previous studies, although data of Kat-
sura and Ito [10] from 1600°C are quite close. The
higher Kp values reflect a smaller difference in Fe
contents between coexisting olivine and wadsleyite
compared to the previous studies, which contrib-
utes to a narrower transformation pressure inter-
val.

Olivinel-wadsleyl'ite I ® This Study
0.65 * [11]1400°C
4 [10]1600°C
0.6 | [10] 1200°C |
0.55 A
o
o
*
0.5 F
0.45 - LN 3
0.4 | v J
035 1 1 1 1

0 0.05 0.1 0.15 0.2 0.25 0.3
Olivine Fe/(Fet+Mg)

Fig. 3. The olivine-wadsleyite Fe-Mg distribution coefficient
is calculated from the optimised thermodynamic model at 13

GPa (solid curve). KD:(X%LXmag)/(Xﬁ}[gX‘ggd). Data points

calculated from coexisting olivine and wadsleyite composi-
tions at 1400°C that were also encountered in this study are
shown (solid circles). These data were not used in the refine-
ment but are in excellent agreement with the calculated
curve. In general previous studies [10,11] have reported lower
values of Kp.

Fig. 4 shows the (Mg,Fe),SiO4 phase diagram
calculated from the thermodynamic data given in
Table 4. Details of this calculation are given by
Akaogi et al. [27]. The compositions of coexisting
phases observed in this study are also shown,
plotted at pressures determined using the multi-
anvil pressure calibration. The coexisting compo-
sitions agree very well with those predicted by the
model but the pressures are only accurate within
the 0.5 GPa experimental uncertainty.

The optimised thermodynamic model can be
used to calculate the pressure intervals of the
(Mg,Fe),Si0O4 phase transformations for typical
mantle compositions. The thermodynamic data
are the best fit to the experimental observations
but because values such as the volume and bulk
modulus are correlated in the optimisation, a
range of values can fit these data quite well. Nu-
merous refinements showed, however, that as long
as the model fits the experimental observations
the calculated phase relations, and most impor-
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Fig. 4. Phase relations in the system Mg,SiO4—Fe,SiO4 cal-
culated from the optimised thermodynamic data at 1400°C.
Compositions of coexisting (Mg,Fe),SiO4 polymorphs that
were also encountered in this study are shown at pressures
corresponding to the multianvil calibration. The vertical er-
ror bars correspond to the pressure uncertainty in the multi-
anvil, which is estimated from the pressure calibration to be
approximately 0.5 GPa. The coexisting compositions are in
very good agreement with the calculated phase diagram but
the calculated and observed pressures are consistent only
within the experimental pressure uncertainties.

tantly the transformation pressure intervals,
change very little. Another consequence of this,
however, is that apart from the interaction pa-
rameters the optimised end-member data are
only valid as part of this internally consistent
data set.

Uncertainties in the model arise from the un-
certainties in the interaction parameters, composi-
tional variation in the analysed run products and
in the end-member phase transformation pressure
uncertainties. These uncertainties were used to
weight the refinement, however, they can also be
propagated through the refinement to determine
limits of the model that still just fit the experimen-
tal uncertainties. These limits can be used to as-
sess uncertainties on particular calculations. For
the transformation interval of (Mgoo,Feo)2S104
olivine to wadsleyite, for example, the model pre-
dicts a pressure interval of 0.25 GPa, whilst alter-
native refinements that can still just fit within the

errors on the experimental data predict this inter-
val to be 0.4 GPa. This means that while the
optimised fit to the experimental data yields a
depth interval for the (Mgg9,Fe1)>S104 transfor-
mation of 8 km, an interval of 12 km would still
be just within the experimental uncertainties.

6.2. Implications for the width of the 410 km
discontinuity

Estimates for the width of d410 vary between
4 and 35 km [38]. Although this range may to
some degree be an artefact of the different seismo-
logical techniques employed, the range might also
reflect real variations in the thickness caused by
local differences in the chemical and physical
properties of the transition zone. There are a
number of potential factors, such as the presence
of H,O, which could cause the olivine to wadsley-
ite transformation to be quite broad. What is per-
haps initially more intriguing, however, is to de-
termine if there are conditions in the earth that
can produce a very sharp transformation of oliv-
ine to wadsleyite over an interval of 4 km thick or
less [8]. Specifically it is important to ascertain
whether a sharp discontinuity is consistent with
the generally accepted view that the mantle is
dominantly of peridotite composition.

In Fig. 5a an enlargement of the calculated ol-
ivine to wadsleyite transformation is shown. For
an (Mgo,Feq1),Si04 composition the transfor-
mation interval is calculated to be approximately
0.25 GPa, which would be equivalent to a depth
interval at d410 of about 8 km. Katsura and Ito
[10] determined this interval to be approximately
25 km wide at 1200°C and 14 km at 1600°C.
These results, when interpolated, give a width of
approximately 19 km at 1400°C. While the calcu-
lated interval at 1400°C is much narrower than
determined in this previous experimental study,
there is agreement when the pressure uncertainty
in the study of Katsura and Ito is considered. It is
also possible that factors such as the presence of
H,0 or Fe*" could have influenced the results of
Katsura and Ito leading to a slightly broader
transformation depth estimate.

Peridotite in the region of @410 would be com-
prised of approximately 60 mol% olivine, 30
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Fig. 5. (a) The olivine to wadsleyite transformation in the
Mg,SiOs—Fe,SiO4  system calculated using the optimised
thermodynamic data. The compositions of olivine, wadsleyite
and garnet as they change across the transformation are indi-
cated as calculated for a peridotite composition containing
60% (Mg,Fe),Si04 and 40% (Mg,Fe);AlSiz0, with a bulk
Fe/(Fet+Mg) ratio of 10.5%. The calculated width of d410 for
this composition is indicated in km. The yield of olivine with
increasing pressure across the transformation for this perido-
tite composition is shown as the dashed curve in panel b.
The olivine content and the pressure have been normalised.
The solid line is a linear transformation.

mol% majoritic garnet and 10 mol% clinopyrox-
ene [14]. As a result of Fe-Mg partitioning be-
tween these minerals the Fe content of the
(Mg,Fe),Si0O4 polymorph will not remain con-

stant but will increase on transforming from oliv-
ine to wadsleyite [14,39]. In order to include this
influence, which can effectively sharpen the dis-
continuity, previously reported Fe-Mg partition-
ing data between (Mg,Fe);Al;SizO;, garnet, oliv-
ine, magnesiowlistite and ringwoodite [21,24] were
used to optimise internally consistent thermody-
namic data for garnet Fe-Mg partitioning. These
optimised thermodynamic data are also given in
Table 4. Although garnet under transition zone
conditions would be majoritic and Ca-bearing,
previous work [21] has shown that these compo-
nents have little combined effect on garnet Fe-Mg
partitioning, probably because their individual ef-
fects are in opposite directions. Similarly in this
analysis the presence of at least 10% clinopyrox-
ene at the transformation conditions has been
ignored. As the Fe content of clinopyroxene at
these conditions will be lower than the other
phases its potential to sharpen the transformation
interval can only be smaller than a similar quan-
tity of garnet.

Fig. 5a shows a calculation of the Fe/(Fe+Mg)
ratios of olivine, wadsleyite and garnet as a func-
tion of depth for a peridotite composition con-
taining 60% (Mg,Fe),;SiO4 and 40% (Mg,Fe);Al,-
Si301, with a bulk Fe/(Fe+Mg) ratio of 0.105.
The calculation was performed by minimising
the free energy of the system at each pressure.
For this composition the calculated transforma-
tion interval is approximately 5 km. In compari-
son to the transformation of monomineralic
(Mgo9,Feq.1)2S104, in the presence of garnet the
transformation is significantly sharpened as a re-
sult of the interphase Fe-Mg partitioning. Olivine
is Fe-poor on the low-pressure side of the trans-
formation in comparison to wadsleyite on the
high-pressure side because Fe partitions less fa-
vourably into garnet in the wadsleyite stability
field than in the olivine field. The transformation
therefore starts at a higher pressure and is com-
plete at a lower pressure than in the monominer-
alic case. This effect sharpens the transformation
interval by approximately 35%.

Before we can apply this discontinuity width to
seismic observations, however, there are still a
number of further factors to be considered. Gud-
finnsson and Wood [40] investigated the influence
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of various minor elements on the olivine to wad-
sleyite transformation interval. They found that
the preferential partitioning of Al, Ti and Cr
into wadsleyite would broaden the transformation
by 1-2 km. This influence must be added to the
width determined in Fig. 5a as such minor ele-
ments were not included in the calculation. This
does not include the effect of H,O, which will be
addressed later. Several studies have raised the
possibility that strong curvature in the boundaries
of the two-phase region would result in mineral
transformation yields that were a strong non-lin-
ear function of pressure and that this could make
the transition appear sharper in seismic observa-
tions [12,13]. In Fig. 5b the olivine yield across the
transformation is plotted from the calculation on
a peridotite composition shown in Fig. 5a. The
yield is almost linear and a comparison with the
results of Helffrich and Wood [13] implies that the
observed seismic reflection would not appear sig-
nificantly sharper than the actual transition inter-
val. Another possibility is that focusing effects as
a result of topography on d410 could make the
seismically observed transformation appear sharp-
er in isolated observations [38]. Repeated obser-
vations from a number of earthquakes are the
only way to clarify this point.

In adiabatically convecting mantle the temper-
ature change resulting from the latent heat of the
transition will result in a broader transformation
interval in comparison to the isothermal case
shown in Fig. 5a. The temperature change of
the olivine to wadsleyite transformation can be
estimated from the relation [41]:

dp
AT= =T - AV/C, (12)
where AV is the volume change of the transfor-
mation and C, is the heat capacity. Taking the
volume change from the current refinement, and
previous estimates for C, and the Clapeyron slope
[27,33] the temperature change in a peridotite
composition is calculated to be approximately
50°, which given the uncertainties in this calcula-
tion would broaden the discontinuity by between
5 and 7 km. This would make a total thickness for
d410 of approximately 10 km. If the vertical com-
ponent of mantle flow is lower than approxi-

mately 1 mm/yr, however, then thermal conduc-
tivity over a 10 km depth becomes more rapid
than convection [42,43]. In this case the temper-
ature change across the discontinuity would be
smeared out over a greater depth and the temper-
ature drop and resulting broadening at the dis-
continuity due to latent heat would be reduced.
For vertical flow rates of less than 0.1 mm/yr the
temperature change across the discontinuity
would be smeared out to such an extent that it
would have a minor effect on the discontinuity
width, which would therefore return to approxi-
mately 6 km. It seems quite possible that signifi-
cant regions of the mantle, that are far away from
mantle plumes and subduction zones, have rela-
tively small vertical flow velocities. If estimates of
less than 6 km for the thickness of @410 are cor-
rect [7-9] then these regions of the mantle must
have suitably slow vertical flow rates if they are
composed of typical mantle peridotite.

Considering the aforementioned factors, the ol-
ivine-wadsleyite transformation interval at 1400°C
in dry peridotite with low or no vertical compo-
nent of mantle flow would be approximately 6 km
thick. This width is in excellent agreement with
some previous experimental and thermodynamic
estimates [14,44] although the exact reasoning be-
hind these previous estimates differs somewhat
from this study. 6 km is at the narrow end of
the range of seismic estimates for the width of
d410, which go from 4 to 35 km [38]. It is not
clear just how precise these seismic estimates are,
or if focusing effects may be responsible for some
of the very sharp observations. If, however, we
take the simplifying assumption that this varia-
tion reflects real differences in the mantle between
different regions, then it is important to consider
possible factors that might cause d410 to be either
sharper or broader than 6 km in various parts of
the mantle. It should be noted that the experimen-
tal data used in this study would also be consis-
tent with a transformation interval both sharper
than 6 km and as wide as 10 km when all uncer-
tainties are considered.

Considering first factors that could further
sharpen the transformation. The results of Kat-
sura and Ito [10] imply that increasing the temper-
ature by 100° would sharpen the olivine to wads-



D.J. Frost| Earth and Planetary Science Letters 216 (2003) 313-328 325

leyite transformation by approximately 3 km.
Temperatures at d410 between 1450 and 1500°C
could, therefore, result in a transformation inter-
val below 4 km. An increase in the garnet content
of the mantle would also sharpen the transforma-
tion. I calculate that increasing the garnet content
from 40 to 50% decreases the width by approxi-
mately 1 km. Similarly, if the Fe/(Fe+Mg) ratio of
the mantle were lower by 1% this would also
sharpen the transformation by approximately
1 km. A potential cause of this would be if the
oxygen fugacity in the transition zone is low
enough for a metallic Ni-Fe alloy to precipitate,
as has been proposed in several studies [20,45].
This would lower the Fe/(Fe+Mg) ratio of silicate
minerals in the transition zone region.

There are several effects that could make the
transformation at d410 broader than 6 km. Obvi-
ously we would expect broader transformations in
colder, garnet-poor or FeO-rich regions of the
mantle. The transformation would also be broad-
ened by 5-7 km in mantle with a high vertical
component of mantle flow. The solubility of
H,O in the mantle phases, however, has perhaps
the most dramatic potential to broaden the dis-
continuity. Wood [15] first proposed that the high
partition coefficient of OH™ between wadsleyite
and olivine means that relatively low OH™ con-
centrations would cause a significant broadening
of the d410 transformation. This has been to some
extent experimentally confirmed [46]. The model
of Wood predicts that the addition of even 100
ppm H,O would broaden the discontinuity by
approximately 3 km. Therefore to produce a dis-
continuity of 6 km or less it is difficult to envisage
a mantle that is anything other than exceedingly
dry in this region (H,O <100 ppm). Subduction
of H,O-rich material and mobility of H,O-rich
fluids and melts may result, however, in a hetero-
geneous mantle H,O distribution. Recent obser-
vations that d410 is between 20 and 30 km thick
beneath some parts of the Mediterranean [5] may
be evidence for higher mantle H,O contents in
these regions. If the transformation is 6 km thick
in dry mantle then a 20 km wide discontinuity
would suggest a mantle H,O content of approx-
imately 500 ppm using the model of Wood [15]. It
is important to note that the model of Wood pre-

dicts the transformation to become increasingly
non-linear with increasing H;O concentration.
For high H,O contents the seismically observed
discontinuity may therefore appear sharper than
the actual transformation thickness. Seismic ob-
servations that fit well to a non-linear transforma-
tion at d410 [18,47] might also therefore be an
indicator for the presence of H,O in the mantle
because the dry transformation would be linear.

6.3. Implications for the width of the 520 km
discontinuity

Fig. 6a shows the wadsleyite to ringwoodite
transformation for the same peridotite composi-
tion as shown in Fig. 5a. The calculated mono-
mineralic wadsleyite transformation is about 0.9
GPa for a Fe/(Fe+Mg) ratio of 0.1. This is con-
sistent with the width determined by Katsura and
Ito [15] at 1200 and 1600°C. As H,O and Fe**
have similar solubilities in both wadsleyite and
ringwoodite [48,49] these components are likely
to have a relatively small influence on the width
of this transformation. The presence of garnet in
the mantle will reduce the transformation interval
to approximately 0.7 GPa, which would be equiv-
alent to a depth interval of 20 km. The yield of
this transformation is also relatively linear as
shown in Fig. 6b. Several seismological studies
employing long-period S-wave observations (SS
precursors or ScS reverberations) have identified
reflections from a discontinuity at around 520 km
[50-52]. The absence of reflections at 520 km in
high-frequency studies [8] has been used to pro-
pose a thickness of between 10 and 50 km [38,47]
for this discontinuity. The phase transformation
of wadsleyite to ringwoodite in peridotite mantle
would, therefore, have a width quite consistent
with these seismic observations.

7. Conclusions

Fe-Mg partitioning between magnesiowiistite
and the (Mg,Fe),;SiO4 polymorphs collected over
a range of pressure at 1400°C has been used to
refine thermodynamic data for these phases and
calculate phase diagrams for the olivine to wads-
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Fig. 6. (a) The wadsleyite to ringwoodite transformation cal-
culated using the optimised thermodynamic data. The com-
positions of wadsleyite, ringwoodite and garnet have been
calculated for the same peridotite composition as shown in
Fig. 5. The calculated width of d520 for this composition is
indicated in km. The yield of wadsleyite with increasing pres-
sure across the transformation for this composition is shown
as the dashed curve in panel b.

leyite and wadsleyite to ringwoodite transforma-
tions.

Using previously published activity—composi-
tion relations for magnesiowiistite the following
symmetric Margules interaction parameters for
single sites have been determined: Wg:f,fleylte
7.5 (1.2) kJ/mol; Winpo%€=4.1 (0.8) kJ/mol;
W‘gg,il“ge =2.0 (1.0) kJ/mol.

The non-ideality of Fe-Mg mixing in wadsley-
ite appears to be significantly greater than in the
other two polymorphs.

The calculated olivine to wadsleyite transforma-
tion pressure interval is narrower than previous
determinations. This can be attributed to a small-
er difference in Fe contents between coexisting
olivine and wadsleyite calculated and observed
in this study. A potential cause of this may have
been the use of metallic Fe, which lowered the
ferric iron contents particularly in wadsleyite in
these partitioning experiments. Such lower oxygen
fugacities are, however, likely to be more applica-
ble to the Earth’s transition zone.

Using published data on the Fe-Mg partition-
ing between garnet and the (Mg,Fe),SiO4 poly-
morphs the olivine to wadsleyite transformation
interval was calculated to be approximately 0.2
GPa or equivalent to 6 km for a typical dry man-
tle peridotite composition at 1400°C. Across the
transformation the yield was found to vary almost
linearly with pressure.

Higher temperatures would sharpen the olivine
to wadsleyite transformation such that widths be-
low 6 km are plausible at mantle temperatures of
1500°C. Increasing the peridotite garnet content
by 10% or lowering the bulk Fe/(Fe+Mg) ratio
by 1% would sharpen the transformation by ap-
proximately 1 km.

In mantle with a high-velocity vertical compo-
nent of mantle flow the latent heat change result-
ing from the transformation would cause a broad-
ening of the olivine to wadsleyite transition by 5—
7 km. In regions with low or no vertical mantle
flow component thermal conductivity will coun-
teract this broadening effect and the transforma-
tion will remain sharp. The presence of H,O in
the mantle is likely to make the transformation
broader and increasingly non-linear. Estimates
on the order of 20 km for the width of d410
from some seismic observations [5] could result
from approximately 500 ppm of H,O in the man-
tle.

The wadsleyite to ringwoodite transformation
in a dry peridotite composition at 1400°C is esti-
mated to be approximately 20 km thick, which is
in good agreement with previous estimates. The
yield of this transformation is also very close to
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linear. The presence of H,O or Fe’* is not ex-
pected to significantly influence the position or
width of this transformation.
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