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Catalysis of the Olivine to Spinel Transformation
by High Clinoenstatite

T. G. Sharp* and D. C. Rubie

Although enstatite is a major constituent of the Earth’s upper mantle and subducting
lithosphere, most kinetic studies of olivine phase transformations have typically involved
single-phase polycrystalline aggregates. Transmission electron microscopy investiga-
tions of olivine to spinel and modified spinel (8 phase) reactions in the (Mg,Fe),SiO,-
(Mg,Fe)SiO, system show that transformation of olivine in the stability field of spinel plus
B phase begins with coherent nucleation of spinel on high-clinoenstatite grains. These
observations demonstrate that high clinoenstatite can catalyze the transformation by
enhancing nucleation kinetics and therefore imply that secondary phases can influence
reaction kinetics during high-pressure mineral transformations.

Seismic discontinuities in the Earth’s man-
tle are generally believed to be caused by
high-pressure phase transformations, with a
possible additional contribution from com-
positional stratification (1-3). The 410-km
and 660-km discontinuities, for example, de-
fine the Earth’s transition zone and are cor-
related with, respectively, the transforma-
tion of (Mg,Fe),SiO, olivine to (Mg,Fe),SiO,
B phase and of (Mg,Fe),SiO, spinel to
(Mg,Fe)SiO; perovskite + (Mg,Fe)O mag-
nesiowlistite. Recent seismic data suggest
that these mantle discontinuities are thin-
ner than predicted from the equilibrium
phase diagrams for adiabatic geotherms (4).
Solomatov and Stevenson (5) have recent-
ly argued that the sharpness of the 410-km
and 660-km discontinuities may be a result
of sluggish reaction kinetics and nonequi-
librium phase transformations as material
convects across the phase boundary. The
key parameter in their kinetic model is the
nucleation rate and, in particular, the depth
(that is, pressure) to which an equilibrium
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phase boundary can be overstepped before
nucleation occurs. Similarly, in subduction
zones, the depth to which olivine can be
transported before it transforms into its
more dense polymorphs is also controlled by
reaction kinetics (6, 7). In this case, nucle-
ation kinetics are especially important in
relatively warm subduction zones and the
warmer regions of cold subducting slabs (7).
Nucleation can be the rate-controlling step
during metamorphic reactions in the
Earth’s crust (8) and can result in the crys-
tallization of nonequilibrium mineral as-
semblages (9).

Theoretically, nucleation kinetics are
sensitive to both the strain energy and in-
terfacial energy that accompany nucleation
(5, 10, 11). Both of these parameters are
poorly constrained for mineralogical reac-
tions largely because of the limited number
of experimental studies of nucleation kinet-
ics (11, 12). For simplicity, nucleation dur-
ing high-pressure polymorphic mineral
transformations has generally been studied
experimentally in single-phase polycrystal-
line aggregates (11-13). We demonstrate
here, however, that in the case of the oli-
vine-spinel transformation, the presence of

SCIENCE « VOL. 269 < 25 AUGUST 1995

22, D. M. Karl, C. O. Wirsen, H. W. Jannasch, Science
207, 1345 (1980); A. Maruyama et al., J. Oceanogr.
49, 353 (1993).

23. The enrichment of S in hydrothermal plume particles
results from precipitation of S-bearing phases from
vent fluids strongly enriched in volatile H,S.

24, E. T. Baker and J. E. Lupton, Nature 346, 556
(1990).

25. K. L. Von Damm et al., ibid. 375, 47 (1995).

26. D. A. Butterfield and G. J. Massoth, J. Geophys.
Res. 99, 4951 (1994).

27. G. J. Massoth et al., ibid., p. 4905; T. Gamo et al.,
Deep-Sea Res. 40, 2335 (1993); C. R. German et al.,
Earth Planet. Sci. Lett. 121, 647 (1994).

28. R. S. Detrick et al., Nature 326, 35 (1987).

29. J. Phipps Morgan and Y. J. Chen, ibid. 364, 706
(1993).

30. Funded by the Ridge Flux Project of the Science and
Technology Agency of Japan and by the VENTS
Program of the National Oceanic and Atmospheric
Administration.

27 March 1995; accepted 19 June 1995

clinoenstatite has a strong effect on the
kinetics of spinel nucleation.

We performed experiments at high pres-
sure and temperature using a multianvil
apparatus (14) with a starting material con-
sisting of powdered San Carlos olivine
(Mg, gFe;,Si0,) plus a few percent of Mg-
rich orthopyroxene. Each experiment con-
sisted of two stages: (i) hot pressing in the
stability field of olivine + high clinoensta-
tite at 1523 K and 10 to 11 GPa for 2.5 to
3.0 hours and (ii) reaction to high-pressure
phases at 1173 to 1273 K and 14 to 15 GPa
for up to 12 hours. For the olivine compo-
nent, these latter conditions lie in the sta-
bility field (Fig. 1) of either B phase or B
phase + spinel (15). Between the hot-press-
ing and transformation stages, the tempera-
ture was reduced to 873 K to prevent trans-
formation during the second compression.

20 || L I LI >
Y
—~ 15
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3
[7]
(7]
£ 10
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5 1 1 1 1 1
800 1200 1600 2000
Temperature (K)

Fig. 1. Phase diagram for the (Mg, gFeg )-S50,
system (75) showing the experimental run condi-
tions. The open circle represents the hot-pressing
conditions and the solid circles show the transfor-
mation conditions. The arrows represent the
paths followed from hot pressing to the transfor-
mation conditions. The stability fields are labeled
as a (olivine), B (B phase), or vy (spinel).
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Once at high pressure, the sample was heat-
ed at 100 K/min to the desired temperature.

The hot-pressing stage, which was nec-
essary to produce an equilibrium micro-
structure in the starting material (16), re-
sulted in an aggregate consisting of olivine
grains 10 to 15 pm in diameter with a
minor amount of small (0.5- to 5-pm diam-
eter) grains of (Mg,Fe)SiO; clinopyroxene
(Fig. 2A). Hot-pressed samples have low
densities of dislocations and other defects
that form during pressurization of powdered
samples; these defects can enhance reaction
kinetics by acting as sites for heterogeneous
nucleation.

The (Mg,Fe)SiO; component was pres-
ent in all hot-pressed and reacted samples as
a Mg-rich [Mg/(Mg+Fe) = 0.92] clinopy-
roxene, which we will refer to as clinoensta-
tite (Table 1). We infer that this phase
formed during decompression by the inver-
sion of high clinoenstatite (hcen), which is
the stable but unquenchable (Mg,Fe)SiO,
polymorph under the conditions of hot
pressing and reaction (17). The failure of
the high clinoenstatite to transform to B
phase + stishovite at 14 to 15 GPa (18)
indicates either that the phase boundary was
not overstepped or that the reaction was
kinetically hindered (19).

In all of the samples reacted at high
temperature (1173 to 1273 K) and pressure
(14 to 15 GPa), small but varying amounts
of olivine were transformed to either spinel
or B phase (Table 1). In contrast, there was
no detectable transformation in a sample
that was pressurized to 14 GPa at 873 K and
then quenched. In samples reacted for O to
1 hour at 1173 and 1273 K, we found small
grains of spinel in contact with clinoensta-
tite at clinoenstatite-olivine grain bound-
aries (Fig. 2A). The zero-time and 1173 K
experiments produced only spinel, indicat-
ing that the transformation began with the
nucleation of spinel on clinoenstatite
grains. In both of these samples, the spinel
nucleated with a specific crystallographic
orientation relation to clinoenstatite. Inter-
mediate experimental durations produced
the same spinel-clinoenstatite microstruc-

Table 1. Experimental conditions and products.
Minerals observed are olivine (ol), clinoenstatite
(cen), spinel (y), and B phase (B). Parentheses
indicate minor occurrences.

Time

P

Run (GPa) T (K (hours) Results
AB7 10 1473 2.45 ol + cen
AB6 14 873 0.00 ol + cen
ABS 14 1173 1.00 ol + cen + vy
AB12 15 1273 0.00 ol + cen + (y)
AB9 15 1273 050 ol +cen+ v+ (B)
AB8 15 1273 1.00 ol+cen++vy+B
AB10 15 1273 15 ol+cen+vy+B
AB11 15 1273 120 ol +B+cen+vy
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ture (Fig. 2B) but with varying amounts of
B phase immediately adjacent to clinoen-
statite and spinel. In the longest duration
experiment (12 hours), B phase is the pre-
dominant high-pressure phase (Fig. 2C),
but small amounts of spinel still occur in
contact with some pyroxene grains. In the
samples that contain both spinel and B
phase, we find coherent intergrowths of
these two spineloid structures (Fig. 2D),
which suggest that either the spinel trans-
formed topotaxially to B phase or that the
spinel provided a site for coherent nucle-
ation of B phase. The transformation of
olivine to either the spinel or B-phase struc-
tures under these reaction conditions oc-
curred almost exclusively adjacent to high-
clinoenstatite grains. Only one example of
spinel + B phase without clinoenstatite was
observed (Fig. 2D), but an adjacent pyrox-
ene grain may have been present outside
the plane of the sample foil.

The orientation relations that we observe
between clinoenstatite and spinel and be-
tween 3 phase and spinel are the result of
coherent nucleation. All observed pairs of
spinel (y) and clinoenstatite (cen) are crys-
tallographically related such that (100)_,
parallels {11 1}y and [010]...,, parallels (110),
(Fig. 2B). This orientation relation, which is
the same as that observed between orthopy-

roxene and hercynite spinel in a natural
symplectite (20), results in the close-packed
oxygen planes [(100),,.,, and {111}7] of the
two structures being parallel and possibly
continuous (Fig. 3A). The similarity be-
tween the high-clinoenstatite and spinel
structures enables enstatite to act as a tem-
plate for the coherent nucleation of spinel
through the formation of a low-energy inter-
face between the enstatite and the spinel
nucleus. The crystallographic relation be-
tween spinel and B phase is the same as that
previously reported (16, 21, 22) where
[010] parallels (110),, and the B-phase crys-
tallographic axis cg parallels (100),,.
Because the spinel structure fits well
with both the high-clinoenstatite and the
B-phase structures (Fig. 2, B and D), one
might expect B phase to also form coher-
ently on clinoenstatite. Combining the
above orientation relations for the hcen-
spinel and spinel-B phase intergrowths, we
can determine a possible orientation rela-
tion for hcen—f phase: (100), .. parallels
{101}; and [010];_., parallels [010], (Fig.
3B). 1i'he misfit along the hcen (IOOKSplane
[also (101 )s and (11 l)y] is small in both the
hcen-spinel and hcen—B phase models (Fig.
3). It is also apparent that B phase has a
slightly more distorted close-packed struc-
ture than either spinel or high clinoensta-

shows the crystallographic relation: 1117 parallels a

cen

Fig. 2. Transmission electron micrographs showing the microstructural development with increasing
time. Heating to 1273 K in the zero-time experiment (A) results in the nucleation of spinel (Y) on
clinoenstatite (cen) grains at grain boundaries with olivine (ol). After 30 min at 1273 K and 15 GPa (B),
clinoenstatite grains are capped by spinel. The selected area electron diffraction pattern (inset to B)

and 1 10; parallels b?__. After 12 hours at 1273 K

cen’

and 15 GPa (C), clinoenstatite grains are predominantly surrounded by B phase (B). In samples repre-
senting intermediate run durations, spinel and B phase are commonly intergrown (D) with the orientation

relation Cp parallels (1 OO)y and bg parallels (1 10)7.
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tite, and therefore one would expect addi-
tional misfit strain energy in hcen— phase
intergrowths.

The actual misfit between high clinoen-
statite and spinel or B phase at the pressure
and temperature conditions of the runs was
not calculated because of the paucity of

A

¢ ¢ 6 606 69 6 ¢

s

¢ & €06 666 ¢

@6 ¢¢ 6 ¢ 66 60

Wi
SO

¢ ¢ € @

o oo o B oo
101*

B sefooeefoe

e boow®e e

YYALYY.

¢ ¢ @

L“JAWA&

¢ ¢ ¢ @

¢ € @

compressibility data at high temperature.
Similarly, we did not compare misfits at
atmospheric pressure because high clinoen-
statite is not quenchable to 1 atm. We have
therefore compared the structures at condi-
tions (7.93 GPa, 300 K) for which data is
available for high clinoenstatite (23). Cell

L

hcen

NNN
NN-N-

¢ & & o ¢ ¢

101*

101
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Fig. 3. Polyhedral representations of the crystal structures illustrating coherent intergrowths of (A) high
clinoenstatite (hcen) with spinel (y) and (B) high clinoenstatite with 8 phase. The structures are viewed
along the [001] and [010] zone axes of high clinoenstatite, which correspond to the (112) and (110)
of spinel and the [101] and [010] of B phase, respectively. The interfaces have been arbitrarily modeled
parallel to the (100),,.., Planes such that the Mg positions of the structures are superimposed in the
projection and the close-packed stacking sequences of oxygens are preserved. Si positions are
shown as tetrahedra with oxygens occupying the corners and Mg as the remaining atoms between

oxygen layers.

Table 2. Orientation relations and misfit among spinel, high clinoenstatite, and g phase at 298 K and 7.93
GPa. Misfit is calculated as the difference in interplanar d spacings or vector lengths relative to spinel or

B phase.
y-hcen B-hcen
Misfit Misfit
Orientation Result Orientation Result
Planes, axes %) Planes, axes %)

{111}y||(100)hcen dyyy — dogo 2.45 {101}3"(100)hcen 2.40
(110 IBncen 1/2|<110)T —%lbl =152 bylbyeen ‘/4|b| - 1/3f%| -1.91
(112)_Cren %[(112)] - lcl =012 (100glcneen  Yel(10D] = el 0.52
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parameters for Mg,SiO, B phase and spinel
at these conditions were calculated from
molar volume and compressibility data (24,
25). Misfit along the crystallographic direc-
tions given in the above orientation rela-
tions are small for both hcen— phase and
hcen-spinel intergrowths, with the largest
misfit being normal to the close-packed
oxygen planes (Table 2). The fit for the
hcen-spinel intergrowth is somewhat better
than for hcen—B phase, which may explain
the preference for spinel over B-phase nu-
cleation in our experiments.

The predominance of B phase in the
longer duration experiments suggests that it
is a stable phase at our experimental condi-
tions. Because of the ease with which meta-
stable spinel can form during the transforma-
tion of olivine to B phase (16, 22) and
because of uncertainties in both the
Mg,SiO,-Fe,SiO, phase diagram and the es-
timated pressures of the experiments, the
experimental pressure and temperature con-
ditions could lie either in the B phase +
spinel or B-phase stability fields (Fig. 1). The
compositions of the spinel grains [Mg/
(Mg+Fe) = 0.75 to 0.80] are more Fe-rich
than the B-phase grains [Mg/(Mg+Fe) =
0.90], which suggests nucleation within the
B phase + spinel stability field. The predom-
inance of B phase in the longer experiments
is consistent with the proximity to the equi-
librium phase boundary between B phase +
spinel and B-phase stability fields (Fig. 1).

The ubiquitous association of spinel and
B phase with clinoenstatite indicates that
these product phases have only nucleated
because of the presence of clinoenstatite. In
previous studies of the olivine-spinel trans-
formation, performed on polycrystalline oli-
vine aggregates, the high-pressure poly-
morphs nucleated on olivine grain bound-
aries (16). The fact that this has not oc-
curred in the present study indicates that the
rate of nucleation of B phase and spinel on
olivine grain boundaries is very low com-
pared to the rate of spinel nucleation on
olivine-clinoenstatite boundaries at the pres-
sures and temperatures of our experiments.
Therefore, clinoenstatite in an olivine aggre-
gate acts as a catalyst by enhancing the
kinetics of spinel nucleation and thereby also
affects the overall transformation kinetics.

The microstructures observed here dem-
onstrate that a second mineral phase, high
clinoenstatite, can strongly influence the
nucleation mechanisms and kinetics of oli-
vine phase transformations. These results
suggest that enstatite, the second-most-
abundant phase in subducting lithosphere
and upper mantle lithologies, is likely to
enhance nucleation of spinel and possibly B
phase within the Earth’s mantle. Enhanced
nucleation may have important effects on
subduction, where sluggish reaction kinetics
can result in a deeply subducted wedge of
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metastable olivine (6, 7) and deep focus
earthquakes through transformational fault-
ing (26-28), and on mantle discontinuities
(5), where nucleation kinetics can affect
discontinuity thickness.
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A Large Northern Hemisphere Terrestrial CO,
Sink Indicated by the '3C/'2C Ratio of
Atmospheric CO,

P. Ciais, P. P. Tans, M. Trolier, J. W. C. White,* R. J. Francey

Measurements of the concentrations and carbon-13/carbon-12 isotope ratios of atmo-
spheric carbon dioxide can be used to quantify the net removal of carbon dioxide from
the atmosphere by the oceans and terrestrial plants. A study of weekly samples from a
global network of 43 sites defined the latitudinal and temporal patterns of the two carbon
sinks. A strong terrestrial biospheric sink was found in the temperate latitudes of the
Northern Hemisphere in 1992 and 1993, the magnitude of which is roughly half that of the
global fossil fuel burning emissions for those years. The challenge now is to identify those
processes that would cause the terrestrial biosphere to absorb carbon dioxide in such

large quantities.

One of the most important problems in the
science of global change is the balancing of
the global budget for atmospheric CO,. Al-
though anthropogenic activities have clear-
ly altered the global carbon cycle, signifi-
cant gaps exist in our understanding of this
cycle. Of the CO, emitted into the atmo-
sphere as a result of burning fossil fuels,
roughly half remains in the atmosphere and
the other half is absorbed into the oceans
and the terrestrial biosphere. The partition-
ing between these two sinks is the subject of
considerable debate. Whereas most chemi-
cal oceanographers are confident that the
oceanic sink is not large enough to account
for the entire absorption, many terrestrial
ecologists doubt that the land biosphere can
be a large carbon sink, particularly given
the source to the atmosphere through de-
forestation, hence, the issue of the “miss-
ing” carbon sink. Without a good account-
ing for the fate of CO, leaving the atmo-
sphere, predictions of future CO, concen-
trations that result from different emission
scenarios will remain uncertain. This, in
turn, weakens the link between energy pol-
icy and climate change.

Observations of the north-south gradi-
ent of atmospheric CO, show that there
must be a large carbon sink in the Northern
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Hemisphere (1, 2). This sink has been as-
cribed either to the North Atlantic Ocean,
on the basis of sparse measurements of *C/
2C ratios in atmospheric CO, (1), or to
terrestrial mechanisms, on the basis of mea-
surements of the saturation of surface sea-
water with respect to atmospheric CO, (2).
The latter study disagreed with the former
and suggested that it is unlikely that the
northern oceans could be responsible for
most of the sink. Here we present the results
of a greatly expanded global network of
measurements of “C/'?C ratios in atmo-
spheric CO,. The *C/*2C ratios provide a
good fingerprint of terrestrial biospheric
fluxes of CO,, as plant photosynthesis dis-
criminates against 3C, whereas isotopic
fractionation during CO, invasion into the
oceans is small. Thus, in combination with
concentration measurements, C/?C ra-
tios can be used to distinguish the oceanic
and terrestrial biospheric fluxes of CO,
from the atmosphere. Our results for 1992
and 1993 indicate that a strong terrestrial
biospheric carbon sink existed in the tem-
perate latitudes of the Northern Hemi-
sphere during those years with a magnitude
roughly half that of the global fossil fuel
burning flux.

Since 1990, the Stable Isotope Labora-
tory at the Institute of Arctic and Alpine
Research (INSTAAR) has measured 81°C
(3) in CO, from weekly samples of air from
a network of sites, complementing measure-
ments of CO, mixing ratios made by the
National Oceanic and Atmospheric Ad-
ministration’s Climate Monitoring and Di-
agnostics Laboratory (NOAA/CMDL). In
1992 and 1993, 41 sites from this network
were measured for 8'3C. These data were
augmented by measurements made by the
Commonwealth Scientific and Industrial
Research Organisation (CSIRO) from two
sites (4) at high southern latitudes (Fig. 1).
From the smoothed atmospheric observa-
tions, the latitudinal distribution of the sur-





