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the  350 K temperature ensures that the  
orohe was far helow any water condensation 
level. Comparison of the two spectra sho~vs 
a large increase in the second direct leak of 
H , 0  and NH,.  In  fact, the  design of the 
leak 1 sampling system, ivith a relatively 
long ~ ~ a c ~ r u m  path to the ion source, pre- 
cludes a sensitive detection of the  surface 
active snecles H - 0  and N H ,  in the  atmo- 

The composition of the jovian atmosphere from 0.5 to 21 bars along the descent trajectory 
was determined by a quadrupole mass spectrometer on the Galileo probe. The mixing 
ratio of He (helium) to Hz (hydrogen), 0.1 56, is close to the solar ratio. The abundances 
of methane, water, argon, neon, and hydrogen sulfide were measured; krypton and xenon 
were detected. As measured in the jovian atmosphere, the amount of carbon is 2.9 times 
the solar abundance relative to Hz, the amount of sulfur is greater than the solar abun- 
dance, and the amount of oxygen is much less than the solar abundance. The neon 
abundance compared with that of hydrogen is about an order of magnitude less than the 
solar abundance. Isotopic ratios of carbon and the noble gases are consistent with solar 
values. The measured ratio of deuterium to hydrogen (D/H) of (5 2 2) x l o p 5  indicates 
that this ratio is greater in solar-system hydrogen than in local interstellar hydrogen, and 
the 3He/4He ratio of (1.1 2 0.2) x 1 0-4 provides a new value for protosolar (solar nebula) 
helium isotopes. Together, the D/H and 3He/4He ratios are consistent with conversion in 
the sun of protosolar deuterium to present-day 3He. 

spheric region sampled hy this leak. Raw 
counts shoivn in these snectra must he cor- 
rected for the'counting system dead time. 
T h e  efficiencies of the ion source and of the 
pumping system vary from species to spe- 
cies, and the sensitivity factors, ~1-11ich are 
different for the  two direct leaks, must be 
inillvidualll- determined. In  most cases, \ye 
used preflight calibrations, hut for the  most 
important species we were able to do some 
recalibrations o n  the spare instrument. 
Wi th  the  direct leaks, the hackground level 
was typically between 0 and 3 counts. Two 
hackground measurements demonstrated 
that the  instrument arrived at luniter in a Deterlninatiori  the  colnposition of ~ u p l -  

ter's atmosphere should constrain the  rela- 
tlve i ln~orta i lce  of direct contributions to 

than H e  had not heen detected at all. De- 
finitive data to replace these tanta l i~ing 
clues to the  sources of volatile comoounds 
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1-ery clean state and quickly lost ~ t s  memory 
of almost all gases contrib~rted by DL1. 

the atinosphere froln the  solar nebula itself, 
o n  the one hand, and from large icy or 

in Jupiter's atinosphere were not available 
hefore descent of this re robe. 

Table 1 shorvs the lnlsing ratios ( n ~ r m -  
ber densities relative to H z )  of species that 
were detected and for which reliahle mea- 
surements could be made. Error estimates 
are roughly lo and represent the  data scat- 
ter abo~rt  the average vahre. Solne of the  
ohserved lnising ratios can be compared 
rvith those for the  solar system as compiled 
by Anders and Grevesse (7), comlnonlv 
referreJ to as the  solar al?undances. Also 
s11o11-n are results of earlier analvses hased 

- ,  

rocky objects present in the  early outer solar 
sl-stem, o n  the other. T h e  contribution of 

A11 accurate direct measurement of the  
ah~rndances of He  and the  other nohle gases 
is important for understanding ho\v Jupiter 
1 , .   as plocessed . its coilstituents. Abundances 
less than the solar values would signal the  
formation, i~n the metallic interior of the 
planet, of a separate He  phase, sonle of 
ivhich has precipitated deeper into the  in- 
terior. Remote sensine had indicated a 

these "planetesimals" could have heen 111 

the  form of an earl;- atmosphere aro~rnd 
Jupiter's primitive solld core or in the  form 
o f ~ ~ l a t i l e ~  they carried to the  planet after it 
hegan to acquire its atinosphere of HZ and 
H e  from the solar nebula ( 1 ,  2) .  T h e  degree 
of reselnblarice hetween the  sun's atmo- 
sphere and that of Jupiter in the  ahundailc- 
es relative to H, of elements such as C, N ,  

modest depletion of He,  hut this indirect 
result is much less satisfactory than the  

o n  Voyager or Earth-based spectra. 
T h e  jovian He/H, ratio, 0.156 i 0.006, 

1s the average of 14 individual measure- 
ments from DL1 (0.157 i- 0.006) al1d 4 
from DL2 (0.151 + 0.004). All the  other 
noble gases were detected, and they are 
elementally fractionated. T h e  Y e  ratio to 
H, is ahout a n  order of magnitude less than 
the  solar ratio, whereas for Ar  the ratio is 
slightly greater. Kr and Xe were clearly de- 
tected; upper limits on the  lnixing ratios are 
respectively 5 and 50 tilnes the  solar values. 
For all four of the  heavier noble eases, the  

and 0 should be decisi1-e in  providing the  
reauired constramts. 

direct sensing by tv-o of the  Galileo instru- 
rneilts reoorted here. 

Before the  direct, in  situ measurements 
reported here, remote spectroscopic sensing 
from Earth and from spacecraft had indicat- 
ed that the relative abundances of C ( in  
C H 4 )  and N ( in  N H 3 )  were greater than 
the  solar abundances (3,  4) .  Phosphine and 
water vanor had been detected. hut their 

T h e  Galileo probe Inass spectrometer 
(GPLIS) \\.as designed to measure the  mis- 

u 

ing ratios of major and minor species ivhile 
deterinining the  isotopic ratios of their 
constituent elements (5).  Signals byere re- 
corded from over 6000 individual values of 
mass-to-charge ratio (mlz).  T h e  data re- 
turned by the  instrument have led to the  
discovery of six new atmosnheric coilstit- 

abundances beloiv the clouds were uncer- 
tain, and H2S and the  nohle gases other 

uents and the  measurement of mrmerous isotopic ratios are close to the  solar values. 
T h e  'HeI4He arid the  DIH ratios were H. B. N~emann. J. A. Haberman. D. N. Harpold, R E abundances a l ~ d  isotopic ratios. T h e  gas 
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determined from a n  analysis of the  3 amu 
(atomic Illass unit)  data. This analysis is 
complicated b7- the need to correct for Hjp  
produced in the  ion source and to distin- 
euish hetween the  contributions of H D  and 
jHe. H ,+  is generated h;- tivo mechanisms: 
the dissociative ionization of CH,, and two- 
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alld H z .  T h e  efficiency of H,-- production 
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could he determined during the  second 
background studv n h e n  little Hz and He,  
but a considerable amount of CH,, existed 
in  the  ion source and CH, was the onl\- 
important source of 3-amu ions. During pre- 
flight calibration, when the HI pressure in 
the  GPMS was varled over a large range, 
the  HDIH, ratio f c x  the laborator;- Hz sam- 
ple and the efficiency of H,+ production in 
DL1 and DL2 IT-ere separatelv determined. 
During prohe descent, the  ,He /We ratio 
was determined from 3-amu and 4-aln~r data 
ohtained with the  nohle gas cell ( N G C )  
sample (6) .  Hydrogen \\.as effectlvelv absent 
from this gas sample. T h e  result, 1.1 X lo-' 
(Table I ) ,  indicates that H e  in the  jovian 
atmosphere has a smaller proportion of 'He 
than the  protosolar H e  found in  meteorites, 

where 'Hei4He = (1.5 i- 0.3) x lop' (8).  
Evidently, the  "protosolar" H e  isotopes in 
lneteorites do not,  in fact, reflect the  values 
that exlsted in the solar nebula. 

With  the He  mixing ratio and H,-- pro- 
duction efficiencies in hand, the  HD/H: 
ratio was deterlnined from the  DL1 and 
DL2 data at 3 ainu and 2 amu. During DL2 
sampling, the electron energy in the  ion 
source ~ v a s  reduced a t  tilnes fro111 75 e\i to 
25 e\i or 15 eli .  Few and no He  ions, 
respecti\-el\., were produced under these 
conditions, and the  ratios of the 3-amu rate 
to the 2-amu rate provided a n  upper limit to 
HD/H, (assuming no H ,  production) of 
(1 .1  i- 0.3) x 1Cp4. T h e  average value of 
HDIH?, measured from inlet 2 data, was just 
at this limit. T h e  ratios measured in inlets 1 
and 2 were almost pl.ecise1;- the same. T h e  
12C/"C isotopic ratio n.as deterlnined with 
high precision in DL1 data \\,here the  con- 
trih~rtion of NH,  at 17 amu was negligible. 
T h e  ratio is exactly that of the  solar values. 

Reasoilablv good agreement \\.as fc>und 
for CH' mixing ratios in DL1 and DL2, 
within the calibration uncertainty of 
220%.  This determination indicates that 

atmospheric ',C is Inore abundant hy a 
factor of 2.9 relati\-e to H, than 111 solar 
system material. T h e  meas~rred lnixing ratio 
of H,S in the  well-mixed atmosphere be- 
tween 8 and 11 hars increased b;- a factor of 
4 n.lth depth. There was a tentative detec- 
tion of HC1. Water vapor and NH,  are 
readily adsorhed o n  lnetal surfaces, and 
their densities in the ion source ma;- lag 
behind those in the  gas stream. T h e  mea- 
surements made nh i l e  DL2 was open 
should he the  most reliable, hut the;- were 
inade just after enrichluent cell 1 (EC1)  
\\.as closed. Solne of the  N H ,  and H,O 
detected in DL2 may therefore have been 
contributed by outgassing of this adsorbed 
gas 111 the  presence of ahundant HZ and H e  
( 9 ) .  Hence,  for the  present, onlv upper 
liinits can he set for these molecules. T h e  
constraint for NH, ,  16 tiines the  solar 
value, is LT-ealzer than  the  existing esti- 
mate,  1 to 1.3 tilnes the  solar value, fro111 
analysis of Jupiter's micron.ave emission 
spectrum ( 1 J ) .  T h e  limit o n  water vapor, 
0.2 tilnes the  solar value, is significant in  
view of the  solar or greater values found 

for the  other volatiles C. N, and S 
Hydrocarhons containing two or three C 

atolns appeared to he present. T h e  direct 
leaks shoi\.ed no sign of an;- heavier hydro- 
carbons. Upper Illnits for the  lnixing ratios 
of these heavy hvdrocarbon species are -1 
ppb. 

Our  He/H2 ratio (0.156) agrees almost 
exactl;- with the  ratio of 0.157 obtained hy 
the  helium abundance detector ( H A D )  o n  
the  Galileo prohe (1 1 ); some of the  ~mpli -  
cations of this measurement are discussed 
elsenhere ( 1  1 ). This value is considerab1;- 
larger than the  value of G.11 obtained from 
l'ovager data (1 2 ) ,  but 1s little (if any) less 
than the value for the present sun. T h e  
protosolar value, deduced k o m  evol~rtionar;- 
lnodels of the sun, 1s probah1;- a more rele- 
vant standard and is 18?0 greater (1 1 ) .  It is 
i\ridely helieved that Saturn's atmosphere, 
with a He/H2 ratio about one-fifth of the 
protosolar value, has been depleted of He  hv 
rain-out of H e  droplets in the  lnterlor (13,  
14) .  T h e  GPMS and H A D  results agree 
with the \Topager data in suggesting that 
the  same process must operate a t  Jupiter, 

Table 1. Mixing ratios to Hz and ~sotop~c ratios n the jovian atmosphere Blank spaces Indicate lack of 
pnor results 

Raio to 
Species Jovian atlnosphere solar Pr~or results References 

value 

Steps 1262 through 1442 

10' I I , CHa i 
Steps 4254 through 4440 

Two- and three-carbon hydrocarbons 

Fig. 1. Sample mass spectra The spectra in (A) were obtained through DL1 between pressures of 2 72 and 3 05 bars, w~ th  ambient temperature at 228 K. The 
spectra n (B) were obtained through DL2 between pressures of 10.6 and 11.3 bars, with ambient temperature at 350 K No corrections have been rnade for 
dead time or for d~fferent efficences at different masses. 

SCIENCE VOL 171 1 C  h4.4Y 1996 847 



though not to the same extent. This loss of 
He is a likely explanation of the Ne deple­
tion observed by the GPMS, if the solubility 
of Ne in He is as large as has been suggested 
( 1 5 ) . 

The value of (5 ± 2) X 10~5 deduced 
for D/H from HD/H2 is higher than the 
ratios derived from Earth-based spectro­
scopic observations (16, 17): (2 ± 1) X 
10~5 from CH3D/CH4 and (2 ± 1) X 
10~5 from HD/H2. It agrees well with the 
value found in a recent analysis of Voyager 
infrared spectra (18): (3.8 ± 0.5) X 10 - 5 . 
The jovian D/H ratio should be the same 
as the protosolar or solar-nebular value 
because the nebula was the source of Ju­
piter's hydrogen. [The terrestrial ratio is 
1.6 X 10~4.] The sun converted all its D 
to 3He early in its history; thus, Geiss (8) 
argued that the original D/H in the solar 
nebula should be equal to the difference 
between the 3He/4He ratios in the solar 
wind and in meteorites, which should con­
tain nebular He (19). Geiss's value for 
protosolar D/H is (2.6 ± 1.0) X 10"5, and 
this overlaps the GPMS value. Substitut­
ing the new determination of protosolar 
3He/4He = (1.1 ± 0.2) X 10~4 for the 
meteoritic one, the same argument would • 
yield D/H = (3 ± 1) X 10~5, a value that 
is closer to that derived directly from HD. 
It is clear that D/H on Jupiter is distinctly 
higher than the value of (1.6 ± 0.1) X 
10 - 5 found in local interstellar H (20), as 
expected from the steady destruction of D 
in the galaxy by stellar nucleosynthesis 
during the last 4.5 X 109 years. 

Earth-based imaging (21) and the re­
markably small number of cloud particles 
detected by the nephelometer experiment 
(22) indicate that the probe may have 
descended into an unusually clear part of 
the jovian atmosphere. An obvious expla­
nation is that the region was one of sub­
sidence, like most clear regions on Earth. 
Our H zO abundance value, then, may be 
less than the planetary average, although 
this interpretation is unlikely. In a cloud, 
the relative humidity should be just over 
100%, and this is consistent with the com­
prehensive analysis of Voyager spectra by 
Carlson et al. (18). The corresponding 
profile of water vapor has a scale height of 
about 3 km. If, for example, the relative 
humidity is reduced by a downdraft from 
100% to 90%, the amount of subsidence 
required is 3 ln(90/l00) km, or a mere 
— 0.3 km. Our measurements were made at 
far greater depths than the expected con­
densation level (5 or 6 bars); to perturb 
the humidity at such a deep level would 
require a downdraft extending over a 
range of well over a scale height, far more 
than needed simply to clear out the 
clouds. There remains the possibility of a 
global-scale circulation, perhaps upward at 
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high latitudes and downward at low. 
The large atmospheric abundance of C 

suggests that sources other than the gas of 
the solar nebula contributed a significant 
share of the volatiles in the envelope of 
Jupiter. These elements and water should 
have been in the condensed phase in the 
neighborhood of the accreting Jupiter. 
One possible explanation for a deficiency 
of water was proposed by Gautier and 
Owen (3): most of the planetesimals ac­
creted to the rocky, icy core of the embryo 
planet rather than being collected after 
the planet began to amass its gaseous en­
velope from the neighboring solar nebula. 
Water vapor, being the least volatile, re­
mained close to the core, whereas gases 
like CO, CH4, and N2 could mix with the 
nebula-derived envelope, enriching it in C 
and N. Although this scenario could re­
produce the observed abundances, it must 
be tested by rigorous modeling. If there 
was a large mass of late-accreting plane-
tesimals, the low relative abundance of 
atmospheric H zO requires them to have 
been rich in carbonaceous materials and 
deficient in O. It has been customary to 
assume that outer solar system planetesi-
mals resemble the least-altered carbona­
ceous chondrites that fall to Earth, which 
contain more O than C (23), but there are 
many that are much drier. The mean den­
sities observed for many satellites in the 
outer solar system have been explained by 
assuming a rock:ice ratio of order unity, 
but perhaps much of the low-density ma­
terial is carbonaceous rather than icy. 

If our results are representative of the 
entire planet (24), they preclude models in 
which several Earth masses of late-accret­
ing, water-rich planetesimals deliver vola­
tiles to the jovian envelope (I). There is no 
sign of the dense water cloud, or the corre­
sponding vapor, invoked to explain waves 
spreading from the Shoemaker-Levy 9 im­
pacts (25). Water vapor observed in the 
impact plumes probably came from the im-
pactors, not Jupiter, as suggested (26). 
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The Helium Mass Fraction in 
Jupiter's Atmosphere 

U. von Zahn* and D. M. Hunten 

On 7 December 1995, the NASA Galileo probe provided in situ measurements of the 
helium abundance in the atmosphere of Jupiter. A Jamin interferometer measured the 
refractive index of the jovian atmosphere in the pressure region from 2 to 14 bars. These 
measurements indicate that the atmospheric helium mole fraction is 0.1 36 I 0.004. The 
corresponding helium mass fraction is slightly below the presolar value, which suggests 
that separation of helium from hydrogen in Jupiter's interior is only in its early stages. 

In 1977, when the ~nstruments for the 
Ga l~ leo  probe were chosen, it \\.as generally 
thought that the  H e  abundance 111 the jo- 
vian atlnosphere was the same as that 
which was created in the  Blg Ballg and \\-as 
later nresent 111 the solar nebula from which 
the sun and the planets were forlned ( 1  ). 
An accurate measurement, therefore, would 
tell us something about co~lclitlons at the 
instant of the universe's creation. But later, 
Voyager results for Saturn (2 )  and Ura11us 
( 3 ) ,  as well as Inore detailed k n o ~ l e d g e  of 
Jupiter (2 ,  4 )  and the SLIII (5), all s~~ggested 
that processes in Jupiter c o ~ ~ l d  ha\-e  mod^- 
fieJ the or ig~nal  ratlo. A n  accurate mea- 
surement of the He  abundance 111 the  jo- 
vian atmosphere 1s no\v vieweel as providing 
information about the origin a11cl evo lu t~on  
of the planet itself. T h e  purpose of the He  
abundance detector ( H A D )  (6 )  aboard the 
Galileo urobe n-as to determine as accurate- 
ly as poss~ble the abundance ratio of He  to 
H in Jupiter's atmosphere. 

h?ore than 99.5 mole percent of the 
jovla11 atmosphere co~lsists of H1 anLl He. 
Hence, to a first approslmation, this atmo- 
sphere can be collsiclered to be a binary gas 
mixture, for \I-hich the mole fraction qHc of 
H e  call he clerivecl from the ratio of retrac- 
tive indices 

\\here nHc is the refractive indes of He ,  nH1 
is the  retracti1.e index of H, and 11, is the 
refractive inLlex of the sample gas ( j i~vian 

gas). W e  use the ri-ord "sample" l~ecause the 
refractive index of t h ~ s  jovlan gas is mea- 
sureLl insicle the H A D  instrument and a t  
sample gas pressures ancl temperatures that 
differ from col~ditions in the ambient jovial1 
atmosphere. 

For a n  accurate lneasurelnellt of the  
refract~ve ~ n d e x  of the  jdvlan gas, the  
Gallleo H A D  used a two-arm Janli11 inter- 
ferolneter (7) .  It produces a fringe pattern 
o n  a n  array of nine photod~odes  ( P D A ) ,  
which does not  change if both  cells are 
fillecl with gas mlstures h a v ~ n g  the  same 
refracti1.e index. However, any difference 
het11-een the  refractive ~lldices of the  sam- 
ple and the  reference gas causes a contin- 
LIOLIS sl l~fting of the  fringe pattern with 
illcreasi~lg pressure ( tha t  is, as the  entry 
probe penetrates deeper Into the  jovian 
atmosphere).  T h e  signals from elght of the  
nine  p l~o to~ l iodes  are colnbilled electroni- 
cally inside the  H A D  to  mollltor in d ~ g i t a l  
fornl the  clirectio~l and number F of inter- 
ference fringes displaced across the  PDA 
in  m ~ ~ l t i p l e s  of one-eighth of the  frlnge 
separation. T h e  output signal of the  n in th  
diode is used in  analog form. 

During launch and cruise of the  Galileo 
spacecraft toward Jupiter,  the  H A D  en-  
trance orifice was closed hy a th in  metal 
diaphragm. This JiaPhragm \\-as Llesigneil 
t o  burst rvhen a n  outside iovian uressure of 
about 2 bars \\-as reached. Subsequently, 
the  ambient pressure operated a needle 
ilevice that punched a hole in a second 
diaphragm that  previously had closed off 
the  reference gas in its storage volume. 

U ,don Zahn nst i t~l t  fur Atrnospharenphyslk all der U ~ i i  gas passed into its inter- 
$;ersltat ~ o s t o c i ,  ~ c i ~ o s s - ~ t r a s s e  4-6 D-18225 K L I ~  fer i~meter  reference gas cell ( R G C )  
l~~ngsborq, Germany E-mall: ~:vonzah~i@apollol . i a p  tllrougll a valve [Ilat kept 
iborn.de 
D Ivi. H ~ ~ n t e n ,  Depaltment of Planetar{ Scences, L~lqar pressure SGC 
and Panetal-y Laboratol-y. Universit;, of Ar'zona, Tucson (sample gas cell) and R G C  near 80  mbars. 
,42 85721, USA E-mall. dh~~~ i t en~E lp l  a r~zoqa.ed~~ This p r e s s ~ ~ r e  difference n-as also measured 
'-0 s;,ho~n corres::oncence s h o ~ l d  be addressed a-ithi11 a few mil l~hars  by a dedicated pres- 
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sure sensor, h l e a s ~ ~ r e m e n t  o i  the  subse- 
auen t  frlnee motion c o n t ~ n u e ~ l  ~ ~ n t i l  the  u 

reference gas \vas expanded to  the  local 
amL l ~ e l l t  ' ~ressu re .  

A complete ca lc~~ la t lo l l  of the  H e  mole 
fraction qli, needs to  take ~ n t o  account 
~ l u a n t ~ t a t ~ v e l y  ( i )  the  pressures of the  sam- 
ple gas P< ancl the  reference gases Pr (or 
instead of the  latter, the  pressure dltfer- 
ence betxeen sample and reference gases) 
a t  the  start ( 1 )  and end ( e )  of the  measure- 
lnellt In the  jovlan atmosphere; (l i)  the  
absolute temperatures of the  sample gas TS 
and the  reference gas T, at  the  start ( 1 )  ancl 
the  end (c ')  of the  measurement; (i l i)  t he  
Lorent:-Loren: function that  connects the  
refract1r.e lndex n of a l lo l l~o la r  oas \vith u 

~ t s  mass d e n s ~ t y  p; (11.) the  non-lcleal gas 
characteristics of H,, He. As, and K e  as 
descr~bed by thelr c;mpresslbilitles Z ancl 
~ ~ i r i a l  coeff~ciellts B1T); and iv )  the  effects 
of an  absorber 111 front of the  SGC, ~ v h i c h  
ellminates the  traces of iovlan methane 
from the  measureJ gas sample. T h e  aggre- 
gate equation for calculating qtl, contains 
four terms, s h o ~ v n  beloiv as f l ,  through f4; 
the  mole fraction is (8): 

where f ,  is dominated hv the refractive 111- 
, L  

dex n, of the reference gas, f, represents the 
contribution from the observed fringe dls- 
placement DF = F' - F', f 3  1s dominated by 
the pressure cliffere~lce Ps - PI, and f4 rep- 
resents an  emplr~cal  correctioll required by 
the presence of absorl~ers for the trace gases 
H,O, NH,,  and CH4, which absorb small 
anlounts of H2 too. These terms are of the  
order 0.1 1,  0.03, 0.0005, anil - 0.004, re- 
spectively. 

T h e  H A D  instrument was desie~lecl to 
perform best 111 the pressure range from 2 to 
12 bars 16). During the descent of the . , " 

probe, the reference gas storage volume 

Time (min) ,i 
Fig. 1. Pressure inside the reference gas in the 
RGC (left ordlnate) and the pressure difference 
bet\veen the SGC and the RGC irlght ordlnate) 
versus tlnie [for defntions, see (7) and text] during 
ttie descent Into Jupiter's atmosphere The open- 
ing of the reference gas reserwor is notable close 
to 7 mln. 


