
Ferric Iron Content of Mineral Inclusions in 
Diamonds from S2o Luiz: A View into the 

Lower Mantle 

Mossbauer spectra of the  (Mg,Fe)O in- 
clusions are similar to spectra of synthetic 
samples (9 )  and consist of a broad quadru- 
pole doublet with a shoulder a t  low velocity 
corresponding to  Fei+ absorption (10).  T h e  
relative amount of Fei+ in all (Mg,Fe)O 
inclusions is uniformly low, with the  excep- 
tion of sample BZ66, which shows a slightly 
higher value (Table I ) .  This could be relat- 
ed to the  higher N a  concentration, where 
the  charge deficit from substitution of a 
small amount of Na' is compensated by 
Fei+. 

T h e  small amounts of Fe3' in  the  
(Mg,Fe)O inclusions are consistent with 
results from high-pressure experiments o n  
(Mg,Fe)O that demonstrate that the  solu- 
bility of Fe3' is dramatically reduced a t  
high pressure, likely as a result of a phase 
transition in the  system Fe,O,-MgFe20, 
(1 1 ) .  Stabilization of Fei+ in the  dense 
(Mg,Fe)Fez04 phase means that (Mg,Fe)O 
should contain only a small amount of Feit 
a t  pressure and temperature conditions of 
the  lower mantle, regardless of the  oxygen 
fugacity. 

In  contrast, the  (Mg,Fe,AI)(Si,Al)O, 
and T A P P  inclusions contain extremely 
high relative amounts of Fe3' (Table 1 ) .  
Mossbauer spectra from the  (Mg,Fe,Al)- 
(Si ,A1)03 and T A P P  inclusions are similar; 
both were fitted to a n  Felt  doublet with 
large quadrupole splitting and an  Fei' dou- 
blet with small quadrupole splitting. T h e  
high-velocity component of the  Fe3+ dou- 
blet is well resolved, allowing a n  unambig- 
uous determination of the  Fe3+ content.  

T h e  hyperfine parameters from spectra 
of the  (Mg,Fe,Al)(Si,Al)O, inclusions (Ta- 
ble 2)  are similar to those of A1 silicate 
glasses (12),  but quite different from those 
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Mossbauer spectroscopy on inclusions in diamonds from S5o Luiz, Brazil, show that 
(Mg,Fe)O inclusions contain little Fe3+ (Fe3+/IFe 5 7%), whereas inclusions with py- 
roxene composition (believed to have been originally in the perovskite structure) and 
tetragonal almandine-pyrope phase (TAPP) inclusions contain high relative amounts of 
Fe3+ (Fe3+/2Fe = 20 to 75%). These observations are consistent with high-pressure 
experiments on synthetic samples and support the idea that the inclusions originated in 
the lower mantle. Fe-Mg partitioning data for co-existing (Mg,Fe,AI)(Si,AI)O, - (Mg,Fe)O 
pairs also indicate that the phases were in equilibrium at the time of diamond formation 
in the lower mantle. 

Samples  from the  Earth's mantle provide 
important geochemical data for assessing 
the  nature of the  Earth's interior. Proper- 
ties such as oxygen filgacity can  be con- 
strained bv observations o n  natural sam- 

(6) to study the oxidation state (Fei'/CFe) of 
these inclusions. Although the extent to - 
which the S%o Luii inclusions represent the 
bulk lower mantle is not yet clear, they rep- 
resent an  opportunity to study samples that 
have equilibrated in a natural multiphase sys- 
tem at oressures and temoeratures believed to 

ples; therefore, we know more about the  
cornoosition of the  uooer mantle t h a n  the  

L 

lower mantle,  where we have been re- 
stricted until recently to  inferences from 
experiments and  theory. T h e  discovery of 
(Mg,Fe,Al)(Si,AI)O,,  (Mg,Fe)O, CaSiO,,  
and  tetragonal almandine-pyrope phase 
( T A P P )  inclusions in  diamonds from S%o 
Luis River, Brazil (1-3), provides an  op- 
portunity to  investigate directly the  oxi- 
dation state of minerals believed to  have 
originated in  the  lower mantle. These 

be within the lower mantle. Results can be 
used to assess the oxygen fugacity in the re- 
gion of diamond formation. 

Inclusions greater than 60 pin  in diam- 
eter were extracted bv crushine from dia- 
monds that showed n i  visible Cactures be- 
tween the  inclusion and the  diamond 
surface. T h e  inclusions were mounted in 
epoxy and polished for electron microprobe 
analysis (7) (Table 1 ) .  In  one diamond 
(BZ25l) ,  a surface was polished to expose 
the  inclusions. T h e  samoles could be used 

u 

phases form a stable assemblage only a t  
pressures and temperatures equivalent to  
those in  the  lower mantle;  a t  lower pres- 
sure they would combine to  form phases 
wi th  olivine, garnet, or  pyroxene stoichi- 
ometry (4). Diamond tends to  preserve the  
chemistrv of mineral vhases a t  the  condi- 

for Mossbauer analysis with no  further mod- 
ification (8). 

Table 1. Chemical compos~tion (in weight percent) 
spectroscopy. 

of Sao Luiz inclusions examined using Mossbauer 

tions of diamond formaiion, and examination 
of fracture svstems around inclusions, deter- 

(Mg,Fe)O 
Sample 

BZ66 BZ67 BZ73 BZ238B 

(M~.F~.AI)(SI,AI)C, TAPP 

BZ251 A BZ210B BZ251 B BZ238A BZ243A 

mination of internal pressures within the ill- 
clusions, and stable isotope studies indicate 
that the S%o Luiz diamonds have likely vre- , L 

served their chemical state during exhuma- 
tion and have not been contaminated during Ti@, 
transport (5). The  (Mg,Fe,Al)(Si,Al)O, 111- 

clusions are believed to hare  existed as a ::$ 
perovskite phase in the lower mantle, whereas Fe,O,+ 
TAPP is believed to be primary (3). Here, we M ~ C  
use a techniaue in which Mljssbauer svectros- NiC 
copy is performed on microscopic absorbers Mg@ 

CaO 
Na,O 
K,O 
Total 
Approx. dlam. 

(m) 
Fe/(Mg + Fe) 
Fe3- /ZFe (%) 
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of crystalline orthopyroxene (1 3 ) .  T h e  in- 
clusions were observed to  be isotropic un- 
der a polarizing microscope, consistent 
with a n  arnorohous structure. These re- 
sults are consistent with a n  origin of these 
phases as lower mantle perovskite, which 
is known from experimental studies to  
transform readily to  glass, particularly for 
iron-containing cornpositions (1 4 ) .  T h e  
Fe" hyperfine parameters of the  T A P P  
inclusions are consistent wi th  octahedral 
coordination, and would suggest tha t  n o s t  
of the  Fe" is in  either the  M 1  or  M3 sites 
in  the  T A P P  structure, or both .  T h e  
smaller size of the  M2 site would likely 
result in  a smaller center shift t h a n  the  
one  observed; therefore, significant occu- 
pation of the  M2 site by Fe" is less likely. 
T h e  Fe" hyperfine parameters suggest 
tha t  Fe3+ occupies either a tetrahedral site 
or a distorted octahedral site (1 5). Because 
less than  half the  available Fe3+ would be 
required to  fill t he  Si  tetrahedral sites in  
T A P P  for full occupancy (3 ) ,  t he  latter 
possibility seems more likely. T h e  site as- 
slgnments from the  Mossbauer hyperfine 
parameters are consistent with those pro- 
posed by Harris e t  nl.  (3 )  from single crys- 
tal refinements of TAPP.  

T h e  large amounts of Fei' in the  silicate 
phases are consistent with recent results 
demonstrating that Ali+ stabilizes Fei+ in 
the  perovskite structure (16).  A likely 
lnechanlsln is through the  substitution 
MeL+ + Si" + A13' + Fe3+ which main- - 
tains electrostatic charge balance in  the  
crystal structure (Fig. 1 ) .  T h e  structure of 
T A P P  is more colnplex than that of perovs- 
kite but has the  same possibility for charge 
comoensation. 

Results from Mossbauer spectroscopy 
provide additional evidence tha t  the  in- 
clusions from the  S%o Luis suite originated 
in the  lower mantle.  T h e  low Fei+ con-  
t en t  of the  (Mg,Fe)O i n c l ~ ~ s i o n s  can  only 

Table 2. Hyperi~ne parameters from Mossbauer 
spectra of SBo Luz s ~ c a t e  ncus~ons The num- 
bers n parentheses refer to the standard devatlon 
of the last d g ~ t  

Center sh~ft* Q ~ ~ ~ ~ ~ ~ ' e  L~ne w~dth 
(mmls) (mm,s) (mm/s) 

0.56(2) 0.33(2) 
0.30(22) 0.26(14) 
0.57(15) 0.38(5) 
0.69(3) 0.39(5) 

tLine width fixed durlng fitt~ng. 

be reconciled with the  high Fe3+ content  
of the  silicate ~nclusions  if t he  inclusions 
formed a t  conditions of the  lower mantle.  
If t he  (Mg,Fe)O inclusions formed at  low 
pressure, phase relations in  the  FeO-MgO- 
Fe,O, system imply tha t  t h e  oxygen f~lgac- 
ity would have to  be near Fe equilibrium 
to  obtain such low Fe" concentrations 
(1 7). Such low oxygen fugacities would 
produce low Fe3'/ZFe values in  the  sili- 
cate phases, however. It  is only under 
lower nlantle conditions tha t  Fe" is sta- 
bilized in the  perovskite phase to  produce 
the  observed Fe3+/ZFe values in  the  sili- 
cate inclusions from Sgo Luis. O n e  other  
possibility to  explain the  high values of 
Fe3'/CFe in  the  (Mg,Fe,AI)(Si,Al)O, 
phase would be oxidation of FeL' in  the  
amorphous phase o n  decompression as ob- 
served in  sllicate melts (18) ,  but this 
would appear unlikely based o n  the  T A P P  
results and  the  observed effect of A1 o n  
Fe3+ content  and Fe/Mg partitioning as 
expected for the  perovskite phase. 

Fe/Mg partitioning data are consistent 
with formation of the  S%o Luiz inclusions a t  
lower nlantle pressures and temperatures. 
High-pressure experiments o n  the  assem- 
blage (Mg,Fe)O-(Mg,Fe,Al)(Si,Al)O, per- 
ovskite show that preferential partitlolling 
of Fe into (Mg,Fe)O is dramatically reduced 
in the  presence of A1 (19).  A number of 
(Mg,Fe)O-(Mg,Fe,Al)(Si,A1)03 pairs co- 
exist in the  same dianlond in the  S%o Luiz 
sulte. Fe-Mg partition coefficients calculat- 
ed from electron nlicroprobe analyses (Fig. 
2 )  decrease with increasing A1 content,  
consistent with the  expected effect of oxi- 
dizing Fe" to Fe3' ( the  electron mlcro- 
probe analyzes only total iron; hence the  
partition coefficient appears to decrease). 
T h e  results are also consistent both with 
recent high-pressure experiments o n  sam- 

0- 
0 2 4 5 8 1 0 1 2  

A1203 (mol %) 

Fig. 1. Var~at~on of Fe3+/ZFe w~th A content of 
(Mg,Fe)S1O3 perovsk~te. Open c~rcles are from 
prev~ously reported mult~anv exper~ments (76) 
and sold c~rcles are from SBo Luz d~amond ~nclu- 
slons (present work) Iron compos~t~ons [ex 
pressed as Fe/(Fe+Mg)] of the (Mg Fe AI)(S AI)03 
and perovsk~te phases range between 5 and 9% 

ples with pyrolite composition (20)  and the  
only (Mg,Fe,Al)(Si,Al)O,-(Mg,Fe)O in- 
c lus~on  pair reported to  occur outside the  
S%o Luiz suite (21) .  A modest extrapolation 
of the  inclusion data to  zero A1 content 
gives a partition coefficient near 3, which is 
consistent with experiments in Al-free sys- 
tems (22).  

High-pressure experiments have shown 
that values of Fe3+/CFe are high in  
(Mg,Fe,Al)(Si,Al)O, perovskite regardless 
of whether synthesis occurred under oxidiz- 
ing or reducing conditions (16,  23),  al- 
though the  latter case requires charge corn- 
pensation such as through the  dispropor- 
tionation reaction Fe" + Fei+ ' Fe%r 
the  production of significant lattice defects. 
High-pressure experiments o n  (Mg,Fe)O 
indicate that Fei+/XFe remains relatively 
low regardless of oxygen f~lgacity, because 
Fe" is believed to  be stabilized in  a high- 
pressure form of the  (Mg,Fe)Fez04 spinel 
phase, which exsolves from (Mg,Fe)O. This 
would imply that (Mg,Fe)O eq~~i l ibra ted a t  
higher oxygen fugacities should have a 
greater abundance of exsolved (Mg,Fe)- 
FezO,. T h e  oxygen fugacity conditions ex- 
isting a t  the time of diamond formation in 
the lower mantle can therefore be assessed 
from the  microstructures of (Mg,Fe)O and 
(Mg,Fe,AI)(Si,Al)O, inclusions. Although 
definitive conclusions must await detailed 
analysis, results suggesting the  presence of 
(Mg,Fe)FeLO, in (Mg,Fe)O ~ncluslons (24) 
and the  lack of metallic Fe or significant 
oxygen defects in (Mg,Fe,A1)(S1,A1)Oi In- 
clusions suggest that the  inclusions fornled 
under conditions of oxygen filgacity are sig- 
nificantly higher than Fe equilibrium. 

1  
0 2  4  6 8 1 0 1 2 1 4  

A1203 (mol %) 

Fig. 2. Varaton of Fe-Mg pari~t~on coeffic~ent be- 
tween (Mg,Fe,AI)(S,AI)O, and (Mg,Fe)O nclusions 
[Kc, = (XF;/X;;;;;)/(XF;/X',"a)] w~th A content. S o -  
ld c~rcles are from Sao Lu~z electron m~croprobe 
data from (24), where the outl~ned c r c e  ndlcates 
the par exam~ned by Mossbauer spectroscopy In 
the present study (BZ251). Sol~d tr~angles are from 
SBo Lu~z electron m~croprobe data of (2). The 
cross refers to the only known (Mg,FeAl)- 
(Sl,AI)O3-(Mg,Fe)O nclusion palr not from SBo 
Lu1z (21) 

ncenlag org SCIEKCE \'OL 278 17 OCTOBER 199i 435 



REFERENCES AND NOTES 

1. M. C. W d n g .  B. Harte, J. W. Harrs, PI-oc t i ?  Int. 
K~mberl~te Cor?f. (1 991) p. 456. 

2 B. Harte and J. W. Harr~s, M~neral. /)/lag 58A, 384 
(1 994). 

3. J. VJ. Harrs, M. T. Hutchson, M. Hursthouse. M. 
L~ght, B .  Harte, Nature 387. 486 (1997). 

4 E. t o  E. Takahash . Y. Matsui. Ea;~i? Planet. Sn. Lett. 
67, 238 (1984). 

5. M. T. Hutchiszn B. Harte. J. \%I. H a ~ r ~ s ,  I. F'izsi~nons. 
Gth lni. Kimberllte Co~i i .  (abstr.) (19951, p 242. 

6. To obtan adecluate count rates, the coiventlona 
Mossbaler source (t \ /pca spec f c actv~ty 100 mC 
cm2) s replaced by a po nt source (spec f c actv ty -- 2000 ~ C I ,  em') The galnlna rays are c o  mated to 
the selected sa~nple d alneter usng a Pb sli e d  and 
the source-sample dstance s reduced to -c5 mm. 
The latter results n a sold angle s ~ n  ar to conven- 
t onal exper nients, and hence a s m a r  count rate. 
Because the s~gnal qual'ty depends on absorber 
density (measured n In g r a m s  of Fe per square 
cent meter) and not the total amo~lnt of ron n the 
sa~nple, the reduct'on n sample s ze has no effect on 
the effectve thckness of the absorber. When eec- 
tronc absorpton due to heaver ele~nents s o w  and 
the point source IS reatvely new (< I  year old). hgh- 
qua ty Mossbauer spectra (comparable to conven- 
t~onal measurements) can be recorded on sa~nples 
w~ t l i  da~neters as s ~ n a  as 100 pm.  For further infor- 
maton see C A. McCammon, V Chaskar, and G. G. 
R~chards [/\/leas. Scr. Tec/?~iol 2, 657 (1991)l and 
C. A McCamlnon [Hyper. Int. 92, 1235 (1 994)]. 

7 Compos~t~ons were deter~n~ned uslng a Cameca 
Camebax electron mcroprobe at the Unversty of 
Ednburgh, Depart~nent of Geology and Geophysics. 
operatng at 20 kV w th  a bea~n current of 20 nA. 

8, The epoxy dsks were mounted ~41th  cellophane tape 
behnd a 200- to 500-pm-d a~neter hole dr led n 25- 
pm-  thckTa f o .  The f o  acts as a coll~~nator. absorb- 
n g  mole than 9SCc of the 14.4-keV galnma rays 
Absorber dens~t~es based on the th~ck~iess of the 
samples and che~nca  compos~tons were > 10 mc of 
Fe per square cent meter for the (Mg.Fe)O ncusions. 
and approxmatey 1 mg of Fe per sq!lare centmeter 
for the (M~,F~,AI)(SI,AI)O, and TAPP inclus~ons. 
Mossbauer spectra ?'me collected for t ~ n e s  rangng 
from 1 day forthe (Mg,Fe)O ncusons to lnore than 20 
days for the s c a t e  nclus'ons. Mossbauer spectra 
were recorded at room te~nperat~~re n trans~nssion 
node  on a constant acceeraton Mossbauel- spec- 
trometer w~th  a nomnal 20 m C  of ?'Co hgh spec~fc 
act v~ty so!lrce (2 C c m z )  In a 12-pm Ph matr~x. The 
velocity scale was calibrated reatve to 2 5 - p ~ n  e-Fe 
f o  usng the pos~tons certfed for Natona Bureau of 
Standards standard reference material no 1541, n e  
wdths of 0.42 ~nm,'s for the outer n e s  of e-Fe were 
obtaned at room temperature. Tlie spectra were f~ t -  
ted to Lorentran and Vogt n e  shapes us ng the coln- 
mercally avaabe f t tng program NORMOS wr~t te~ i  
by R A. Brand (d sir b ~ ~ t e d  by \%l~ssenscliaftl~che Eek- 
tronk GmbH Germany) 

9. V V. Kurash st a 1  lriorg ~Wlater 8, 1395 (1972). 
10. VJe f~tted Mossbauer spectra of (MgFe)O to two 

F e z  doublets and one F e 5  snglet a w~ i , i  Vo gt 
n e  shape The area of Fe"+ absorpt~on IS con- 
stl-aned by the asymmetry of the man  doublet, and 
IS therefore relat~vely ndependant of the f~ t t~ng  
model. 

11. C. A. McCammon, J. \%I Harr~s. B Harte M. T 
Hutchson, n Pliime 2, D L Anderson. S R Hart, A. 
\%I. Hofmann. Eds [Te~ra iVostra 3, 91 (1995)l 

12 F. Se~fert, B. 0 Mysen, D V~rgo, E P .  Neumann, 
A~?liLi. Rep. Canleg. //?st. l/das/i Geop/?ys Lab 81 
355 (1 982) 

; 3. H Annersten, M Olesch, F A. Sefert. L~thos 11, 301 
(1 978) 

14. Y. B Wang, F Guyot, R C. L~eber~nann J Geo- 
phys. Res. 97, 12, 327 (1992). 

15. C. A. McCammon, Phase Trans. 58. 1 (1 996); G. M. 
Bancroft. A. G. Maddock, R. G. Burns, Geoch~m. 
Cosmoch~m. Acta 31. 221 9 (1 967). 

16. C. A. McCa~nmon, Natu;-e 387, 694 (1997). 
17. D. H. Spe d e .  J. Arn. Cei-an?. Soc. 50, 243 (1 967). 
18. M. Breary, J. Geophys, Res. BlO, 15703 (1 990). 

19. B. J. Wood and D. C. Rube, Sc~ence 273, 1522 
(1 996). 

20. T, r fune a i d  M, sshik,  paper presented at the In- 
ternat onal Conference on H~ah-Pressure Sc~ence 
and Technology (ARAPT-I 6 &d HPCJ-381, Kyoto. 
Japan (19971. p. 169. 

21. R. 0. Moore M .  L. Otter, R. S. Pckard, J. \%I. Harrs, 
J. J Gurney. Geol. Soc kust. Absir 16 409 (1986). 

22. F. Guyot, M. Madon J. Peyronneau. J. P. Po~rer,  
Earth Planet SCI Lett. 90, 52 (1988). Y. Fe H. K. 
Mao B. 0. Mysen. J Geop/?ys Res. 96, 2157 
(1991): S. E. Kesson and J. D F~tz Gerald Earth 
Planet Scl Lett 11 1 ,  229 (1 991) 

23. S. Lauterbach, C. A. McCammon F. Se~fert paper 
presented at the 75th annual ~neetng of the German 
M neraog c a  Soc ety Cologne. Germany. 15 to 19 
September 1997. 

24. M. Hutchinson. n preparation. 
25. The mneral ncusons  were supped by B. Harte 

and the electron microprobe analyses for samples 
BZ66, BZ57, BZ73, and BZ210B were perormed by 
M. W d ~ n g  and B Harte, The manuscript was m -  
proved through d~scuss'ons w t h  B. Harte and S. 
Kesson. 

3 July 1997: accepted 18 August 1997 

Triton's Distorted Atmosphere 
J. L. Elliot," J. A. Stansberry, C. B. Olkin, M. A. Agner, 

M. E. Davies 

A stellar-occultation light curve for Triton shows asymmetry that can be understood if 
Triton's middle atmosphere is distorted from spherical symmetry. Although a globally 
oblate model can explain the data, the inferred atmospheric flattening is so large that it 
could be caused only by an unrealistic internal mass distribution or highly supersonic 
zonal winds. Cyclostrophic winds confined to a jet near Triton's northern or southern 
limbs (or both) could also be responsible for the details of the light curve, but such winds 
are required to be slightly supersonic. Hazes and clouds in the atmosphere are unlikely 
to have caused the asymmetry in the light curve. 

D a t a  from the Voyager 2 encounter n.ith 
Triton in August 1989 ( 1 )  showed that 
Triton's atmosphere is dynamic on short 
time scales. Dark plumes rose from the sur- 
face to an altitude of 8 km and were ob- 
served to drift iio\vnwind for more than 100 
kin ( 2 ) .  Wind streaks on  the surface in the . , 

southern hemisphere indicated a northeast- 
erly floxv near the ground xvith wind speeds 
of 5 to 15 m s-' (3) .  Discrete clouds were 
seen up to 8 km above the surface, and haze 
was detected up to altitudes of 20 to 30 km 
(4).  Because Triton's predonlinantly N2 at- 
mosphere is in vapor-pressure equilibrium 
x i th  the surface ice (the heat of vaporiza- 
tion anci condensation equalize the surface 
temperature on Triton), seasonal changes 
in insolation can produce changes in sur- 
face pressure of several orciers of magnitude 

J. L E o t .  Department of Earth, At~nospher~c, and Plan- 

(5). The thermal structure of Triton's mid- 
dle atmosphere is probably controlled by a 
stead\;-state balance of heat input frorn the 
sun and magnetospheric e lec t ro~~s ,  radiative 
processes involving CH, and CO, and ther- 
iual conduction to the surface (6).  O n  the 
basis of the ~ l u m e s ,  the lower 8 km of the 
atmosphere has been modeled as a tropo- 
sphere (7). 

T o  test atmospher~c rnodels based on 
Voyager data and to measure the predicted 
changes in surface pressure with time, we 
began monitoring Triton's atmosphere x i th  
a series of Earth-based stellar occultation 
observations in 1993. The results of these 
observations (8) are not consistent x i t h  the 
temperature and pressure predicted by mod- 
els (6 )  at an altitude of 90 km. For the 14 
August 1995 occultation discussed here, the 
Infrared Telescope Facility (IRTF) was sit- 
uated close enough to the center of Triton's 

etav! Scences and Depart~nent of Physcs, B u d n g  54- occultation shadow to record the partial 
4 2 2  Massachusetts nsttute of Technology, 77 Massa- focusing of starlight by ~ ~ i ~ ~ ~ ' ~  atlno- 
chusetts Avenue, Cambr~dge, MA 02139-4307, USA: 
and Lowell Obsewatory, 14oo\h!est Mars H I  Poad, Fag- sphere-a phenolllenon kn0n.n as the "cen- 
staff, AZ 85001-4499. USA tral flash" (9).  The central-flash raypaths 
J. A. Stansberry and C. B. Olk~n. Lmve  Obsewatory probe several scale heights deeper into 
'400 \%lest Mars H I  Road, Flagstaff AZ 85001-4499, 
I I ~ A  atmosphere than the main immersion and -- . 
M A. Aqner, Depart~nent of Eartli, At~nospher~c and eruersion light curves of the occultation. 
~ l a n e t a v i ~ c e n c e s ,  B u d n g  54-31 4 Massachusetts In- Tiley also sayllple large portions of the plaIl. 
sttute of Technology, 77 Massachusetts Avenue Cam- 
br~dae. MA 021 39-4307 USA. etary limb, making the central flash a tool 
M, < Daves PAND Corooraton 1700 M a n  Street. San- that has been used to investigate the prop- 
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ta Monca. CA 90407-3'297, USA. erties of winds and extinction (particulate 
'To whom correspondence should be addressed at the and molecular) in the atmospheres of Mars, 
Department of Earth, Atmospher~c, and Planetary SCI- saturn, ~ i ~ ~ ~ ,  alld N~~~~~~~ (10, 11  ),  
ences. Buding 54-422, Massachusetts nsttute of Tech- 
nology, 77 Massachusetts Avenue, Cambridge, MA The visible xavelength occultation data 
021 39-4307. USA. E - ~ n a :  1e@1nt.edu (Fig. 1) exhibit tn.o asymmetries in the light 
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