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icantly dominate the 0 s  isotopic composi- 
t ion (1 1 ). Unlike the  relative abundances 
of HSEs, the  isotopic colnposition of 0 s  is 
not  cha~lged by crystal-liquid fractionation 

Alan D. Brandon," Richard J. Walker, John W. Morgan, processes. 

Marc D. Norman, Hazel M. Prichard By this reaso~l i~lg  the  suprachondritic 
18iOs/18eOs isotonic cornvositions of about 

Osmium isotopic analyses of picritic lavas from Hawaii show enrichments in the osmium- 
186/osmium-188 ratio (1860s/'880s) of 0.008 to 0.01 8%, relative to a chondritic upper 
mantle, that are positively correlated with enrichments in 1870s/'880s of 5.4 to 9.0%. The 
most viable mechanism to produce these coupled la60s and 1870s enrichments is by 
addition of 0.5 to 1 weight percent of outer core metal to a portion of the D" layer and 
subsequent upwelling of the mixture. These data suggest that some plumes originate at 
the core-mantle boundary and that 0 s  isotopes may be used to distinguish plumes 
derived from shallow versus deep mantle sources. 

T h e  depth of initiation of hot ,  upwelling iron meteorites, Re, Pt,  and Os, show that 
plumes in  Earth's mantle is not  well defined progressive asteroidal core crystalliratio~l 
(1 ,  Z),  although plumes likely originate a t  produced melts with i~lcreasi~lgly supra- 
thermal or chemical boundaries within the  chondritic Re/Os and Pt/Os ratios ( 7 ,  9 ) .  If 
mantle or a t  the  core-mantle boundary. T h e  similar vartitioninn occurred in  the  Earth's 

0.130' to 0.150 ' in  oce in  isla~ld basalts 
(OIBs) relative to  the  chondritic average 
ratio of 0.1270 in  the  upper mantle might, 
in  part, reflect outer core entrainment (7 ,  
9,  12).  However, because the  Re/Os ratio of 
oceanic crust is also suprachondritic, en- 
trainment of 1- to  3-billion-year-old (Ga)  
oceanic crust may also generate the  radio- 
genic 1870s/'8eOs ratio observed in plume- 
derived lavas (A2-17). Hence, l e70s  en- 
richment alone is not  a definitive test for 
core-mantle interaction and corresponding 
le60s  data are needed (18).  

W e  have deterlniped 'e%s/'880s ratios 
for picritic lavas from Hawaii a11d colnpared 
these compositio~ls with 0s - I r  alloys and 
chrornitites frorn nresurned uover mantle- 

0 L L 

D" layer (3)  a t  the  core-mantle boundary is core during crystallization of the  i111ler core, derived ultrarnafic systems (1 9 )  to deter- 
evidentlv a verv chernicallv active reeion of then vlulnes enriched in  outer core material mine whether a n  outer core colnvonent is 
the ~ a r t i  wherk some level of metal-lilicate shoulb show coupled enrichlnellts in 18'0s/ present in  the  Hawaiian plurnL source. 
interaction almost certainlv occurs (4, 5). If Ie80s and 18"s/'8eOs ratios, reflecting the  These Hawaiian lavas are suitable to test for , ,  , 

some pluines originate a t  'the core-mantle decay of "'Re and '"Pt to "0s and lE60s, core-mantle interaction because they are 
boundary, then certain geochemical char- respectively (10,  1 1  ). T h e  large differences variably enriched in '"Os, with yo, values 
acteristics of the  outer core may be impart- in  the  concentrations of HSEs between the  ranging frorn +5.2 to +9.1 (15-1 7)  (Table 
ed to the  risi~lg vlume and subseouent outer core a11d the  mantle means that  ad- I ) ,  and because Hawaiian maernas are de- 
plume-derived lavas. 

Outer core co~ltributions to a plume can 
potentially be detected by examination of 
highly siderophile elements (HSEs) in  
plume-derived lavas (6) because of the  ex- 
treme contrast in the  co~lcentrations of 
HSEs between the  outer core and mantle 
and the  likelihood that  the  HSEs are frac- 
tionated relative to  one another in  the  out- 
er core compared with the  generally chon- 
dritic relative abundances of these elements 
in  the  upper mantle ( 7 ,  8).  Such fraction- 
ations would be characteristic of solid 

- 
ditions of only 0.5 to  1 weight % of outer rived frorn one of the  hottest and longest- 
core metal to a plume source would signif- lived mantle plumes docurne~lted (20).  

Table 1. Re and 0 s  sotopc data for 0s-lr alloys and chromitites from perdotte massifs and ophoites 
worldw~de and picrites from Hawall. Number of unspiked replicates for high-prec~s~on 18"s/1880s and 
1870s/1880s analyses is listed in parentheses after the sample name. The 2u, for the average of the 
replicate runs is reported as preclson in the sixth place after the value. 1e70s/18eOs for the spked run 
(SP) IS reported with run stat~st~cs.  

Sample Re 0 s  e60s/1880s 1870s/'880s yCs eNd 

(ng/s) (ns/s) 

0 s - r  alloys 
W5A 131 0 .1198342 i29  0 ,1242682 43 -2.15 

metal-liquid metal equilibrium. Hence, the  w5B i3j 
addition of outer core metal to a plume may Calfornla (3) 

Savage R~ver (3) impart a unique HSE signature to the  plume Bald H I I S  (3) 
that cannot be reproduced by processes that  9 M e  Creek (3) 
occur within the  mantle (7) .  However, Urals (3) 
crvstal-liauid fractio~lation nrocesses that Chrom~t~tes 
may occur during ascent and emplacement HPOS 33 (3) 1.33" 79.28" 0.1 198330 i 37 0.12378 i 52 -2.54 
of plumes and derivative magmas may oh- HPOS 74 (3) 3.35" 147.2* 0.1 198339 i 33 0.12734 t 48 +0.27 
scure such elemental sig~lals. HPOS 498 (3) 4.08* 236.1" 0.1 198365 i 38 0.1 2247 i 36 -3.56 

Hawaan picr~tes 
Concelltration data for three HSEs in  Mauna ioa 

ML-2-50 (4) 0.433t 0.792.;- 0.1 198425 t 32 0.1 33878 t 35 + 5  41 +5.5+ 
A. D. Braidon. R.  J. Walker, J W. Morgai.  Isotope Geo- ML-1868.9 SP 0.631 0.71 7 0.13453 i 14 + 5 9 3  
chemstry Laooratory Departmeit of Geology, Univers~ty ML-1868.9 (3) 0.1 198409 t 12 0.1 35499 1- 03 +6  69 
of Maryaid. College Park. MD 20742 USA Loih~ 
J. W. Morgai, Departmeit of Earth Resources, Colorado 10-02-02 (4) 0.610+ 0.863: 0.1 198443 t 28 0.133606 t 324 +5.20 +S.St 
State Unversty Fort C o n s ,  CO 80523, USA 
M. 3 Normal,  GEMOC, School of Earth Scences Mac- 

10-02-04 (2) 0,481 (- 1.083t 0.1 198433 t 17 0.134266 = 352 +5.72 +3.9t 
quare Unvers~ty NSW 2109, Austraa. Koolau 
H. M. Pr~chard, Department of Earth Sc~eices, Un~~vers~ty K00-17A (3) 0.224.;- 0.465t 0.1 198526 i 34 0.138499 i 06 +9.05 +0.2.i. 
of Wales, Cardff CFI 3YE, Unted K igdom,  

'From 132). Chromttes are from the follovi~ng ophotes:  HPOS 7 A ,  Sems, (Omai): HPOS 33 and 498, AI'Ays 1Saud1 
'To whom correspondeice should be addressed. E-ma:  Araoia), 
orandon@geol,umd edu tCo ice i t ra ton data from 1 7  7). 
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Thus, the Hawaiian plume is a manifesta- 
tion of a long-lived thermal anomaly poten- 
tially resulting from upwelling of material 
from the deep ma~ltle. In addition, the lavas 
we have st~tdied are picrites with high 0 s  
abundances ranging from 0.47 to 1.08 ng/g 
(1 7) (Table 1). This is important because 
magmas with such high 0 s  co~lce~ltrations 
are unlikely to have been sig~lifica~ltly con- 
taminated by 0 s  from the oceanic litho- 
sphere ( 1  4-1 7). 

The 0s-Ir alloys and chromitites we ex- 
amined have 1e70s/'e80s ratios ranging 
from 0.11986 to 0.12734 (Table 1). Most of 
these samples are at the more radiogenic 
end of this range, co~lsistent a i th  derivation 
from an upper mantle having 0 s  isotopic 
compositions within the range of abyssal 
peridotites and chondrites (0.1220 to 
0.1273) (21 ). Several 0s-Ir alloys have loa- 
er '8'Os/'8eOs ratios of 0.1199 to 0.1220, 
consistent with derivation from a source 
that lost Re by melt removal 1 to 2 Ga 
(Table 1). The average 1e60s/'eeOs for 
these 10 samples is 0.1 198340 2 12 (20M) .  
The '860s/'e80s ratio of 0.1198310 2 60 
for the carbonaceous chondrite Allende (9) 
is identical, within uncertainty, to the 
'e60s/'8eOs ratios for the chromitites and 
the 0s-Ir alloys. These similarities indicate 
<30% fractionation of the long-term Pt/Os 
ratio for the upper mantle relative to chon- 
drites, even in materials that experienced 
ancient melt depletion. Evidently Pt and 0 s  
behave compatibly during partial melting of 
the upper mantle, and Pt is not fractionated 
from 0 s  in the depleted upper mantle. 

In contrast to the samples from the up- 
per mantle, the Hawaiian picrites all have 
excess le60s and positive yo, values (Table 
1, Fig. 1). The '860s/'eeOs and 1e70s/18eOs 
ratios for the picrites are more radiogenic 
than our upper mantle average and are con- 

sistent with variable long-term coupled Pt/ 
0 s  and Re/Os enrichment in the plume 
source of the Hawaiian lavas. The enrich- 
ments in '860s are positively correlated 
with e~lrichrne~lts in le'Os, forming a linear 
array that extends from a composition en- 
riched in le60s and la70s toward a compo- 
sition that appears to be enriched in la70s/ 
la80s by about 2% relative to the average 
chondritic value but a i th  cho~ldritic le60s/ 
le80s (Fig. 1). Uncertainties in the data, 
however, cannot preclude chondritic values 
of both 'e'Os/1e80s and 1860s/18eOs in this 
hypothetical end member. This array re- 
quires at least two source components. One 
component reflects long-term enrichment 
in both Pt and Re relative to the upper 
mantle, and the other may have generally 
chondritic Pt/Os but with a possibly more 
radiogenic 'e'Os/'e80s than the chondritic 
average. 

The covariance of 'e60s/1e80s and 
1870s/18eOs ratios in the picrites is very 
similar to that observed in iron meteorites 
(7)  and rnay be explained by mixing of 
outer core material into the plume source. 
In fact, the most radiogenic sample 
(Koolau) has nearly the same composition 
for both 'e60s/'e80s = 0.119852 and yo, = 

+9.05 as that calculated for the outer core 
by the asteroidal analog (9, 1 1 ) .  Although 
the absolute 0 s  isotopic composition of the 
outer core is not known because of the large 
temperature and pressure contrasts between 
asteroidal cores and the terrestrial core, and 
the growth rate of the inner core, the rela- 
tive partitioning between the HSEs is likely 
not greatly different from the lower pressure 
systems (9, 1 1  ). The outer core component, 
however, cannot be much more radiogenic 
than the Koolau picrite (22). 

Alternatively, the radiogenic 0 s  isotopic 
compositions of the Hawaiian picrites may 

Fig. 1. 18Qs/1880s versus yOs for the Noril'sk ore 
(0) (91, 0s-lr alloys (O), chromtites (171, and the 
Loihi (W). Mauna Loa (A), and Koolau (+) picrites. 
Error bars for 18Qs/1880s are 2,. Error bars for 
yo, are smaller than the symbols. A mxing line IS 

shown with 2% increments (x)  of 2-Ga recycled 2 
ocean crust, consisting of 90% altered oceanic 0.119840 

basalt (0s = 0.1 ng/g, 1e70s/i880s = 5) and 10% 5 
pelagic sediment (0s = 0.2 ng/g, 1870s/1eeOs = 

0.5) added to a plume source mantle (0s  = 3 
ng/g, 1870s/i880s = 0.130) as described In (76). 
For altered ocean crust, we use a Pt/Os ratio of 
19.84 for MORB (Fig. 2), which, f allowed to 
evolve 2 Ga after separation from a chondritic -10 -5 0 5 10 15 
mantle, W I  have a present day 18Qs/1880s = YOS 
0.1 19881 0. For pelagic sedment, we use a PVOs 
ratio of 89.33, the same as upper crust In F~gure 2 because t IS the h~ghest Pt/Os ratio estimated for 
sediments and will result In the most elevated 18%s/1880s of 0.1200641 after separation from a 
chondr~tc mantle at 2 Ga, Nevertheless, this mixing line IS nearly flat and the Hawaan-Noril'sk array 
cannot be reproduced by a reasonable PVOs ratio and Pt abundance for recycled ocean crust. Dashed 
n e  IS the inferred mixing line between the Hawaiian plume source (76) and a radiogenlc 1e60s/1880s and 
1870s/1eeOs likely to be the outer core. 

reflect an ancient recycled oceanic crustal 
component in the plume. Because Re abun- 
dances in basalts and sediments are up to 
several hundred times higher than mantle 
peridotite (23), the addition of recycled 
oceanic crust to a mantle reservoir can lead 
to the formation of a hybrid mantle with 
suprachondritic Re/Os and, with time, su- 
prachondritic 1e'Os/1e80s ( 1  4-1 7). Addi- 
tions of up to 30% of ancient ocean crust to 
the sources of some plumes have been ad- 
vocated to produce the observed '870s/ 
le80s ratios of up to -0.150 in OIB (14- 
16). For example, addition of 6% of a recy- 
cled component consisting of 90% 1.8-Ga 
oceanic crust plus 10% pelagic sediment to 
the plume source has been proposed to pro- 
duce '870s/18eOs df 0.138 in some lavas 
from Hawaii ( 1  6). 

Although recycling of crustal materials 
can lead to le70s enrichments within a 
mantle reservoir, this could not be the pri- 
mary process responsible for generating the 
compositions of Hawaiian lams because it 
would not lead to a correspondi~lg enrich- 
ment in le60s of the magnitude observed. 
Although Pt/Os ratios for basalts and sedi- 
ments can be quite high (10 to 1000 times 
the chondritic ratio), the Pt concentrations 
in these rocks are not enriched over the 
upper mantle. Upper mantle peridotites 
contain Pt conce~ltratio~ls of 3 to 10 ng/g 
(24), basalts typically have about 0.2 to 10 
ng/g (25, 26), and sedime~lts typically range 
from about 0.5 to 10 ng/g (26). This limited 
range in Pt contents between mantle mate- 
rials and possible recycled components, 
coupled with the fact that 0 s  is a highly 
compatible element during partial melting 
of the mantle, means that large increases in 
the Pt/Os of a mantle domain are not likely 
to occur by crustal recycling. For example, 
the most radiogenic samples from Hawaii, 
with 1860s/18eOs of 0.1 19846 to 0.1 19852, 
would require a 2-Ga source that is 80 to 
95% sediment or basalt (Fig. 2) .  A source 
with such large proportions of basalt or 
sediment would produce siliceous (>50 
weight % SiO,) melts and not the picritic 
Hawaiian lavas examined here. Primitive 
Hawaiian magmas have MgO contents of at 
least 12 to 15 weight % MgO and are in 
equilibrium with Fo8e-90 olivine, consistent 
wit11 melting of a dorni~lantly peridotitic 
source (27). Such large percentages of recy- 
cled materials with high Re/Os would also 
generate more radiogenic '8'0s/'eeOs ratios 
(yo, = 270 to >3000) (28) than are ob- 
served. A~lother problem with the genera- 
tion of the excess 1860s by crustal recycling 
is that there is growing evidence that, when 
slabs dehydrate or melt beneath volcanic 
arcs, Re, Os, and Pt rnay be mobilized and 
concentrated into the water and in chlo- 
rine-r~ch fluids and melts that are trans- 
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ferred from the slab into the mantle wedge 
(29). Thus, subducted oceanic crust may 
have lower concentrations of Re, Os, and Pt 
than the relatively pristine materials that 
have been used to define the modeling pa- 
rameters (Fig. 2) (26, 30). 

We conclude that the coupled ls60s- 
ls70s svstematics in the Hawaiian ~icrites is 
evidence for low and variable degrees of 
outer core entrainment in the ~ l u m e  source. 
The lithophile isotopic characteristics of 
associated Hawaiian tholeiites require pro- 
cesses other than simple addition of core 
material to a plume source composed of 
upper mantle similar to the source of mid- 
ocean ridge basalts (MORB). Koolau ba- 
salts, which show the strongest evidence for 
core interaction in their 0 s  isotopic com- 
positions, also have Pb (206Pb/204Pb = 
17.8), Sr (s7Sr/86Sr = 0.7045), and Nd (cNd 
- 0) isotopic compositions that are distinct 
from those of MORB (31), and none of 
these characteristics can be ex~lained bv 
entrainment of core material into the 
plume. The nature and origin of the Koolau 
component with respect to these lithophile 
isotopes is currently under debate (1, 16, 
17) and may consist of either ancient recy- 
cled crust (1, 16) or primitive lower mantle 

Recycled component (%) 

Fig. 2. Mixing relationships for adding 2-Gaocean 
crust [sediments and MORB] to a mantle source 
having 1860s/1880s = 0.1 198340 and 0s at 3 
ng/g. Upper continental crust (A) is calculated tak- 
ing the 0s abundance (0.03 ng/g) and Pt abun- 
dance (2.68 ng/g) interpolated from Pd and Ru 
from (27). For reducing sediments (O), 0 s  = 

0.244 ng/g, and Pt = 1.16 ng/g; for metalliferous 
sediments (0), 0 s  = 0.153 ng/g and Pt = 7.41 
ng/g, and for MORB, 0 s  = 0.05 ng/g, and Pt 
=0.992 ng/g. The Pt and 0 s  abundances for the 
sediments are averages of data, and the Pt and 
0s abundances for MORB (0) were chosen from 
the median of basalts and picrites from (25). These 
components are assumed to have chondritic 
1860s/1880s at 2 Ga = 0.1198288 [calculated 
using a present day ratio of 0.1 19834, a chondritic ' 
190W1880s = 0.001692 (9), and a decay con- 
stant of lgOPt = 1.541 x 1 0-l2 a-' (911 and evolve 
to present day values with the calculated lgOW 
1880s ratios. Symbols on the mixing lines are for 
10% increments 2-Ga ocean crust. 

(17), or it may reflect refertilization of a 
portion of the mantle by melts derived from 
mafic reservoirs (17). Thus, it may be pos- 
sible that a limited proportion of the ls70s 
enrichment in Hawaiian lavas comes from a 
recycled crustal component, as has been 
previously suggested for OIB from the 
Azores (1 2). However, the proportion of Re 
added to a hybrid source is probably over- 
estimated in the models proposed to ac- 
count for ls70s enrichments in OIB (14- 
16), so the recycled component likely 
would have had only a minor effect on the 
0 s  isotopic composition of the system. This 
is particularly the case for 1860s/1880s (Fig. 
2). Therefore, although the origin of the 
lithophile isotopic composition of the low 
eNd, low 206Pb/204Pb end member in the 
Hawaiian lavas can be attributed to one of 
several processes, none of which reflects 
outer core additions to the plume, the ra- 
diogenic ls60s and ls70s end member in 
the Hawaiian plume is best explained by 0.5 
to 1 weight % addition of lithophile el- 
ement-poor, HSE-rich outer core metal. 
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limits the variation of 1860s/1880s in nature and, for 
mantle samples considered in this investigation, dif- 
ferences can be detected only by measurements that 
are 2 orders of magnitude more precise than those 
for 1870s/1880s. For unspiked high-precision 0s  iso- 
tope analyses, the following procedures were used. 
The amount of 0s  necessary to sufficiently perform 
precise measurements is 30 to 40 ng. For picriitesand 
ultramafic rocks with -0.3 to 4 ng of 0s  per gram, 10 
to 100 g of powder was fused by a standard nickel 
sulfide fire assay procedure [E. L. Hoffman, A. J. Nal- 
drett, J. C. Van Loon, R. G. V. Hancock, A. Mason, 
Anal. Chem. 102,157 (1 978)]. The rock powder was 
mixed with a flux of sodium tetraborate, uitrapure Ni 
powder, and sublimed sulfur powder in a ceramic 
crucible and heated to 1 1  00°C to form a homoge- 
nous silicate melt with immiscible NiS melt. 0s  in the 
rock powder was partitioned into the NiS beads that 
form in the bottom of the crucible. The melt was 

2E VOL. 280 5 JUNE 1998 www.sciencema 



quenched and the NIS beads v~ere extracted and 
dssolved In 12 N HCI. The H C  solut~on was filtered 
through a cellulose membrane that traps insoluble 0 s  
sulfide. The cellulose membranes were then dis- 
solved and standard 0 s  dlst llat~on technques or, 
later In the study, solvert extraction [A. S. Cohen and 
F. G. Water, Anal. Chem. 332, 269 (1 996) v!ere used 
to pur~fy the Os, f o l o ~ ~ e d  by m~crod~st~llat~on to further 
pur~fy the 0s .  Blanks are 1 pg per gram of sample 
fused and have 'SGOs~'SSOs = 0 1199 x 0.0002, 
and 'S70s/ 'SWs = 0.125 2 0 005. Correct~ons to 
the sample ratos uslng these values are well l~ l th ln  
the uncertant~es quoted ~n Table 1. Total procedural 
yields were 75 to 95 welght 5ij For Re and 0 s  con- 
centrat~on determinations, 1 - to 2-g samples of povl- 
der !were sp~ked and dssolved In aqua regla ~n Carus 
tubes [S B. Shlrey and R. J. Walker,Anal. Chem. 67, 
21 36 (1 995)l to obtain sample spike equilibration fo-  
lotNed by distlation or solvent extraction. Negat~ve 
thermal onzation mass spectrometer procedures for 
unspked hgh preclslon 0 s  and spiked Re and 0 s  
measurements are presented elsewhere ( (7)  and ref- 
erences therein]. For hgh-precis~on 0 s  analyses, !we 
used a multicollector dynamlc Faraday cup mode. 
Beam voltages ranged from 50 to 150 mV on 'SGOs 
and '"0s for at least 103 ratos to achieve the de- 
sired Internal prec~sion of 1 0  to 80 parts per m i o n  
( 2 ~ )  on iSWs!'SSOs. Tungsten tr~oxide, a posslble 
interference at masses 232 and 234 ('S'Osl'SSOs 
and iSWs!'SSOs, respectively), v~as  mon~tored vla 
mass 232 (2321236 ratlo) and v~as  not obsewed un- 
derthe run cond~tions. Multiple analyses of a Johnson 
and Matthey standard solut~on measured In t h~s  way 
gave external preclsions of 'S60s~ 'SS0s  = 

0.1 198173 2 40 and imOs!'SQs = 0.1 137830 x 
50 in = 38) during the course of the study. 
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Distribution of Rock, Metals, and Ices in Callisto 

tortions of luoiter's Galilean satellites are " L 

separately excited and separately tneasur- 
able. Thus it is possible to infer the degree 
of differentiation of each satellite in two 
independent ways (4) .  For a satellite such as 
Callisto. in svnchronous rotation with its 
orbital period, equilibrium theory predicts 
that the gravitational coefficient J2 -- --CZo 
is exactly 1013 of Czz  [see (3) for the defi- 
nition of Cz, and C Z z ]  Any significant 
deviation from this relationship indicates 
that the assumption of hydrostatic equilib- 
rium is not appropriate. However, because 
the three flybys did not provide a global 
coverage of the satellite's gravitational field 
(Table 1 ), an independent determination of 
j2 and CZ2 was impossible. We applied the 
1013 constraint for'all fits to the data. 

The flyby geometry was more favorable 
for C3 than for C9 or C10, because alone- - 
track and cross-track components of the 
Doppler shift could be detected. For C9, the 
spacecraft passed directly behind Callisto 
(an Earth occultation), and could not con- 
municate with stations on Earth during the 
occultation. As a result, there is a gap of 
about 11 min in the C9 data at closest 
approach. The altitude of the spacecraft 
above Callisto at occultation ingress was 
1473 km and at egress was 1103 ktn. For 
C10 the spacecraft passed directly in front 
of Callisto, and radio Doppler data were 
obtained before, during, and after closest 
approach (Fig. 1) .  However, any gravita- 
tional ~erturbations for C9 and C10 were 
detected by the Callisto-centered trajectory 
bending only, while for C3 the bending and 
the velocity perturbation along the orbital 
oath were detected. 

J. D. Anderson,* G. Schubert, R. A. Jacobson, E. L. Lau, The sensitivity of the radio Doppler data 

W. 9. Moore, W. L. Sjogren to Callisto's gravity depends on whether or 
not the data were coherent with atomic 
freauencv standards at the DSN stations. 

Radio Doppler data from a single encounter (C3) of the Galileo spacecraft with Callisto, 
the outermost Galilean moon of Jupiter, indicated that Callisto was probably undiffer- 
entiated. Now, similar data from a second encounter (C9) corroborate this conclusion, 
but more accurate data from a third encounter (C10) indicate that the rock and ice within 
Callisto have partially, but not completely, separated. Callisto may be differentiated into 
a rock-metal core less than 25 percent of Callisto's radius, an outer layer of clean ice less 
than 350 km thick, and a middle layer of mixed rock and ice. Models in which ice and 
rock are mixed all the way to the center of Callisto are also consistent with the data. 

During the primary Galileo Orbiter mis- itational field (1) .  Using radio Doppler data 
sion, three close flybys (C3, C9, C10) of generated by the Deep Space Network 
Callisto provided data on this moon's grav- (DSN) at three 70-meter stations located at 

Goldstone. California IDSS14). near Ma- 

J. D. Anderson, R.  A. Jacobson, E. L. Lau, W, L. Sjogren, 
Jet Propuslon Laboratory Caiforna Institute of Techno- 
ogy, Pasadena, Cal~forn~a 91 109-8099, USA. 
G. Schubert and W. B. Moore, Department of Earth and 
Space Sciences, Institute of Geophyscs and Planetary 

. , ,  

drid, Spain (DSS63), and near Canberra, 
Australia (DSS43), and using nonlinear 
weighted least squares (Z), we determined 
the second-degree coefficients in the stan- . .  . . . " .  

Physics Unverslty of Cafornia ~ o s ~ n g e l e s ,  ~ a f o r n i i  dard spherical harmonic expansion of the 
90095-1 567, USA. gravitational potential, V (3).  
'To v~hom correspondence should be addressed. In principle, the rotational and tidal dis- 

T ~ ; S  coherency was ach~eved only when 
the soacecraft rad~o svstem was locked to a 
signai from a DSN stzition by means of ~ t s  
S-band transoonder. Otherwise, the data 
were referenced to the spacecraft's crystal 
oscillator with its inherently poor frequency 
stability, unknown frequency bias, and un- 
known frequency drift, in comparison to 
atomic frequency standards. In fitting the 
C3 and C9 noncoherent data we included 
the bias and drift as parameters in the mod- 
el. However, because the bias and drift were 
negligible for the atomic-referenced coher- 
ent data, they were not included in the C10 
model. Even though the geometry was more 
favorable for C3, the coherent data made 
C l 0  a better candidate for a reliable deter- 
mination of Callisto's gravitational field. 

The least-squares solution for Jz and Cz2 
from the C3, C9, and C10 data, analyzed 
independently (Table I ) ,  depends on the 
assumption that all other harmonics in the 
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