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ities, mineral transfoimations. and element 
paititioning during partial melting) are also 
determined by diffusion rates. Even the 
sharpness of mantle discontinuities may be 
controlled by cation diffi~sion during mantle 
convection. because the kinetics of phase 
transformations are likely to be diffusion con- 
trolled in such regions (2. 3). 

However, diffi~sion coefficients for high- 
pressure mantle phases (for example. wads- 
leyite, ringwoodite, and silicate perovskites) 
are poorly known because of the difficulties 
of performing appropriate experiments at the 
pressures (P) and temperatures (T) at which 
these phases are stable (4, 5). Here, we report 
the diffusion behavior of major elements (Fe 
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and Mg) and a trace element (Ni) in 
(Fe,Mg),SiO, olivine and wadsleyite at P-T 
conditions in the vicinity of the olivine-wads- 
leyite phase boundary, which marks the up- 
per boundary of the mantle transition zone. 
We use starting compositions of XMg = Mgl 
(Mg + Fe) = 0.8 to 1.0, which are relevant 
for Earth's mantle. 

High-pressure experiments were per- 
formed on diffusion couples that consisted of 
two single crystals (olivine) and a single crys- 

Fig. 1. (A) Reflected-light 
optical micrograph of a 
section through the cen- 
tral part of the high- 
pressure cell after a dif- 
fusion experiment at 15 
CPa and 1200°C for 24 
hours (H654). The wads- 
leyite sample can be seen 
at the center of the Au 
capsule, 0.5 mm from 
the thermocouple junc- 
tion. Scale bar, 1 mm. (B) 
Backscattered electron im- 
age showing details of the 
sample. The interface be- 
tween the two halves of 
the diffusion couple is in- 
dicated by arrows; the 
grain boundaries in the 
polycrystalline part are 
clearly visible. The posi- 
tion of one of the mea- 
sured compositional pro- 
files is indicated by a 
dashed line; this direction 
corresponds to  [OlO] of 
the single crystal. The ab- 
sence of a change in con- 
trast across the sample is 
the consequence of the sm 

Fig. 2. (A) Normalized 
Mg-Fe concentration 
profile in wadsleyite 
at 1200°C and 15 
CPa for 24 hours (run 
H654) (open squares) 
and best f i t  t o  the 
data (solid line). The 
normalized concen- 
tration C' = (C. - 
C,)/(C, - C,), \;viere 
Ci = XMgl(XMg + 'Fe)8 
C, and C, are the 
starting compositions 
of the diffusion cou- 
ple, and C, is the mea- 
sured composition at 

tal plus a coarse-grained polycrystal (wads- 
leyite) (6). Each diffusion couple (0.2 to 0.5 
mm in length) was inserted in a thick-walled 
Au capsule that was contained in a multianvil 
octahedral pressure cell (Fig. 1) (7). The 
experiments were performed with a 1000- 
metric ton multianvil apparatus at conditions 
of 9 to 15 GPa and 1 100" to 1 400°C for times 
up to 24 hours (Table 1) (8). The oxygen 
fugacity Cf,J during the experiments was 
estimated to be lo-' to bars (9). After 

 all compositional range across the diffusion couple. Scale bar, 100 pm. 

I I I 
0 50 100 150 200 

Distance (urn) .. . 
distance x. The profile 
spans a small compositional range (X,, = 0.82 to  0.90), which accounts 
for the scatter in the data. A normallzed Mg-Fe concentration profile in 
olivine at 1400°C and 9 CPa for 24 hours (run H776) (solid circles) is also 
shown (C, = 0.82 and C2 = 1.0) and is much shorter than the wadsleyite 
profile, despite the higher temperature. (0) Summary of Mg-Fe interdif- 
fusion results for olivine and wadsleyite. Squares represent olivine (XMg 
= 0.86); data at 9, 11, and 12 CPa (1400°C) are from this study. The 
thick solid line represents diffusion along [OOl] at fo2 = 10-l2 bar, based 
on measurements carried out at 1 bar (72). The thick dashed line is based 
on the same data that were corrected for fo2 (to bar) (73). Our data 

quenching and decompression, the samples 
were sectioned perpendicular to the diffu- 
sion interface, examined by optical micros- 
copy, and studied with an electron micro- 
probe (10, 11). 

In the case of wadsleyite, for which the 
compositional range is narrow (X = 0.82 Mg 
to 0.90), simple equations for diffusion in 
semi-infinite media could be fit to normalized 
concentration profiles (Fig. 2A) to obtain 
compositionally independent diffusion coef- 
ficients (11). At 15 GPa. we obtained diffu- . , 

sion coefficients of 7 (+I)  X 10-l5 m2/s at 
1200°C and 3 (+ 1) x 10-l5 m2/s at 1100°C 
(Table 1). These results give an estimate for 
the activation energy of 145 Wmol (com- 
pared to 226 Wmol, which was obtained for 
olivine at 1 bar) (12). 

The concentration profiles from the oli- 
vine samples (Fig. 2A) are much shorter than 
the wadsleyite profiles, even though the oli- 
vine diffusion anneals were performed at a 
considerably higher temperature (Table 1). 
The profiles therefore demonstrate that the 
diffusion of these cations in wadsleyite is 
much faster than it is in olivine. In addition, 
the diffusion behavior in olivine at 9 to 12 
GPa is qualitatively different from that in 
wadsleyite, as well as in olivine at lower 
pressures. In contrast to compositional pro- 
files from diffusion experiments on similar 
olivine crystals at 1 bar (l2), the profiles from 
all high-pressure experiments (9 to 12 GPa at 
1400°C) are strongly asymmetric (Fig. 2A), 
indicating that the Fe-Mg diffusion coeffi- 
cient is strongly dependent on composition at 
high pressure. Because of this dependence, it 
was not possible to fit a simple diffusion 
equation to the profiles, and instead, we per- 

reinforce the weak pressure dependence of diffusion rates in olivine. 
Circles reDresent diffusivities in wadslevite that were measured at 1 100° 
and 1 2 0 d " ~  at a mean composition of!,.,, = 0.86, with the thin dashed 
line showing an approximate extrapolat~on t o  higher and lower temper- 
atures. The error ban that were obtained from a statistical f it of 
compositional profiles are on the order of the size of the symbols. 
Diffusivities in wadsleyite are higher than the measured values in olivine 
at higher temperatures, and for any reasonable positive value of activa- 
tion energy, diffusion rates in wadsleyite will be faster than those in 
olivine with the same composition over a wide range of temperature. 
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formed a Boltzman-Matano analysis [see (12) 
for details]. 

Coinpositional profiles for the trace ele- 
ment Ni show that diffusioil coefficients for 
this eleinent are similar to those for Fe-Mg 
interdiffusion. Nickel diffusion is much faster 
ill wadsleyite than in olivine and also depends 
strongly on the composition (Xhfg) of the 
latter phase. Only in some cases (for exam- 
ple, for Mg-rich olivine at 9 GPa) is Ni 
diffusion slightly sloli~er than Mg-Fe interdif- 
fusion. but only by a factor of 2. Thus, the 

small cations (Mg) at a fixed pressure (14). 
The diffusion coefficients obtained in oli- 

vine for a mean coinposition ofXMg = 0.86 at 
9 to 12 GPa are smaller than those obtained for 
~i~adsleyite of similar composition (Fig. 2B). 
despite the lower temperatures (1100° to 
1200°C) and higher pressures (15 GPa) at 
which the ~i~adsleyite samples were annealed. 
Given the small pressure dependence of diffu- 
sivity in olivine that is found in this and other 
studies (4). it is meaningful to compare diffu- 
sivities in wadsleyite obtained here with the 

diffusion behavior documented above is not large database for diffi~sion rates in olivine at 1 
only specific to Fe-Mg exchange but is also bar. At 1 100°C, the difference between the 
valrd for the transpoi-t of other cations. diffusion rates in olivine and wadsleyite at 15 

Our Mg-Fe diffusion coefficients for olivine GPa (for a composition ofXFg = 0.86) is about 
at high pressure are similar to the values that tivo orders of magnitude (Fig. 2B); the exact 
were previously obtained at 1 bar (12). Because magnitude depends on the pressure and oxygen 
oxygen fugacity is ~u~certain at high pressure 
(9). we compared the high-pressure results that 
were obtained for diffusion at 1400°C with 
1-bar diffi~sivities that were (i) measured exper- 
imentally at,fo, = 10-l2 bars and (ii) estimated 
at fOl = 10-"bars by extrapolation (13). The 
small press~u-e dependence of diffusiviq 1 is ' con- 
sistent ~ i ~ i t h  other studies that have shown that 

fugacity. When normalized to a temperature of 
1400°C ~i7ith the preliminary activation energy 
for diffusion in the wadsleyite obtained at 145 
kJiinol, the difference is smaller (- 1.5 orders 
of magnitude). 

Our results sho~i7 that Mg-Fe and Ni diffu- 
sion coefficients increase by hvo orders of mag- 
nitude or more (depending on temperahlre) and 

the activatioil vol~unes for Mg-Fe interdiffusion that the activation energy substantially decreas- 
and Mg tracer diffi~sioil in olivine are sinall es across the olivine-wadsleyite phase bound- 
(<3.5 cm'imol) (4). However, high pressure aly. Siinilar changes were recently reported for 
has a substailtial effect on the coillpositional electrical conductivity across the olivine-wads- 
dependence of diffusion rates in oliville. Diffu- 
sion coefficients change by about an order of 
magnitude in the range X,,, = 0.86 to 0.98 at 
12 GPa and 1400°C (Table 1). In contrast. at 1 
bar, the diffi~sion coefficients change only by a 
factor of 2 over the same coinpositional range 
(12). The general trend at all pressures is that 
the diffusioll rates increase as the composition 

leyite transition for a similar composition (X,, 
= 0.9) (15). The enhancement of transport rates 
across the phase boundaly can be pai-tly ex- 
plained by an increased vacancy concentration 
that is related to the higher Fe3+ content of 
wadsleyite (16). In addition, the mobility of 
point defects is likely to be higher in wadsleyite 
than in olivine because the jump distances be- 

becomes richer in the Fe,SiO, component. tween neighboring octahedral sites are shorter 
The cause of the strong conlpositional depen- (1 7). Because of the stsuctural similarities be- 
dence at high pressure inay be that diffusion tween wadsleyite and its higher pressure poly- 
is more sensitive to changes in the environ- molph (ring~i~oodite), cation diffusion might 
ment of a cation when the sti-ucture is in a also be fast in the latter phase (18). 
compressed state. Similarly, diffi~sion rates of Thus, rates of processes that are controlled 
large cations (Fe and Ca) in galnet sholi7 a by the diffusion of cations such as Mg, Fe, and 
stronger dependence on composition than Ni should be at least an order of magmtude 

Table 1. Conditions and results of high-pressure diffusion experiments. For the olivine samples, formally 
propagated errors on results from Boltzman-Matano analysis are -25%; real errors are likely to be higher. 
Nickel diffusion coefficients are similar to the DM,.,, values and are therefore not reported separately. 

Run P (CPa) T ("C) Time (hours) Composition (X,,) D M ~ . F ~  (m2/s) 

Wadsleyite 

H654 15 1200 24 0.82-0.90 7 ( i l )  x lo- i5  
H696 15 1100 15 0.82- 0.90 3 ('1) x lo-" 

Olivine 

H776 9 1400 24 0.86 1 x lo-15 
0.92 5 x 10-l6 
0.98 3 x 10-l6 

H777 11 1400 24 0.86 2 x lo-15 
0.92 1 x lo-15 
0.98 4 X 10-l6 

H778 12 1400 24 0.86 8 X 
0.92 3 x 10-l6 
0.98 3 x 10-i7 

faster in the transition zone (410 to 660 km 
depth and T = 1500" to 1600°C) than at shal- 
lower depths in the upper mantle (19). Such 
processes include the homogenization of chem- 
ical heterogeneities that are introduced into the 
mantle by the sltbduction of sediments and 
oceanic lithosphere (20). In subducting slabs, 
where temperatures are relatively low, the en- 
hancement in homogenization rates should be 
even greater because of the relatively loli7 acti- 
vation energy for diffusion in wadsleyite. For 
example, in a coarse-grained inantle at 1400°C, 
where volume diffusion dominates, the diffil- 
sive-mixing time scale (given by x2/D - t, 
where x is distance, D is the diffusion coeffi- 
cient and t is time) for ho~nogenizing a hetero- 
geneous volume that is - 1 m in radius is -50 
million years in the olivine-bearing past and 
only -1 million years once olivine is trans- 
formed to wadsleyite. In a colder mantle at 
1100°C. the difference is more drastic; the vol- 
ume will be homogenized in 10 million years in 
a ~i~adsleyite-bearing mantle, whereas it would 
survive for up to 2 billion years in the olivine- 
beaiing part. 

The results from this study may have im- 
plications for other transpolt processes (such 
as creep and electrical conduction) that ale 
also controlled by point defects (21) In a 
model of the response of the olivine-~i~adsley- 
ite phase boundary to coni ective flow across 
the 410-km discontinuity. it was pre\iously 
assumed that Mg-Fe diffusion rates are the 
same in both phases (2). Our new data imply 
that. for this model, the 410-km discontinuity 
should be thinner in regions of upwelling 
than in regions of downwelling. 
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edge length of 8 mm. Pressure was calibrated at 
1ooo0c using phase transformations in SO,, Fe,SiO,, Kevin R. Arrigo," Dale H. Robinson, Denise L. Worthen, 
and Mg,SiO, wi th an uncertainty of 0.5 GPa. After 
pressurization, temperature was raised t o  the desired 

Robert B. Dunbar, Ciacomo R. DiTullio, Michael VanWoert, 
value at a rate of 100"C/min; after the diffusion Michael P. Lizotte 
anneal, samples were quenched t o  <300°C in -1 s. 
Because the distance between the thermocouple and 
sample was -0.5 m m  (Fig. I ) ,  temperature errors due 
t o  thermal gradients are likely t o  be <20°C. [For 
further details, see D. C. Rubie, C. R. Ross, M. R. 
Carroll, S. C. Elphick, Am. Mineral. 78, 574 (1993), 
and D. C. Rubie, S. Karato, H. Yan, H. St. C. O'Neill, 
Phys. Chem. Miner. 20, 315 (1993).] 

9. Oxygen fugacity is estimated by assuming that the Au 
capsule maintained a closed system and that the vol- 
ume change of the samples on compression was negli- 
gible. Given the volume and composition of olivine, the 
free energy of the system is minimized t o  obtain the 
equilibrium oxygen fugacity [see R. Dohmen, S. 
Chakraborty, H. Palme, W. Rammensee, Am. Mineral. 
83, 970 (1998) for details]. Calculations with published 
thermodynamic data [R. A. Robie, 8. S. Hemingway, J. R. 
Fisher, U.S. Ceol. Sum. Bull. 1452 (1979); D. R. Sull and 
H. Prophet, Eds., JANAF Thermochemical Tables (Gov- 
ernment Printing Office, Washington, DC, ed. 3, 1971)j 
yield fo, = 1 0 P  t o  bars, which is about an order 
of magnitude lower than that of the wustite-magnetite 
buffer at 1400°C and 15 GPa. Uncertainties in this 
estimate are mainly of consequence when comparing 
results of this study with data from previous studies at 
1 bar (Fig. 28). 

10. Analyses were performed wi th Cameca SX-50 (Bay- 
reuth) and JEOL 8900 RL (Koln) electron microprobes. 
Standards were silicates and oxides, and beam condi- 
tions were 15 kV and 15nA with counting times of 20 s. 

11. For the polycrystalline wadsleyite, detailed element 
mapping was performed to define the boundary condi- 
tions under which diffusion occurred. Results show that 

Data from recent oceanographic cruises show that phytoplankton community 
structure in the Ross Sea is related to  mixed layer depth. Diatoms dominate in 
highly stratified waters, whereas Phaeocystis antarctica assemblages dominate 
where waters are more deeply mixed. The drawdown of both carbon dioxide 
(CO,) and nitrate per mole of phosphate and the rate of new production by 
diatoms are much lower than that measured for P. antarctica. Consequently, 
the capacity of the biological community to  draw down atmospheric CO, and 
transport it to the deep ocean could diminish dramatically if predicted increases 
in upper ocean stratification due to climate warming should occur. 

Climate models (I) indicate that oyer the next 
half century, the Southern Ocean carbon 
(C)cycle will change dramatically ill response 
to rising atmospheric CO,. Increased precip- 
itation is predicted to intensify surface ocean 
stratification, thereby decreasing the down- 
ward flux of C and reducing the capacity of 
the Southern Ocean to take up anthropogenic 
CO,. The biological response to the predicted 
changes in ocean dynamics is poorly under- 
stood. Here we present results from the 
oceanographic program Research on Ocean- 
Atmosphere Variability and Ecosystem Re- 
sponse in the Ross Sea (ROAVERRS), cruise 

NBP96-6 (2 ) ,  that show how increased strat- 
ification in the Ross Sea would affect phyto- 
plankton community structure and CO, and 
nutrient drawdown in the Ross Sea. 

Three spatially distinct phytoplankton as- 
semblages (3) dominated the the Ross Sea 
during 1996-97, with phytoplankton com- 
munity structure varying as a function of the 
depth of the mixed layer. The assemblage 
with the widest distribution and highest bio- 
mass of chlorophyll a (Fig. 1A) was domi- 
nated by Pl?aeocystis antarctica and extended 
from the Ross Ice Shelf northward to 75's 
(Fig. 1B). Mixed layers in the P. antarctica- 
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