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Measurements of electrical conductivity at high pressure and temperature were taken on 
the lower mantle phase magnesiowiistite with varying Fe3' content. Although previous 
measurements at atmospheric pressure suggest Fe2+-Fe3+ hopping (small polaron) as 
the dominant conductivity mechanism, the present experiments show a change in charge 
transport mechanism with temperature. The lower temperature measurements are con- 
sistent with small polaron conduction, but at higher temperatures, which are more 
applicable to the lower mantle, a large polaron mechanism is suggested. Because these 
mechanisms have different temperature and compositional dependencies, this transition 
has important implications for extrapolation to mantle conditions. 

Field measurements of electrical conduc- 
tivity provide important information about 
lower mantle chemistrv that cannot be ob- 
tained by other means. The electrical con- 
ductivity of most minerals is sensitive to 
subtle changes in defect chemistry, iron and 
water content, and oxygen fugacity. Exper- 
imental determination of the effect of these 
chemical components on conductivity 
might therefore provide important con- 
straints on the chemical environment of 
the lower mantle. 

Magnesiowustite samples with no initial 
ferric iron were sintered from oxide mix- 
tures at 1573 K and at a controlled partial 
pressure of 0, (PO,) as in (1) .  Pellets 0.6 
mm long and 1.6 mm in diameter were 
loaded into a multianvil cell similar to that 
used by Omura (2)  for use in our Walker- 
type multianvil press. A four-lead method 
using two R-type thermocouples as termi- 
nals allowed resistance of the measuring 
circuit to be filtered out. Iron loss to the 
terminals was less than 0.4% during the 
experiments. A Keithley DMM197 and a 
Hewlett-Packard 4284LCA measured the 
dc and ac sample resistance. Current leak- 
age was minimized by use of an alumina 
cylinder between the sample and furnace. 
Tests with insulating blanks in place of the 
sample gave conductivities of <1% of the 
original value, showing that leakage within 
our experimental setup is minimal. Errors in 
measured conductivity, due to uncertainties 
in sample geometry, are 20%. Temperature 
was measured to 2 1 %  using the terminal 
thermocouples. 

In order to perform experiments on sam- 
ples containing different ferric/ferrous ratios 
[Fe3+] = Fe3+/(Fe3+ + Fez+), we used ei- 
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ther normal ceramlc pressure media or ones 
doped with either 10% iron or 10% nickel. 
The metals consumed some of the available 
free oxygen, initially contained in pore 
maces, that would have otherwise oxidized & .  

the sample. Although this procedure is not 
true buffering, we suggest that local equilib- 
rium is reached, imposing some [Fe3+] on 
the sample, by consumption of all of the 
free oxygen during initial heating, and 
thereafter redox does not occur (3). The 
increase in electrical conductivity (EC) 
seen between 1000 and 1300 K during ini- 

0 

tial heating was probably the result of sam- 
~ l e  annealme, whlch mav have also been -, 

;elated to redox as vacancies re-equilibrat- 
ed. The EC measurements are, therefore, 
presented at fixed [Fe3+] rather than for 
oxygen fugacity (fo2) buffer curves. 

All experimental samples were exam- 
ined by x-ray diffraction (XRD) and elec- 
tron  robe microanalvsis (EPMA) and show , , 

absolutely no evidence for any minor phas- 
es. Additionally, Mossbauer experiments 
were performed on the most oxidized sam- 
ples, and there was no evidence of magne- 
sioferrite or other Fe-soinel ~hases .  

Discussion will be confined to dc con- 
ductivity as this could be accurately mea- 
sured to 200 megohms, whereas ac (1  to 100 
kHz) measurements broke down at resis- 
tances above 10 kilohms because of induc- 
tive coupling with the furnace circuit. Sam- 
ples with resistances below 10 kilohms pro- 
duced identical dc and ac values. Two sep- 
arate Arrhenius regions can be identified in 
each experiment (Fig. 1) .  

Electrical conduction in nonmetals is 
thermally activated with energy barriers for 
the production and motion of charge carri- 
ers: The conductivity is a = neb, where the 
charge-carrier density n = noexp(EdkT), e 
is the charge on each carrier, the carrier 
mobility p. = bcexp(E,/kT), Ef and Em are 
the activation energies of formation and 
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Fig. 1. Electrical conductivity (a) plotted against 
absolute reciprocal temperature for samples con- 
taining 4.2 and 19.4% wustte. Open symbols are 
for experiments at 10 GPa and [Fe3+] - 0.1. and 
closed symbols are for 5 GPa and [Fe3+] - 0. The 
two standard error bars for 4.2% wiistite are typ- 
ical of all experiments. The two separate conduc- 
tivity regions are evdent from the devation of the 
h~gh-temperature measurements from the ow- 
temperature, small polaron curve ( sod  line). (In- 
set) Plot of log(uT2) against reciprocal tempera- 
ture for the portions of the curves that deviate from 
small polaron behavior. The linear relatlon sup- 
ports a large poaron transpolt mechanism, 

migration, k is Boltzmann's constant, and T 
is temperature. Possible EC mechanisms in 
magnesiowustites include ionic conductivi- 
ty with VGi [each dot denotes single elec- 
tron deficiency (or vacancy); the subscript 
refers to the lattice site occupied by the 
species] charge carriers, large polaron elec- 
tronic conductivity involving donor (FeM,) 
or acceptor ( F e ~ i )  impurities, and electron- 
ic hopping between Fe2+ and Fe3+ (small 
polaron). 

There are several lines of evidence that 
suggest that the low-tem~erature conduc- "- 
tion mechanism is in fact small polaron, as 
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Fig. 2. (A) Pre-exponentials  log(^,),, and 
log(u,T2),, and (B) activation energes E,,, for 
19.4% wustite plotted against [Fe3+] at 5 and 10 
GPa (crces and squares, respectvely). The two 
standard error bars include the uncertainties in 
measuring T, u, and sample dimensions as well 
as the error In fitting the data. Open and closed 
symbols are for large (LP) and small (SP) po- 
arons, respectlvely. 
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previously suggested (4,  5): ( i )  for Fe2+- 
Fe3+ hopping, the maximum carrier con- 
centration occurs at intermediate [Fe3+], as 
predicted by the low-temperature pre-expo- 
nentials (Fig. 2A), (ii) the low-temperature 
E ,,, of 0.3 to 0.4 eV, independent of [Fe3+], 
is consistent with small polaron conduction 
(1,  5-7), and (iii) the small activation vol- 
ume of -0.6 2 0.5 cm3 molp', derived 
from experiments on 5 and 19.4% wiistite 
(all measurements are in mole percent) at 5 
and 10 GPa, is as expected for small polaron 
processes. 

Additional independent support comes 
from optical absorption spectra: The pres- 
ence of a strong optical absorption around 
15.000 cm-' is intervreted as Fe2+-Fe3+ 
charge transfer (8, 9) ,  consistent with small 
polaron conduction. Also, percolation theo- 
~y for NaC1-structure, small polaron conduc- 
tors predicts that there should be a large 
increase in activation energy below an iron 
content of 17.5% as hopping changes from 
nearest-neighbor to next-nearest-neighbor 
mode. This change is seen in measurements 
below 1000 K (7) but not at higher temper- 
atures (5,  6). Therefore, at low temperatures, 
all experimental data point to a small pol- 
aron conduction mechanism. 

(12). The mobility of large polaron charge 
carriers takes the form (13) p. = p,T-'i2. 
The excellent fit of the high-temperature 
data to a modified Arrhenius plot of 
log(aTZ) against 1/T (Fig. 1, inset) is con- 
sistent with large polaron conduction. Ad- 
ditionally, the positive dependence of a, 
and E,', on [Fe3+] (Fig. 2) is consistent with 
Eq. 1 as the carrier production process; car- 
rier density increases with [Fe3+], and lat- 
tice distortion related to O(2p) vacancies 
may cause an increase in E,,, near vacancy 
saturation. 

Additional support for a large polaron 
mechanism comes from optical absorption 
spectra, which suggest an activation energy 
for LMCT two to three times higher than 

C Z  

that for small polaron transfer (8), in agree- 
ment with our measured E,',. The pressure 
intensification of LMCT optical absorption 
bands (14) supports the observed increasing 
importance of large polaron conduction 
with pressure. It is possible that phase 
changes in iron oxide spinels will signifi- 
cantly reduce ferric iron solubility in mag- 
nesiowiistite at higher pressures, but 0.1% 
or less ferric iron will cause extrinsic elec- 
tronic conductivity to predominate. Optical 
absor~tion sDectra demonstrate that there is 

temperature dependence for experiments 
on identical samples using identical prepa- 
ration techniques for both sets of measure- 
ments. The combination of data from (1) 
and (15) for the same 17% wiistite at a 
similar p 0 2  are also consistent with two 
conductivity regimes. Wood and Nell (1) 
interpreted their measurements at various 
values of p 0 ,  and atmospheric pressure to 
show small polaron conduction at mantle 
temperatures. However, experiments on the 
same sample (15) show a definite increase 
in E,,, with temperature. A t  1273 K, no 
~nax imun~  in EC was observed, but rather 
conductivity continually increased with in- 
creasing p 0 2  across the stability field of the 
s a m ~ l e  ( 1 5 ) . 

wood  and Nell ( I )  have demonstrated 
that the electrical conductivity of the lower 
mantle can be interpreted in terms of a 
network of conductive magnesiowiistite be- 
tween an insulating matrix of perovskite. 
Our results for magnesiowustite conductiv- 
ity at high temperature, however, necessi- 
tate caution. Regardless of the aptness of 
the assuinption that perovskite is essentially 
an insulator, temperature extrapolations of 
measured lnagnesiowustite conductivity 
must use the large ~ o l a r o n  telnDerature de- - & 

At  high temperatures, activation ener- sufficient ferric iron in magnesiowiistite at pendence; otherwise, they will be incorrect. 
gies of 0.6 to 1 eV are too low for ionic lower mantle pressures to cause significant Any attempt to apply low-temperature ex- 
conductivitv. where estimated E falls LMCT. ~ e r i ~ n e n t s  to the lower mantle will vield , , t i ,  

around 2 .eV (10). Processes with lower All of our data and data from other conducti\Tities as much as two ordeis of 
activation energies include ligand-metal studies (Fig. 3) can be reconciled through a magnitude lower than they should be. 
charge transfer (LMCT), which is our pre- change between large and small polaron A n  additional factor in applying exper- 
ferred mechanism. The iron-oxygen bond is n~echanisms. The agreement between stud- imental measurements to the lower mantle 
strongly covalent in character, facilitating ies at low temperature is remarkably good; is the weaker colnpositional dependence of 
charge transfer: for example however, most studies terminate at temper- 

0, + Fei, = Fe, + O6 ( ) atures below the onset of large polaron con- 
duction. The existing high-temperature 

The mobility of holes in the O(2p) valence studies all show values of o, and E,,, higher 
band is large (1 1) ,  and their extrinsic for- than the equivalent low-temperature mea- 
mation by the process described by Eq. l surements. The measurements of Li and 
vvould cause large polaron conduction Jeanloz (5)  made in an externally laser- 
where carriers are not bound to lattice sites heated diamond anvil cell show a different 

large polaron conduction. In light of recent 
experilnental studies of iron partitioning 
between magnesiowustite and perovskite 
(1 6-1 8 ) ,  which suggest that aluminum 
causes a partition coefficient close to unity, 
estimates of iron content in lower inantle 
magnesiowiistite should be revised from ap- 
proxinlately 17% to around 10%. Although 
sinall ~ o l a r o n  conductivitv is reduced bv at 

Fig. 3. Electrical conductivity of magnesiowus- 
least t i ree orders of magnitude betweell 20 
and 10% total iron, large polaron mecha- 
nisms are not so strongly dependent on 
composition (Fig. 3) .  If magnesiowiistite is 
the main conductive phase, then a large 
polaron conduction mechanism means that 
EC does not place a particularly strong con- 
straint on the iron content of the lower 
mantle, which is in sharp contrast to previ- 
ous assumptions. 

tites. Our data for 19.4% wustite ([Fe3'] - 0; 5 
GPa) agrees well w~th other studies; numbers 
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Fig. 1. Growth phenotypes of SLT2 pathway and 
swi4A mutants, and suppression of the slt2A mu- 
tant by cell cycle regulatory components. (A) 
Growth of WT, bckl A, slt2A, and swi4A strains at 
37°C on either rich YPD (yeast extract, peptone, 
dextrose) dates (left) or YPD dates containina 1 M 
sorbitol (;i$ht). (B) ~ s s a ~  forthe suppression i f  the 
slt2A (left) and bckl A (right) growth defect at 37°C . - . -  
by e i t h e r ' ~ ~ ~ 2 4  vector alone or high-copy num- 
ber plasmids containing eitherSLT2, SW14, PCL1, 

SBF Cell Cycle Regulator as a Target of the PCL2, PH085, or MBPI (22). 

Yeast PKC-MAP Kinase Pathway 
Kevin Madden, Yi-Jun Sheu, Kristin Baetz, Brenda Andrews, 

Michael Snyder* 

Protein kinase C (PKC) signaling is highly conserved among eukaryotes and has been 
implicated in the regulation of cellular processes such as cell proliferation and growth. 
In the budding yeast, PKCl functions to activate the SLT2(MPK1) mitogen-activated 
protein (MAP) kinase cascade, which is required for the maintenance of cell integrity 
during asymmetric cell growth. Genetic studies, coimmunoprecipitation experiments, 
and analysis of protein phosphorylation in vivo and in vitro indicate that the SBF tran- 
scription factor (composed of Swi4p and SwiGp), an important regulator of gene ex- 
pression at the G, to S phase cell cycle transition, is a target of the Slt2p(Mpkl p) MAP 
kinase. These studies provide evidence for a direct role of the PKCl pathway in the 
regulation of the yeast cell cycle and cell growth and indicate that conserved signaling 
pathways can act to control key regulators of cell division. 

T h e  coordination of polarized growth and 
cell proliferation is a critical process in 
many cell types. In yeast, the PKCl MAP 
kinase cascade functions to maintain the 
integrity of the cytoskeleton and cell wall 
(1, 2) and is a candidate regulatory system 
for coupling cell growth and proliferation. 
The PKC pathway contains Pkclp, which 
activates a MAP kinase cascade that con- 
sists of sequentially activated protein ki- 

nases: Bcklp(Slklp), a MAP kinase extra- 
cellular signal-regulated kinase (MEK) ki- 
nase (MEKK), the redundant Mkkl and 
Mkk2 MEKs, and SltZp(Mpklp), a MAP 
kinase (3). Genetic evidence has implicated 
this pathway in the regulation of cell cycle 
progression (4-6). In addition, the Slt2p 
MAP kinase is specifically activated during 
bud emergence and mating projection for- 
mation, periods of the cell cycle during 
which cell erowth is hiehlv ~olarized (7. 8). " " 2 .  . .  , 
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the G, cyclin genes CLNI , CLN2, PCLI , 
and PCLZ (1 1-1 3). Cln and Pcl proteins 
associate with the Cdc28 (14) and Pho85 
(1 3) cyclin-dependent kinases, respectively, 
to promote entry into S phase; Cln-Cdc28p 
complexes also promote polarized growth 
(1 5). Thus, both SBF and PKC function to 
mediate cell cycle progression and polarized 
growth. 

We used a genetic screen (16, 17) to 
identify a mutation in the SW4 gene, swi4- 
100, that requires SPA2 for growth (18). 
The Spa2 protein localizes to sites of polar- 
ized growth in yeast and is required for 
mating projection formation and proper 
bud site selection (19). Mutation of SLT2 
or BCKl is also lethal in the absence of 
SPA2 (1 6). Moreover, other similarities are 
observed between swi4A and SLT2 pathway 
mutants. Deletion of each kinase in the 
SLT2 cascade results in temperature-sensi- 
tive growth, and at 37°C cells die by lysis; 
this temperature-sensitive growth defect is 
suppressed by the osmotic stabilizer 1 M 
sorbitol (3, 16) (Fig. 1A). Haploid swi4A 
mutants are also temperature-sensitive for 
growth at 37OC in some backgrounds (I  1 ), 
and like SLT2 pathway mutants, this tem- 
perature sensitivity is suppressed by the 
presence of 1 M sorbitol (Fig. 1A). Also, 
swi4A mutants exhibit a defect in projec- 
tion formation upon exposure to mating 
pheromone, as do SLT2 pathway mutants 
(5, 8, 16, 18). 

The phenotypic similarities between 
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