tube axis is directly observed in the STM
image of Fig. 2A. The measured period of 16
A reveals that the second layer of the tube is
rotated relative to the first layer by 9°. The
first and the second cylindrical layers have
chiral angles of 5° and —4°, respectively,
showing that the tubes are indeed composed
of at least two coaxial graphitic cylinders
with different helicities.

In our experiments, hot vapor is suddenly
quenched on a cold surface. The substrate is
atomically flat and chemically inert. This
leads to cooling and supersaturation of the
incoming vapor on a neatly noninteracting
surface. The resulting quasi-free growth con-
ditions resemble those for vapor-phase
fullerene formation. This method gives a
new approach to understand the formation
of novel hollow graphitic structures. Qur
observations suggest that the growth to tu-
bular rather than spherical configurations is
preferred for “giant fullerenes.”
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Oxygen Diffusion in Perovskite: Implications for
Electrical Conductivity in the Lower Mantle

Bjarni Gautason and Karlis Muehlenbachs

Experimental determination of oxygen self-diffusion in CaTiO, perovskite, a structural
analog of (Mg,Fe)SiO, perovskite, confirms a theoretical relation between diffusion con-
stants and anion porosity. Oxygen diffusion rates in (Mg,Fe)SiO, perovskite calculated with
this relation increase by about eight orders of magnitude through the lower mantle. Elec-
trical conductivity values calculated from these diffusion rates are consistent with inferred
conductivity values for the lower mantle. This result suggests that the dominant conductivity

mechanism in the deep mantle is ionic.

The lower mantle is the Earth's largest
silicate and oxygen reservoir, constituting
roughly half of the planet’s volume. The
dominant phase in the lower mantle, (Mg,-
Fe)SiO; perovskite, accounts for >85% of
its volume (1). Consequently, diffusion of
major elements in this phase may dominate
dynamic processes in the lower mantle.
Only recently have measurements of the
physical properties of (Mg,Fe)SiO; perov-
skite at pressures and temperatures that
correspond to those of the lower mantle
become possible (2, 3). These measure-
ments are still limited because of sample size
and constraints of the experimental appara-
tus. In the absence of direct experimental
determination, diffusion rates at very high
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pressure and temperature may be inferred by
experimental study of analog phases, empir-
ical modeling, or theoretical calculations.
The data from these approaches may pro-
vide a framework to discuss subjects such as
isotopic equilibration rates, mantle rheol-
ogy, chemical transfer between mantle and
core, and ionic conductivity.

In this report we provide data on oxygen
diffusion in CaTiO; perovskite, a phase
commonly used as an analog to (Mg,Fe)-
SiO; perovskite (4). Both CaTiO; and
(Mg,Fe)SiO; perovskite are orthorhombic
ABO; compounds, with a similar tolerance
factor (5) and, hence, similar thermochem-
ical properties (6). The experimentally de-
termined oxygen diffusion constants for
CaTiOj; are consistent with empirical rules
that relate diffusion constants to crystal
porosity (7). Therefore, we propose that
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the empirical relations may be used to
estimate oxygen diffusion constants for
(Mg,Fe)SiO; perovskite.

Diffusion is a thermally activated process
and is commonly described by the Arrhe-
nius relation

D = Dy exp(—Q/RT) (1)

where D is the diffusion coefficient, Dy, is a
constant, (Q is the activation energy, R is
the gas constant, and T is absolute temper-
ature. When this relation holds, a plot of
the logarithm of the diffusion coefficients
versus the inverse temperatures yields a
straight line. To measure oxygen diffusion
in CaTiO; perovskite, we partially equili-
brated aliquots of perovskite powder with
CO, gas at temperatures between 900° and
1300°C in a 1-atm furnace. Several exper-
iments were done at each temperature, with
varied grain size and run time (8). The data
from our experiments (Fig. 1) fit an Arrhe-
nius relation with an activation energy
(derived from the slope on Fig. 1) of 313 =
10 k] mol ™! and a preexponential factor D,
of 5.0778 cm? 571

The experimentally derived oxygen dif-
fusion constants Q and D, for CaTiO,
perovskite are consistent with a recent em-
pirical model that relates the activation
energy for oxygen diffusion and the preex-
ponential factor (In D) to the anion poros-
ity () of crystals (7). The anion porosity is
a measure of the volume fraction not occu-
pied by anions and is defined as 1 —
(VA/V), where V, is the volume of anions
in the unit cell and V is the unit cell
volume (9). Data from 1-atm oxygen diffu-
sion experiments on several minerals (Ta-
ble 1) illustrate a well-defined linear rela-
tion (Fig. 2A) between anion porosity and
the activation energy. In contrast, the re-
lation between porosity and In D, (Fig. 2B)
shows considerable scatter. In both plots,
the scatter is significantly reduced if the
data from a single laboratory are considered
(7), which suggests that some scatter stems
from interlaboratory comparison. Further-
more, the activation energy and In D,
cannot be determined independently, and
small uncertainties in the slope (Q) will
lead to large uncertainties in D,.

The linear relations may be combined to
give an equation that relates anhydrous
oxygen diffusion to temperature and anion
porosity (7, 10)

InD=A +B® - [(L + M®)10>RT] (2)

The constants A and B are the intercept and
slope, respectively, in the linear relation
between In D, and ®, and the relation
between Q and @ is similarly described by
the constants L and M (Fig. 2, A and B).
We obtained A = 36.5 + 7.7, B = —1.01
+0.17,L = 1116 = 60, and M = —18.6 =
1.3 from the values in Table 1 (11). The



data on CaTiO; perovskite are consistent
with the trend delineated by the other min-
erals. The predicted activation energy is with-
in experimental error. The predicted Dy,
however, is one-tenth of the experimentally
observed value. Nevertheless, the agreement
is satisfactory given the large uncertainties
inherent in the determination of D,,.

Application of the model to diffusion
within the Earth requires that the anion
porosity of (Mg,Fe)SiO; perovskite as a
function of temperature and pressure be
determined from its equation of state
(EOS). We calculated porosity from an
appropriate room temperature EOS (12),
which reproduces all available (at T ~ 300
K) pressure-volume (P-V) data on (Mg,Fe)-
SiO; perovskite. This EOS strictly applies
to pure MgSiO; perovskite. However, re-
cent studies have shown that the P-V rela-
tions for (Mg,_y,Fey)SiO; perovskite are
insensitive to compositional variation in
the range between X = 0 and X = 0.2 (2).
Furthermore, the thermal expansion coeffi-
cient a of (Mg,Fe)SiO; perovskite decreas-
es rapidly from low pressures up to 30 GPa,
where the increase in unit cell volume is
<2% (relative) between 300 and 1100 K
(13); at higher pressures, the effect is even
smaller. Consequently, the thermal expan-
sion of the unit cell of (Mg,Fe)SiO; perov-
skite at lower mantle conditions has mini-
mal effect on the porosity and may be
ignored. To calculate the anion porosity,
one must also know the compressibility of
Si-O and Mg-O polyhedra. However,
there are few data available on the com-
pressibility of polyhedra in silicates except
in the limited pressure range of 0 to 5 GPa
(14). We assumed that the reduction of
anion porosity is proportional to the com-
pression of the unit cell, which implies that
the reduction of unit cell volume is
achieved in part by direct compression of
the oxygen anions. The ionic radius of O?~
at 0 GPa is taken to be 1.40 A from
consideration of average bond lengths ob-
tained in x-ray diffractionstudieson (Mg,Fe) -
SiO; (15). If we assume that at lower
mantle pressures shortening of the bonds is
taken up equally by the cations and anions,
then the value for the oxygen radius at 135
GPa is 1.27 A (Fig. 3).

A corollary to the model is that, at a
certain temperature, diffusion will be inde-
pendent of anion porosity and hence of
pressure. This temperature, which we refer
to as an isokinetic temperature (T}), can be
determined by differentiation of Eq. 2 and
solving for (3InD/9®) = 0.

(alnD) 3 10°M
T

3 RT ©)

Substitution of our values for the constants
in Eq. 2 yields T, = 1900°C. At T;, oxygen

will diffuse at the same rate in all silicates
and oxides regardless of their anion porosi-
ty. Isokinetic temperature is similar to
Hart’s (16) crossover temperature T*, at
which in a given matrix all species diffuse at
the same rate. The calculated T; is greater
than temperatures encountered in the
Earth’s crust and upper mantle. However, it
is well within the range of lower mantle
temperatures.

To examine further the effect of pressure
and temperature on diffusion as a function
of anion porosity we plotted AlnD/A® ver-
sus T~ (Fig. 4). Where AlnD refers to InD,
— InD; at some arbitrary pressures 1 and 2
and AP refers to &, — P, at those same
pressures. The plot yields a line of slope 10°
M/R and intercept B (see Eq. 3). At tem-
peratures <T,, AlnD/A® is positive and
oxygen diffusion rates decrease with de-
creasing porosity (increasing pressure) at
constant temperature. However, at temper-
atures >T, this trend is reversed, AlnD/A®

Temperature (°C)
a 1300 1100 900
O T T T
o
‘Tm10_
E11l
CA
Q2
13-
144
B850

T1x104 (K1)

Fig. 1. Oxygen diffusion coefficients for CaTiO,
perovskite plotted against inverse temperature
[(degrees kelvin)~"].

Table 1. Diffusion constants for anhydrous ox-
ygen diffusion in a variety of silicate and oxides.
All references are in (26), except leucite (6)
and perovskite (this work). Uncertainties are in
parentheses.

. ® In D, (cm? Q kJ
Mineral %) 30‘1) mol-1)
CaTiO, 43.3 1.61 (1) 313 (10)
perovskite
Leucite 56.9 -25.07(1.4) 59 (13)
Nepheline 531 -18.95 105 (11)
Melilite 51.4 -11.66 140 (0.5)
(AkgoGeso)
Melilite 51.8 —-11.84 133 (0.5)
(Ak7sGeys)
Anorthite 496 —-11.51(0.9) 236 (8)
Forsterite 420 -—-3.56 415
Forsterite 420 -12.98 293
Diopside 42.4 1.84 405 (24)
Quartz 46.5 —15.08 221
SiO,, glass 535 -23.85 82 (17)
Mg-spinel 36.0 -0.12 (4) 439 (67)
Mg-spinel 36.0 —455(1.3) 415(30)
Sapphire 255 5.60 615 (40)
MgO 43.5 —-8.57(1.4) 370 (20)
a-Fe,O, 3741 6.45 (2.4) 405 (25)
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REPORTS

< 0, and oxygen diffusion rates increase
with decreasing porosity at constant tem-
perature. Consequently, below a certain
depth (where the T; isotherm is intersected
at ~1100 km) in the lower mantle, oxygen
diffusion rates increase because of increas-
ing pressure and temperature.

Calculated oxygen diffusion rates in
(Mg,Fe)SiO; perovskite along a geothermal
gradient of the lower mantle (17) increase
by about eight orders of magnitude, from
~107" to ~107¢ cm? s~! through the
lower mantle from ~670 km to ~2890 km

- (18). Thus, oxygen diffusion rates are up to

ten orders of magnitude greater in (Mg,-
Fe)SiO; perovskite in the lower mantle
than in major upper mantle constituents
such as olivine (at ~1200°C). This differ-
ence results from a predicted high D, and
activation energy and, in particular, the
modifying effect of high temperatures on
the exponential term in the Arrhenius
equation. Thus, the effect of temperature
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Fig. 2. (A) Relation between activation energy
and anion porosity. (B) Relation between the
preexponential factor In D, and porosity. Our
experimental results for oxygen diffusion .in
CaTiO, perovskite are shown as filled squares.
Data and errors on Q and D, are given in Table
1. Abbreviations: pv, CaTiO; perovskite; lu,
leucite; ne, nepheline; mel, melitite; an, anorth-
ite; fo, forsterite; di, diopside; g, quartz; si, SiO,
glass; sp, Mg-spinel; saph, sapphire; MgO,
MgO; hm, a-Fe,O,.
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Fig. 3. Calculated anion porosity for MgSiO,

perovskite plotted against pressure.

Depth (km)

12 2900670
0.8
0.4

g

S oL

[~

3

J

A ——%7""04 06 08
T-1x10% (K1)

Fig. 4. Plot of AInD/A® versus T~ x 103. The
slope is given by (dQ/a®)R ", and the intercept
is given by (3InD,/d®). The isokinetic tempera-
ture is indicated, and depth in the mantle,
according to Anderson’s (77) geothermal gra-
dient, is shown. At temperatures > T, AInD/A® is
negative and oxygen diffusion rates increase
with increasing pressure at constant tempera-
ture. Below T, diffusion rates decrease with
increasing pressure.

outweighs that of pressure on oxygen diffu-
sion. Our results are supported by theoret-
ical calculations that conclude that (Mg,Fe)-
SiO; perovskite is a solid electrolyte at high
temperatures (~4000 and ~5000 K) in the
lower mantle (20, 21).

Most previous studies have suggested that
electronic conduction is the single most
important conduction mechanism in the
lower mantle (22, 23). However, our work
indicates that oxygen diffusion rates in (Mg,-
Fe)SiO, perovskite are fast enough that ion-
ic conductivity may be an important, and
possibly the dominant, conduction mecha-
nism in the lower mantle (20, 22). The total
conductivity o, of a phase may be written as

o, =0; + 0, “

where o, and o, are the contributions to
total conductivity from electronic and ionic
conductions, respectively. The contribu-
tion from ionic diffusion to the total con-
ductivity may be calculated from the
Nernst-Einstein relation (24)

0/D = N2% 2 kT 5)

where N is the number of ion pairs per
cubic centimeter, z and e are the valence
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Fig. 5. Comparison of anionic conductivity cal-
culated from oxygen diffusion rates in (Mg,Fe)-
SiO, perovskite as a function of pressure, and
mantle conductivity profiles inferred from secu-
lar variations in the Earth’s magnetic field. The
vertically hatched area is our calculated profile
with an assumed error of +1 log unit. The solid
line is the preferred profile of Ducruix et al. (25)
and the stippled line marks their lower limit on
conductivity. The core mantle boundary (CMB)
is indicated.

and charge of the diffusing species (O?7),
respectively, and k is Boltzmann’s constant.
At reasonable lower mantle temperatures,
the ionic conduction (ohm~! cm™!) is ~4
X 10D (cm? s71).

We have calculated the ionic conductiv-
ity in perovskite as a function of depth in
the lower mantle. The calculated values are
in good agreement with conductivity values
inferred from geomagnetic field variations
(25), particularly for those close to the base
of the lower mantle (Fig. 5). Therefore, we
conclude that oxygen transport contributes
significantly to the overall electrical con-
duction in the Earth’s lower mantle. These
results help explain recent experiments on
(Mg,Fe)SiO; perovskite and perovskite-
bearing assemblages that give apparently
contradictory results (23). Although the
exact nature of the electrical conductivity
of (Mg,Fe)SiO; perovskite has not been
resolved, our results indicate that the in-
ferred electrical conductivity of the lower
mantle does not provide constraints on the
composition of the lower mantle.
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The Relation Between Biological Activity of the
Rain Forest and Mineral Composition of Soils

Y. Lucas,* F. J. Luizao, A. Chauvel, J. Rouiller, D. Nahon

In most soils of the humid tropics, kaolinitic topsoil horizons overlie more gibbsitic horizons.
This arrangement cannot be produced simply by leaching. Quantitative measurement of
the turnover of chemical elements in the litterfall in an Amazonian ecosystem indicates that
the forest cycles a significant amount of elements, particularly silicon. As a result, fluids
that percolate through topsoil horizons already contain dissolved silicon. This effect keeps
silicon from being leached down and may account for the stability of kaolinite in the soil
upper horizons. The soil mineral composition is thus maintained by biological activity.

Tropical acid soils are composed of residual
primary minerals, mainly quartz grains
(8i0,), and newly generated secondary min-
erals, mainly kaolinite [AL,Si,O;(OH),] and
smaller quantities of gibbsite [AI(OH),], he-
matite (Fe,05), and geothite (FeOOH). In
most of the well-drained, nonspodic acid
soils under tropical humid climates, kaolin-
ite is the prevailing secondary mineral in the
topsoil horizons. The observed gibbsitic ho-
rizons appear to be situated beneath more
kaolinitic horizons as gibbsitic saprolite,
nodular or bauxitic horizons, or gibbsite accu-
mulations in a kaolinitic matrix (I-3). From a
chemical standpoint, these soils are more
siliceous on the top horizons and more alumi-
nous underneath. This structure of the soil
profile is observed for old soils, such as Ama-
zonian bauxites, as well as for young soils.
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This observed vertical succession is just
the opposite of that predicted by most
geochemical soil formation models (4-7).
These models take a low-Si and -Al rain-
water input on topsoil into consideration.
As the water percolates, the solution-min-
eral reactions lead to a progressive increase
of the Si and Al concentration in the soil
solution. The models predict a vertical
succession of horizons, with more alumi-
nous gibbsitic horizons in the topsoil above
the more siliceous kaolinitic horizons. The
discrepancy between the models and the
observed soil horizons has long been ig-
nored for two reasons. There has been a lack
of field studies on humid tropical soil
geochemistry, and the top horizons of trop-
ical soils have been frequently interpreted as
allochtonous, that is, the kaolinitic material
was deposited after the lower soil layers had
formed. Numerous studies in the last 20
years, however, have pointed out that such
allochtony is more restricted than had been
thought. Most of the tropical soils have
formed in situ (8, 9), with a possible input of
foreign material by dust deposition (10).
Various other explanations of the siliceous
topsoil production have already been pro-
posed: uplift of deep material by termites or
ants (11); rapid percolation of the rainwater
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through the topsoil so that water-mineral
interaction does not reach equilibrium (12);
or decreased water activity in the topsoil
during dry seasons, displacing the kaolinite-
gibbsite equilibrium (13). These hypotheses
rarely apply to humid tropical soils, howev-
er. Termite or ant activity is normally re-
stricted to the upper horizons of soil where
the dry season is short. Water generally
percolates slowly through soils as capillary
water (14). During exceptionally dry peri-
ods, soil suction can reach 15 bars, which is
the usually accepted limit for plant wilting.
Under these conditions, maximum water
activity changes would be from 1 to 0.989,
which correspond to a quite small (+0.55%)
shift of the dissolved SiO, concentration at
the gibbsite-kaolinite equilibrium.

To investigate the source of this perma-
nent Si stock above more aluminous hori-
zons, we studied the role of the rain forest
itself on the geochemical cycling of the
elements that act on the mineral-solution
reactions, paying special attention to Si.
The potential effect of plants on element
cycles in soils has long been apparent (15,
16), but only limited data are available for
Si or Al (17, 18), especially in the tropics.
Here we evaluate the element turnover in
the forest annual litterfall and the total Si
content of the forest, as well as the poten-
tial influence of elemental cycling in the
forest on soil mineral composition.

Our study site was 80 km north of
Manaus, Brazil (02°34'S, 60°07'W). The
climate is equatorial; average annual rain-
fall is 2100 mm and the dry season lasts 3
months. The landscape is a plateau covered
by a typical Amazonian rain forest (19).
Soils (20) consist of a 3- to 8-m-thick
kaolinitic clay overlying a more gibbsitic
3-m-thick nodular horizon (Fig. 1). The
mean ratio of kaolinite to gibbsite decreases
from 14 in the upper clay to 3 in the
nodular horizon. These soils were formed by
a progressive desilicification of the sandy-
clay parent sediment. The progressive ver-
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Fig. 1. Mineralogical composition of the soils.
(A) Upper clay horizon, (B) nodular horizon,
and (C) saprolite.
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