Nazionale delle Ricerche-Progetto  Finalizzato
Chimica Fine” and “Ministero Universita e Ricerca
Scientifica”; grants from the European Economic
community, the ltalian Ente per le Nuove Tecnologie,
’Energia e 'Ambiente, NATO (CRG 920549), and
the Air Force Office of Scientific Research (grant
F617-08-94-C-0013) through the European’ Office

of Aerospace Research and Development (grant
SPC-94-4042); and the Direccion General de Inves-
tigacion Cientifica y Tecnoldgica of Spain under
grant PB95-0918-C02. This work was supported in
part by the NSF under grant CHE 94-23927.

29 May 1996; accepted 24 July 1996

The Effect of Alumina on Phase Transformations
at the 660-Kilometer Discontinuity from
Fe-Mg Partitioning Experiments

B. J. Wood and D. C. Rubie

Experimental data on the partitioning of Fe and Mg between coexisting silicate perov-
skite, magnesiowustite, and y-(Mg,Fe),SiO, demonstrate that Fe substitution in perov-
skite is strongly coupled to Al,O, concentration. In Al,O,-free compositions, perovskite
has a low Fe/(Fe+Mg) ratio: for a bulk Fe/(Fe+Mg) of 0.11, perovskite has a value close
to 0.04, whereas magnesiowustite has a ratio near 0.17. In peridotitic mantle, however,
where the perovskite should contain 4 to 5 weight percent Al,O,, it has essentially the
same Fe/(Fe+Mg) ratio as coexisting magnesiowustite. Under lower mantle condi-
tions, therefore, perovskite and magnesiowstite should, in peridotite, each have an

Fe/(Fe+Mg) ratio close to 0.11.

The seismic discontinuity at 660-km depth
is a global feature, dividing Earth’s lower
mantle from the overlying transition zone
and upper mantle. It corresponds to 6 to
10% increases in seismic wave velocity and
density with increasing depth (1). Recent
experiments (2—4) have demonstrated that
the 660-km discontinuity corresponds in
pressure (23.5 GPa) and temperature (ap-
proximately 1600°C) to the conditions of
the decomposition of v-(MgFe),SiO,
spinel (SP), the major constituent of peri-
dotite at this depth (3), into (Mg,Fe)SiO;
perovskite (PV) and (Mg,Fe)O magnesio-
wiistite (MW)

(Mg,Fe),SiO, =(Mg,Fe)SiO; + (Mg,Fe)O
SP PV MW

(1)

The documentation of such conditions
means that a qualitative interpretation of
the 660-km discontinuity can be provided
by the occurrence of reaction 1 in an ap-
proximately peridotitic mantle (3). Better
constraints on average mantle composition
are, in principle, provided by the sharpness
and magnitudes of density and seismic ve-
locity changes at the 660-km discontinuity
and from velocity and density gradients in
the lower mantle (5). However, in order to
compare seismically determined density and
velocity structure with laboratory-measured

B. J. Wood, Department of Geology, University of Bristol,
Bristol BS8 1 RJ, UK.

D. C. Rubie, Bayerisches Geoinstitut, Universitat Bay-
reuth, D-95440 Bayreuth, Germany.

1522

elastic properties and densities of minerals,
it is necessary to know how the chemical
components of the mantle distribute them-
selves between the different minerals
present. Currently, the partitioning of FeO,
MgO, and other major components such as
ALO; between perovskite and magnesio-
wiistite is poorly constrained for peridotitic
and other natural compositions. Therefore,
partitioning behavior must be assumed,
yielding uncertain estimates of bulk rock
properties. The partitioning assumptions
are important because density and elastic
properties depend substantially on compo-
sitional parameters such as Fe#, the molar
ratio Fe/(Fe+Mg). Here we determine the
partitioning of Fe and Mg between spinel,
perovskite, and magnesiowiistite in bulk
compositions that reflect natural abundanc-

es of minor components such as Al,O; in
order to obtain better estimates of mineral
compositions under lower mantle condi-
tions. The results are also applied to an
understanding of the reactions at depths
between 660 and 750 km.

All experiments were performed on the
multianvil apparatus at the Bayerisches
Geoinstitut, and analyses were made with
the JEOL 8600 microprobe at the Univer-
sity of Bristol (6). Our data (Table 1) on the
partitioning of Fe and Mg between spinel
and magnesiowlistite in compositions doped
with about 1% each of ALO,;, MnO,
Cr,0O;, and NiO are consistent with previ-
ous results (4, 7, 8) in both peridotitic bulk
compositions and in the simple system
MgO-FeO-SiO,. The magnesiowiistite is al-
ways substantially richer in Fe than is co-
existing spinel. For typical peridotite with
an Fe# in spinel of 0.11, the coexisting
magnesiowtistite would have an Fe# of
0.166. On the basis of a comparison with
previous results, we find that doping with
ALO;, MnO, Cr,0;, and NiO does not
significantly affect the Fe-Mg partitioning
between spinel and magnesiowtistite. Parti-
tioning data for Fe and Mg between perov-
skite and magnesiowtistite in AlLO;-free
compositions (8—11) indicate that perov-
skite in equilibrium with magnesiowiistite
contains very little Fe. A perovskite Fe# of
about 0.04 would be appropriate for equi-
librium, with magnesiowiistite and spinel
having Fe# of 0.166 and 0.11, respectively
(that is, for peridotite mantle composition)
(8-11). In contrast to spinel-magnesiowiis-
tite relations, which are insensitive to the
presence of other components, this result
can only apply in the absence of ALO,

Fertile peridotites such as pyrohte” (IZ)
contain 3.0 to 4.0 weight % AL O;, most of
which should, in the lower mantle, reside in
the Mg-rich perovskite phase, with lesser
amounts in magnesiowiistite and Ca perov-
skite (2, 7). In a peridotitic composition, the
perovskite phase constitutes about 75% of

Table 1. Experimental data: pressure (P), temperature (T), and compositions. Experiments at 25 GPain
Mo capsules exhibited Fe loss to the capsule and precipitation of Mo-Fe alloy in the charge. Runs in Re
capsules contained excess ReO, to maintain oxidizing conditions. MW, magnesiowistite; OL, olivine;
SP, spinel; OP, orthopyroxene; and PV, perovskite. Numbers in parentheses refer to Fe# and weight %

Al,O,.

P (GPa) T (°C) Starting composition Capsule Final composition
20.4 1600  MW(0.28,0.5); OL(0.104,0.0) Mo W(0.25,0.5), SP(0.16,0.4)
20.4 1600 MW(0.46,0.4), OL(0.104,0.0) Mo W(0.36,0.3), SP(0.22,0.2)
25 1600 MW(0.17,5.0), OP(0.10,0.0) Re MW(0.125,0.1), PV(0.155,6.8)
25 1600  MW(0.17,5.0), OP(0.21,4.1) Re W(0.168,0.1), PV(0.195,8.9)
25 1500 MW(0.17,5.0), OP(0.21,4.1) Fe W(0.185,1.5), PV(0.185,4.3)*
25 1600 MW(0.46,0.4), OP(0.21,4.1) Mo \W(0.154,0.7), PV(0.180,4.0)
25 1600 MW(O 28,0.5), OP(0.10,3.6) Mo MW(0.094,0.3), PV(0.096,4.1)
25 1600 W(0.17,5.0), OP(0.21,4.1) Mo W(0.121,1.3), PV(0.169,4.5)*
25 1600 MW(O 17,5.0), OP(0.21,4.1) Mo W(0.151,2.3), PV(0.188,5.0)

*A small amount of an unidentified aluminous phase was present.
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the rock by weight, which gives it an AL, O,
concentration, under lower mantle condi-
tions, of 4.0 to 5.3 weight %. In our study,
experiments on mixtures of orthopyroxene
(0.0 to 4.1 weight % Al,O;) and magnesio-
wiistite (0.4 to 5.0 weight % Al,O;) pro-
duced perovskite-magnesiowtistite assem-
blages in which the perovskite and magne-
siowstite contained 4.0 to 8.9 and 0.1 to
2.3 weight % Al,O;, respectively (6). The
results (Fig. 1) demonstrate a substantial
shift in Fe-Mg partitioning between perov-
skite and magnesiowdistite in alumina-bear-
ing bulk compositions relative to Al,O;-
free compositions. Our measurements (6)
[consistent with those from (7, 13)] indi-
cate that in the presence of Al,O, the two
phases have approximately equal values of
Fe#. When applying our results to the Earth,
some uncertainty arises from the unknown
oxidation state of Fe in the products. How-
ever, experiments performed in both reduc-
ing (Fe capsule) and oxidizing (Re capsule
+ excess ReO,) environments showed sim-
ilar large partitioning shifts relative to the
AL O;-free system (6) (Fig. 1), indicating
that our results should apply under any con-
ceivable lower mantle conditions.

At a depth slightly shallower than 660
km, peridotitic mantle (plotted on Fig. 2)
consists of 60 to 70% spinel, 30% garnet
containing 12 weight % Al,O;, and small
amounts of a calcium silicate perovskite (2,
3). Two possible reaction models arise de-
pending on whether or not (Mg,Fe)SiO,
perovskite can contain 4 to 5 weight %
ALO; when it first appears at 660-km depth.
If the first perovskite to appear is low in
ALO;, then tie lines a, b, ¢, and f in Fig. 2
are applicable at 660 km. In this case, be-

0'20 "l T =T T
Qo Al-free
z system
3 0.16f 1
3 i %g
2 1
»n )
g 512 ! ~§=§< ;
o 1
e /
E /
u 1
%0‘08' ! o Irifune (7) in Pt ]
1
% H ® This study in Mo
& 0.04f o O This study in Fe -
8 ,:' A Re capsules
0 . s L A
0 004 008 012 016 020

Fe/(Fe+Mg) of perovskite

Fig. 1. Partitioning of Fe-Mg between (Mg,Fe,Al)
perovskite and magnesiowUstite. Note the dra-
matic shift relative to the Al,O,-free system
caused by the addition of Al,O, (4.0 to 8.9 weight
%) to perovskite. The oxidation state imposed by
the capsule from Fe (reducing) to Re (relatively
oxidizing) appears to have little effect. The two
points in Re capsules at high Fe# are from this
study, and that at low Fe# is from (73) at the higher
temperature of 2400° = 100°C.

cause perovskite, spinel, and magnesiowtis-
tite compositions are collinear on Fig. 2,
reaction 1 is pseudounivariant, taking place
over a very narrow depth interval (14). Im-
mediately below 660 km, therefore, spinel
would completely disappear, and the mantle
would consist of about 30% each of perov-
skite, magnesiowiistite, and garnet, with
10% minor phases (Fig. 3). Our experiments
[also see (2, 3, 7)] demonstrate, however,
that perovskite can contain up to 8.9 weight
% Al,Oj at about 25 GPa, which means that
aluminous garnet must dissolve into perov-
skite with increasing depth and eventually
disappear from peridotite compositions at
700 to 750 km. The likely consequences are
shown in Fig. 3. As the AL O;-content of
perovskite increases, the perovskite must,
from the measured partitioning relations, be-
come more Fe-rich. At the same time, be-
cause the bulk peridotite composition has
fixed Fe#, the magnesiowiistite and residual
garnet must become poorer in Fe to compen-
sate. The net effect is a rotation of the a and
b tie lines (Fig. 3). Garnet will completely
disappear at about the point where the ab tie
line cuts the peridotite bulk composition.
The mantle below 750 km will then have
the compositional relations shown by the
dotted line in Fig. 3. This model leads to a
sharp 660-km discontinuity caused by spinel
breakdown, followed by abnormal gradients
in density and velocity to about 750 km as
garnet dissolves into perovskite and the ab
tie line rotates.

The second possibility is that Al,O;-rich
perovskite is stable when it first appears,

Al-rich

Al-free ]
perovskite 4

1.1} perovskite

Garnet

g
< 0.7} E
Q
&
@ Peridotite
0.3F 1
Magnesiow(istite
-0.1 s L L
0 0.05 0.10 0.15 0.20
Fe/(Fe+Mg)

Fig. 2. Observed Fe-Mg partitioning between pe-
rovskite, magnesiowdistite, garnet, and spinel un-
der conditions approximating those of the 660-km
discontinuity. Two perovskite points are plotted,
reflecting Fe# for Al,O,-free and Al,O,-rich (ap-
proximately 5 weight %) compositions in equilibri-
um with spinel of Fe# = 0.11. The results lead to
two possible models of the reactions in peridotite
between depths of 660 and about 750 km. lllus-
trative-tie-lines a, b, ¢, and f link equilibrium com-
positions together if perovskite is essentially
- Al,O,-free when it first appears; dashed tie-lines
b, ¢, d, and e apply if perovskite is Al,O,-rich
(approximately 5 weight %) when it appears.
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which would mean that tie lines b, ¢, d, and e
(Fig. 2) are appropriate at 660 km. In this
case, because mantle peridotite has a low Fe#
of 0.11, only small amounts of Fe-rich perov-
skite and magnesiowiistite can be produced at
660 km. However, these phases become pro-
gressively more stable than spinel and garnet
below 660 km, so they must increase in
amount with increasing depth. As perovskite
and magnesiowdstite increase in amount, all
four minerals must move to lower Fe# to
preserve the relative partitioning relations at
the fixed peridotite bulk composition. With
increasing depth, therefore, mineral composi-
tions and tie lines b, ¢, d, and e will all move
to lower Fe# as spinel and garnet -are con-
sumed and perovskite and magnesiowiistite
are produced. This process continues until tie
line e crosses the mantle composition, at
which point, as before, all of the spinel and
garnet are gone. In this case, the 660-km
discontinuity would not be sharp because
spinel and garnet would disappear gradually
over a considerable depth interval. There
would, however, be steep gradients in velocity
and density within the reaction interval (ap-
proximately 660 to 750 km) as perovskite and
magnesiowiistite are produced. Below 750 km,
the perovskite and magnesiowtistite composi-
tions would be the same as those shown by the
dotted line in Fig. 3, which reflects partition-
ing for Al,O5-rich perovskite.

Because of pressure uncertainties in the
multianvil apparatus [about 5 to 10% (13,
15)], it is currently almost impossible to test
experimentally which model actually ap-
plies to the interval between 660 and 750
km. Seismological data, however, strongly
support the tie-line rotation model of Fig. 3.
Recent seismic studies using large arrays
(16) and stacking techniques (17) demon-
strated that the 660-km discontinuity is a

<>=' Peridotite

141 PV PV 1

Si/(Fe+Mg)
=
b

® 660 km :
0.3}O~ 750 km |

MW O

MW
-0.1 s \ L
0 0.05 0.10 0.15 0.20
Fe/(Fe+Mg)

Fig. 3. Changing phase relations between depths
of 660 and 750 km under the assumption that
Al,O,-poor perovskite (PV) and magnesiowdistite
(MW) first appear at 660 km by pseudounivariant
breakdown of spinel. With increasing depth, the
aluminous garnet (GT) dissolves into perovskite,
and the perovskite-magnesiowlstite tie-lines a
and b rotate as shown.
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relatively strong reflector in the 0.2- to
0.5-Hz range, requiring that substantial
changes in elastic properties take place over
a narrow 5- to 12-km depth interval (16,
17). This constraint means that the major
reaction, spinel breakdown, must be
pseudounivariant, which is only consistent
with perovskite being Al,O;-poor at the
660-km discontinuity. In addition, global
seismological models (1) indicate that the
region between 660 and 750 km exhibits
steeper velocity-depth gradients than the
region below 750 km, which would be con-
sistent with the gradual dissolution of gar-
net into perovsKite accompanied by tie-line
rotation. Whichever model is correct, pe-
rovskite and magnesiowdistite in peridotite
must have similar values of Fe# (0.11) un-
der lower mantle conditions, a fact that
impacts physical properties of the mantle
such as density and electrical conductivity.

From the standpoint of crystal chemis-
try, it is interesting and unusual that Al,O,
has such a large effect on the Fe content of
perovskite. Kesson et al. (18) observed that
perovskites with up to 25 weight % Al,O,
could be synthesized at 60 GPa on the join
Mg,ALSi;O,,-Fe;AlLLSi;O,, for all values
of Fe# between 0.0 and 0.75. Perovskites
much richer in Fe and Al than those of this
study are therefore. stable under deeper
mantle conditions. Coupling between Al
and Fe may be inferred from comparison
with the work of Ito and Takahashi (19),
who found only 1.3 weight % Al,O; in pure
MgSiO;  perovskite, in contrast to 8.9
weight % in (Mg,Fe)SiO; found by us under
the same pressure-temperature conditions.
Although the Fe oxidation state in product
perovskites is unknown, one possible expla-
nation for the apparent Fe-Al coupling is
that a substantial part of the Fe enters as
Fe** through solution of the component
Fe'"AlO,. This hypothetical perovskite
would have Fe’™ on the dodecahedral site
and AP’* on the octahedral site. The pres-
ence of this component seems more likely
than the alternative, that small amounts of
octahedral AP’* dramatically change the
thermodynamic properties of Fe’* on the
dodecahedral site.
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Iridium in Natural Waters

A. D. Anbar,” G. J. Wasserburg, D. A. Papanastassiou,
P. S. Andersson

Iridium, commonly used as a tracer of extraterrestrial material, was measured in rivers,
oceans, and an estuarine environment. The concentration of iridium in the oceans ranges
from 3.0 (=1.3) X 108 to 5.7 (+0.8) X 102 atoms per kilogram. Rivers contain from 17.4
(£0.9) X 108 t0 92.9 (=2.2) X 108 atoms per kilogram and supply more dissolved iridium
to the oceans than do extraterrestrial sources. In the Baltic Sea, ~75% of riverine iridium
is removed from solution. Iron-manganese oxyhydroxides scavenge iridium under ox-
idizing conditions, but anoxic environments are not a major sink for iridium. The ocean
residence time of iridium is between 2 X 10% and 2 X 10* years.

Itidium and the other platinurn group ele-
ments (PGEs) are used as tracers of extra-
terrestrial material because these elements
are enriched in meteorites relative to
Earth’s crust (1). The high concentration of
Ir in sediments and rocks at the Cretaceous-
Tertiary (K-T) boundary is thought to be
the result of an extraterrestrial impact that
caused mass extinction (2). Smaller Ir en-
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richments are coincident with other extinc-
tion horizons (3). The long-term extrater-
restrial flux is quantified from the Ir burial
flux recorded in deep-sea sediments (4).
Understanding the aqueous geochemistry of
Ir is important because most sediments are
deposited in aquatic environments and may
be subject to aqueous alteration after depo-
sition. Low concentrations of Ir in natural
waters have limited the study of its geo-
chemistry. However, recent advances in
negative thermal ionization mass spectrom-
etry (NTIMS) provide the sensitivity to
measure Ir in typical crustal materials (5).
In combination with ultraclean chemical
separation techniques, we used isotope di-
lution and NTIMS to characterize the nat-
ural water chemistry of Ir. This method
permits the analysis of Ir in as little as 4
liters of water from the open ocean (6, 7), a





