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time-varying magnetic field, 
electrical currents are induced. 

These currents in turn create magnetic 
fields that can be detected. It is these 
physical principles that underlie the opera- 
tion of metal detectors at airports and that 
give the magnetometer on the Galileo 
spacecraft the ability to "see".electrical 
conductors inside the moons of Jupiter. On 
page 1340 of this issue, Kivelson et al. (1) 
present overwhelming evidence for a con- 
ducting layer near the surface of one of 
these moons, Europa. The most likely ex- 
planation is that Europa has a salty, global 
water ocean beneath its ice shell. 

Europa is similar in size to Earth's 
moon and is thought to be mostly Earth- 
like in composition, but with a layer of 
some 100 km or so of water on top, which 
may be either liquid or solid (2). The very 
cold surface ice is extensively cracked and 
deformed, a testament to the flexing by 
tides as Europa follows its forced eccen- 
tric orbit about Jupiter. The possibility of 
water beneath this ice, perhaps as little as 
10 km below the surface, has excited those 
interested in extraterrestrial environments 
for life and established a major role for 
Europa in NASA's plans for outer solar 
system missions (3). 

Theoretical (4) ,  geological (5), and 
spectroscopic (6) arguments have all 
been used to support the presence of an 
ocean beneath Euro~a 's  icv shell, but 
none of these arguments are comp~lling 
(see the table). In contrast, the magnetic 
field evidence is remarkably strong. To 
appreciate this, consider the behavior ex- 
pected for a sufficiently conducting shell 
close to Europa's surface. In this "high 
conductivity" limit (reached for a con- 
ductivity many orders of magnitude low- 
er than those for a metal), a simple in- 
duction model (I)  predicts that the time- 
dependent field created by the induced 
currents almost exactly cancels the com- 
ponent of the time-dependent external 
field perpendicular to Europa's surface. 
The largest contribution to the latter 
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no adjustable parameters. Moreover, 
these most recent data show 

'0° that the field arising from cur- 
rents or magnetization within 
Europa changes direction by 
180" for spacecraft encounters 
180" apart in longitude, as the 

, induction model requires. This 
behavior is very different from 
that expected for a fixed field 
[such as the core dynamo that 
appears to dominate at Gany- 
mede (2)] .  The model does not 
'represent the data perfectly: Eu- 
ropa is deeply immersed in the 
jovian magnetosphere and in 
the plasma contained within 
that field, and understandable 
(though quite complex) field 
disturbances arise from this in- 
teraction of Europa with this 
environment. 

To a good approximation, 
the induction response depends 
on the product of conducting 

- 1500 layer thickness and conductivi- 
ty. However, the layer must be 
a nearly complete spherical 

Possible processes in Europa. This is a montage; it is un- shell; the data cannot be ex- 
likely that all of these processes happen in the same place plained by a patchwork of high- 
at the same time. ly conducting regions with 

much less than global coverage. 
comes from Jupiter's dipole tilt, which A global layer of water with a composi- 
causes the field direction at Europa's lo- tion similar to Earth seawater and a 
cation to oscillate with an amplitude of thickness greater than about 10 km 
roughly 20' and a period of about 10 could explain the data. The dominant 

EVIDENCE FOR EUROPA'S OCEAN 

Techniaue lm~lications Challenge .................................. - ......................................... 
Theoretical study of tidal 
deformation and heating 

............ " ....................... 
Predicts that an ocean 
will persist once formed 

Observations of surface 
deformation, especially 
"chaotic" regions, rafting, 
cycloidal ridges, possible low- 
viscosity surface flows ... " .................................. ....... 
Near-infrared spectroscopy 
suggesting salt deposits 
on surface 

......... .................... " ....................... " ..................... 
Magnetic field evidence 
for an induction response 

Suggests thin ice and 
highly mobilized ice, 
consistent with 
an underlying ocean 

., ." . ...... " ............ 
Rheology of ice is poorly 
known, especially at tidal frequencies, 
so predictions are uncertain .............................................................................................. " ...... 
Might be explained by thin, 
cold, brittle ice 
"floating" on thick, warm, 
soft, easily deformed ice 

Salt could arise from 
sublimation of a salty 
water "eruption" 

Even if water is implicated, 
it need not come from 
an ocean-there may be 
melting within the ice 

Requires a near surface, 
global conductinglayer, most 
readilv ex~lained bv a saltv ocean 

Is there any other possible 
conducting layer? 

Alti 
with sufficient resolution to there is an ocean; 
determine tidal variation information on ice thickness 

www.sciencemag.org SCIENCE VOL 289 25 AUGUST 2000 



SCIENCE'S C O M P A S S  

source of ions in Europa's ocean may be 
different from those in Earth's oceans 
(8), but they should satisfy the conduc- 
tivity requirement. A much thicker layer 
of water ice. even if it is heavilv contam- 
inated with frozen brine, cannot explain 
the data because the ions are relativelv 
immobile compared with those in liquid 
water. Any plausible ocean flow (fluid 
currents relative to the ice shell) is unim- 
portant because it will have a much low- 
er velocity than the rotational motion of 
Europa's surface. A partially melted ice 
layer could match the required conduc- 
tivity but is physically implausible be- 
cause the melt would have to be inter- 
connected over large distances, which 
would result in the melt percolating 
through and separating from the ice 
driven by the density difference of ice 
and water. Kivelson et al. (1) argue that 
Europa's tenous, external ionosphere al- 
so cannot provide the requiredconduct- 
ing layer. The induced field declines as 
the inverse cube of the radius from the 
surface of the conducting layer, and any 
deep-seated conducting layer (such as a 

metallic core or a magma ocean in the 
rocky core) would therefore lead to a 
much lower field than is observed. 

Some more exotic possibilities cannot 
be excluded (such as graphite or some 
other relatively high conductivity materi- 
al, plausibly carbon-rich, intermingled 
within the ice but interconnected at the 
grain size scale), but a water layer is the 
most plausible explanation. A compelling 
demonstration of its existence or absence 
may be reached from gravity and altime- 
try data in the proposed Europa orbiter. 
The predicted diurnal tidal amplitude is 
over an order of magnitude larger for a 
Europa with a global ocean than for a Eu- 
ropa without one. More complex, inter- 
mediate scenarios can be envisaged (such 
as ice "grounding" on the underlying 
rocky topography in some places and not 
others). But the orbiter results will likely 
settle the fascinating question of whether 
Europa has an ocean. Defined broadly 
enough, oceans may not be that rare, but 
Europa's case may be special because the 
tidal heating may allow liquid water to 
get closer to the surface, possibly includ- 
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Life as We Don't Know It 
Gunter Wachtershauser 

ing occasional eruptions or flows. After 
Mars, it remains the most attractive ex- 
traterrestrial environment within our solar 
system in which to seek evidence of past 
or present life. 
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heat-sensitive compound that decomposes at 
its boiling point of 165°C. It appears para- 
doxical that at the verv high temverature re- 
quired for dehydratidn 07 formic acid, the 

relativelv unstable vmvic  acid can 
form a id  exist atAietectable con- 
centrations. Moreover, it is aston- 
ishing that acetic acid is formed at a 
lower yield than pyruvic acid. The 
explanation may well lie in the very 
high pressure. 

The work is particularly excit- 
ing because experience with or- 
ganic synthesis in the high-pres- 
surelhigh-temperature regime is 
very limited. The experiments re- 
quire a combination of 200 MPa 
(corresponding to a rock depth of 
about 7 km or a 20-km water col- 
umn) and 250°C, in addition to 
high CO pressure in the absence 
of water. It remains to be estab- 
lished whether such conditions are 

Theories of the origin of life on Earth 
fall into two general categories. Pre- 
biotic broth theories postulate a pro- 

tracted origin by the self-assembly of 
high-molecular weight structures, such as 
RNA, proteins, and vesicles, in a cold pre- 
biotic broth of preaccumulated modules 
(1). More recently, theories based on a hy- 
drothermal origin have gained ground. For 
example, the theory of a pressurized iron- 
sulfur world (2) suggests a fast origin by 
an autotrophic metabolism of low-molec- 
ular weight constituents, in an environ- 
ment of iron sulfide and hot magmatic ex- 
halations. Cody et al. 's (3) results on page 
1337 of this issue provide key support for 
the latter theory and greatly strengthen the 
hope that it may one day be possible to un- 
derstand and reconstruct the beginnings of 
life on Earth. 

Pyruvic acid, CH3-CO-COOH, is one of 
the most crucial constituents of extant inter- 
mediary metabolism. It occurs in numerous 
metabolic pathways, notably the reductive 
citric acid cycle and the pathways that pro- 
duce amino acids and sugars. It has been 
suggested that pyruvic acid or its anion 
pyruvate formed primordially by double 
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Reactions in the iron-sulfur world. Reaction conditions geophysically possible. 

are given in the table on the next page.The dotted arrow The new finding, if it holds, 

represents ligand feedback. 

carbonylation (4). Cody et al. provide ex- 
perirnental support for this suggestion. They 
show that pyruvic acid forms from formic 
acid in the presence of nonylmercaptane and 
iron sulfide at 250°C and 200 MPa. Water is 
initially absent and forms only by the dehy- 
dration of the formic acid. This result poses 
fascinating thermodynamic and kinetic 
questions. Pyruvic acid is an extremely 

fills a critical gap in the experi- 
mental picture of the iron-sulfur 

world (see the figure). All individual reac- 
tion steps for a conversion of carbon 
monoxide 1 to peptides 8 have now been 
demonstrated: formation of methyl thioa- 
cetate 4 (4), of pyruvate 6 (I), of alanine 9 
by reductive amination of pyruvate 6 (5), 
and of peptides 8 by activation of amino 
acids with CO/H2S (6). The challenge will 
now be to overcome the discrepancies in 
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