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Catalysis of the Olivine to Spinel Transformation clinOenstatite has a effect the 

by High Clinoenstatite 
kinetics of spinel nucleation. 

We performed experiments at high pres- 

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 (p phase) reactions in the (Mg,Fe),SiO,- 
(Mg,Fe)SiO, system show that transformation of olivine in the stability field of spinel plus 
p phase beg~ns 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 discontinuit~es in the Earths 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 transtion zone and are cor- 
related with, respectively, the transforma- 
tlon of (i\?g,Fe),S10~ olivine to (Mg,Fe),SiO, 
p phase and of (Mg,Fe),Si04 spinel to 
(Mg,Fe)SiO, perovskite + (Mg,Fe)O mag- 
nesiowiistite. 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 
kev narameter in their kinetic model is the , L 

nucleation rate and, in particular, the depth 
(that IS, pressure) to which an equilibrium 

Bayerisches Geoinst~tut, Univers~tat Bayreuth, D-95440 
Bayreuth, Germany 
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phase boundary can be overstepped before 
nucleation occurs. Similarlv. in subduction , , 
zones, the depth to which olivine can be 
transnorted 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 18) and can result in the crvs- ~, 

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, 1 1). Both of these parameters are 
poorly constrained for mineralogical reac- 
tions largely because of the limited number 
of experimental studies of nucleation kinet- 
ics (1 1,  12). For simplic~ty, nucleation dur- 
ing h~gh-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 

sure and temperature using a multianvil 
apparatus (14) with a starting material con- 
s~sting of powdered San Carlos olivine 
(Mgl,8Fe,,,Si04) plus a few percent of Mg- 
rich orthopyroxene. Each experiment con- 
sisted of two stages: ( i)  hot presslng in the 
stab~lity field of olivlne + high clinoensta- 
tite at 1523 K and 10 to 11 GPa for 2.5 to 
3.0 hours and (ii) reactlon to high-pressure 
~hases  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 P phase or P 
phase + sp~nel (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. 

Temperature (K) 

Fig. 1. Phase diagram for the (Mg, ,Fe, ,),SiO, 
system (15) showing the experimental run condl- 
tions. The open circle represents the hot-press~ng 
conditions and the solld clrcles show the transfor- 
matlon cond~tlons. The arrows represent the 
paths followed from hot presslng to the transfor- 
matlon conditons. The stablity fields are labeled 
as a (olivlne), P (P phase), or y (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) = 0.921 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 P 
phase + stishovite at 14 to 15 GPa (18) 
indicates either that the ~ h a s e  boundarv 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 p 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 0 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 p phase (p). Parentheses 
indicate minor occurrences. 

Run P Time 
(GPa) (K) (hours) 

Results 

AB7 10 1473 2.45 ol + cen 
AB6 14 873 0.00 ol + cen 
AB5 14 1173 1.00 o l + c e n + y  
AB12 15 1273 0.00 ol + cen + (y) 
AB9 15 1273 0.50 o l + c e n + y + ( p )  
AB8 15 1273 1.00 o l + c e n + y + p  
ABlO 15 1273 1.5 o l + c e n + y + p  
ABl1 15 1273 12.0 o l + p + c e n + y  

ture (Fig. 2B) but with varying amounts of 
p phase immediately adjacent to clinoen- 
statite and spinel. In the longest duration 
experiment (12 hours), P phase is the pre- 
dominant high-pressure phase (Fig. 2C), 
but small amounts of s~ ine l  still occur in 
contact with some pyroxene grains. In the 
samples that contain both spinel and P 
phase, we find coherent intergrowths of 
these two spineloid structures (Fig. 2D), 
which suggest that either the spinel trans- 
formed topotaxially to P phase or that the 
s~ ine l  ~rovided a site for coherent nucle- 
ation of p phase. The transformation of 
olivine to either the spinel or P-phase struc- 
tures under these reaction conditions oc- 
curred almost exclusivelv adiacent to hieh- , , - 
clinoenstatite grains. Only one example of 
spinel + p 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 s~inel  and be- 
tween p phase and spinel are the result of 
coherent nucleation. All observed  airs of 
spinel (y) and clinoenstatite (cen) are crys- 
tallographically related such that (100),,, 
parallels 11 1 11, and [OlO],,, parallels (1 lo), 
(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 [(lOO)hc,n and {ill],] 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 p phase is the same as that 
previously reported (16, 21, 22) where 
[010Ip parallels (1 lo), and the P-phase crys- 
tallographic axis cp parallels (loo),. 

Because the splnel structure fits well 
with both the high-clinoenstatite and the 
P-phase structures (Fig. 2, B and D), one 
might expect p phase to also form coher- 
ently on clinoenstatite. Combining the 
above orientation relations for the hcen- 
spinel and spinel-p phase intergrowths, we 
can determine a possible orientation rela- 
tion for hcen-P phase: (lOO)hcen parallels 
{loll and [O1O]hcen parallels [OlO] (Fig. 
38). h e  misfit along the hcen (100f~lane 
[also (lO1)p and (1 1 I),] is small in both the 
hcen-spinel and hcen-P phase models (Fig. 
3). It is also apparent that P phase has a 
slightly more distorted close-packed struc- 
ture than either spinel or high clinoensta- 

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 (01). 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) 
shows the c~ystallographic relation: 11 1; parallels a&, and 110; parallels b-,. After 12 hours at 1273 K 
and 15 GPa (C), clinoenstatite grains are predominantly surrounded by p phase (p). In samples repre- 
senting intermediate run durations, spinel and p phase are commonly intergrown (D) with the orientation 
relation c; parallels (1 OO), and b; parallels (1 1 O),. 
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tite, and therefore one would expect addi- compressibility data at high temperature. 
tional misfit strain energy in hcen-P phase Similarly, we did not compare misfits at 
intergrowths. atmospheric pressure because high clinoen- 

The actual misfit between high clinoen- statite is not quenchable to 1 atm. We have 
statite and spinel or p phase at the pressure therefore compared the structures at condi- 
and temperature conditions of the runs was tions (7.93 GPa, 300 K) for which data is 
not calculated because of the paucity of available for high clinoenstatite (23). Cell 

Fig. 3. Polyhedral representations of the crystal structures illustrating coherent intergrowths of (A) high 
clinoenstatite (hcen) with spinel (y) and (B) high clinoenstatite with p phase. The structures are viewed 
along the [OOl] and [Ol 01 zone axes of high clinoenstatite, which correspond to the (1 12) and (1 10) 
of spinel and the [loll and [Ol 01 of p phase, respectively. The interfaces have been arbitrarily modeled 
parallel to the (1 OO)hcen 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 p 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 
p phase. 

y-hcen p-hcen 

Misfit Misfit 

Orientation Result Orientation 
Planes, axes Planes, axes Result 

(%) ("h) 

parameters for MgzSi04 P 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-P 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-p phase, which may explain 
the preference for spinel over P-phase nu- 
cleation in our experiments. 

The predominance of P 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 p phase (16, 22) and 
because of uncertainties in both the 
MgzSi04-Fe,Si04 phase diagram and the es- 
timated pressures of the experiments, the 
experimental pressure and temperature con- 
ditions could lie either in the P phase + 
spinel or P-phase stability fields (Fig. 1). The 
compositions of the spinel grains [Mgj 
(Mg+Fe) = 0.75 to 0.801 are more Fe-rich 
than the P-phase grains [Mg/(Mg+Fe) = 
0.901, which suggests nucleation within the 
p phase + spinel stability field. The predom- 
inance of p phase in the longer experiments 
is consistent with the proximity to the equi- 
librium phase boundary between p phase + 
spinel and p-phase stability fields (Fig. 1). 

The ubiauitous association of s~ ine l  and 
p phase with clinoenstatite indicates that 
these product phases have only nucleated 
because of the presence of clinoenstatite. In 
~revious studies of the olivine-s~inel 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 Dresent studv indicates that the 
rate of nucleation of p phase and spinel on 
olivine main boundaries is verv low com- " 
pared to the rate of spinel nucleation on 
olivine-clinoenstatite boundaries at the Dres- 
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 P 
phase within the Earth's mantle. Enhanced 
nucleation mav have im~ortant 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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O n e  of the most important problems in the 
science of global change is the balancing of 
the global budget for atmospheric C 0 2 .  Al- 
though anthropogenic activities have clear- 
ly altered the global carbon cycle, signifi- 
cant gaps exist in our understanding of this 
cvcle. 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 cheini- 
cal oceanographers are confident that the 
oceanic sink is not laree enough to account - 
for the entire absorption, many terrestrial 
ecologists doubt that the land bios~here can 

u 

be a large carbon sink, particularly given 
the source to the atmosphere through de- 
forestat~on, hence, the issue of the "miss- 
ing" carbon sink. without a good account- 
ing for the fate of C 0 2  leaving the atmo- 
sphere, predictions of future C 0 2  concen- 
trations that result from different emission 
scenarios will remain uncertain. This, in 
turn, weakens the link between energy pol- 
icv and climate change. " 

Observations of the north-south gradl- 
ent of atmospheric C 0 2  show that there 
must be a large carbon sink in the Northern 

Hemisphere (1,  2). This sink has been as- 
cribed either to the North Atlantic Ocean. 
on the basis of sparse measurements of 13C/ 
12C ratios in atmospheric C 0 2  ( I ) ,  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 resoonsible for 
most of the sink. Here we present the results 
of a greatly expanded global network of 
measurements of 13C/12C ratios in atmo- 
spheric C 0 2 .  The 13C/'2C ratios provide a 
good fingerprint of terrestrial biospheric 
fluxes of C 0 2 ,  as plant photosynthesis dis- 
criminates against 13C, whereas isotopic 
fractionation during C 0 2  invasion into the 
oceans is small. Thus, in combination with 
concentration measureinents. '3C112C 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 
biosoheric 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 Isoto~e Labora- - 
tory at the Institute of Arctic and Alpine 

P. Ciais, Nat~onal Oceanic and Atmospheric Admlnstra- Research (INSTAAR) has measured S13C 
t~on's Climate Mon~tor~ng and D~agnost~cs Laboratoiy 
(NOAAICMDL), R/E/CGl. 325 Broadway, Boulder, CO 

(3) in C 0 2  from weekly samples of air from 
80303, USA, and LMCE-DSM Commissar~at a I'Enerqie a network of sites, complementillg measure- 
Atomque. L'Orme des Meursiers, 91 191.   if sur ~ v e i t e  ments of CO, mixine ratios made bv the 
Cedex, France. 
P. P. Tans, NOWCMDL, R/WCGI, 325 Broadway. 

National 0 c k n i c  a& ~tmospheric '  Ad- 

Boulder, CO 80303, USA. ministration's Climate Monitoring and Di- 
M. Troller. NOWCMDL. R/E/CGI. 325 Broadwav, aenostics Laboratorv INOAAICMDL). 111 

8 ~ 

Boulder, do 80303. USA, and lnstltute of Arct~c a;d and 1993, 41 from ;his 
Alpine Research (INSTAAR), University of Colorado, 
Boulder. CO 80309, USA. were measured for S13C. These data were 
J. W. C. Whte, NSTAAR, and Department of Geological augmented by measurements made by the 
Sciences, University of Colorado. Boulder, CO 80309, ~ i ~ ~ ~ ~ ~ ~ ~ ~ l ~ h  Scientific and Industrial 
USA. 
R. J. Francey, Commonwealth Sc~ent~fic and Industrial Research Organisation (CSIRo) two 
Research Organisat~on, Divis~on of Atmospheric Re- sites (4) at high southern latitudes (Fig. 1). 
search, Mordiaoc, V~ctoria 31 95, Australia. From the smoothed atmospheric observa- 
'To whom correspondence should be addressed. tions, the latitudinal distribution of the sur- 
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