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PERSPECTIVES: BIOGEOCHEMISTRY

Life in Ice-Covered Oceans

Eric J. Gaidos, Kenneth H. Nealson, Joseph L. Kirschvink

beneath the ice crusts of Europa and

Callisto (/, 2) has bolstered specula-
tion that these satellites of Jupiter may har-
bor life (3, 4). Attention has focused on Eu-
ropa. The geology and young age of its sur-
face (3, 6) and the predicted heat flow from
radiogenic decay and tidal dissipation (7, &)
suggest a geologically active interior and lig-
uid water at shallower depths. To assess the
plausibility of life on Europa and suggest
which kinds of organisms are most likely to
inhabit this ocean, we must look at the fun-
damental requirements for life on Earth.

In addition to liquid water and a supply
of suitable chemical elements, organisms on
Earth require a source of energy for
metabolism, growth, maintenance, and re-
production. This energy is derived primarily
from sunlight through photosynthesis (in
certain bacteria and the bacterially derived
chloroplasts of plants) or photorespiration
(in archaea living in salty environments); a
very small proportion is derived from
geothermally driven chemical disequilibria.
The chemical products of this activity span a
range of oxidation potentials that drive a cas-
cade of intermediate oxidation-reduction (re-
dox) reaction pairs (see the figure). Organ-
isms on Earth exploit these thermodynami-
cally favored reactions as energy sources,
and combinations of oxidants and reductants
support various metabolic life-styles. Before
the evolution of photosynthesis, organisms
could not use sunlight directly, and life on
Earth depended on abiotic sources of chemi-
cal energy in the form of disequilibrium con-
centrations of redox reactants driven by hy-
drothermal activity, solar ultraviolet radia-
tion, electrical discharges, and impacts (9).
All these redox pairs are depleted by abiotic
reactions and biological activity, and without
an external energy source such as sunlight
(or internal geothermal energy), chemical
equilibration will ultimately extinguish all
life. This thermodynamic reality imposes
severe constraints on any biota on Europa
that is based on chemical energy.

If an ocean exists on Europa, it is physi-
cally and chemically isolated by an ice crust
10 to 100 km in thickness (7). We have to go
back far into Earth’s climatic history to find
a possible analogy for this situation. Kilome-
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ter-thick ice may have entombed Earth’s
oceans during “snowball” episodes of global
glaciation, which are believed to have per-
sisted for 5 to 50 million years (My) during
the Proterozoic (about 2500 to 570 My be-
fore present) until the buildup of atmospher-
ic CO, from volcanoes created a greenhouse
effect strong enough to melt the ice (10).

Without photosynthesis or contact with
an oxidizing atmosphere, an isolated subsur-
face ocean will approach chemical equilib-
rium and annihilate any ecosystems depen-
dent on redox gradients unless there is a
substantial alternative (for example, geother-
mal) energy source. The terrestrial ocean cir-
culates through the hydrothermal systems of
mid-ocean spreading ridges in ~10 My (/1)
and would equilibrate with the chemistry of
the basaltic magmas that make up the ocean
floor in these regions on that (geologically
short) time scale. Biological activity would
only accelerate the process of equilibration,
ensuring its own destruction by consuming
the limited supply of oxidants. Hydrothermal
alteration and weathering would likewise
drive the equilibration of oceanic and silicate
crust chemistry. Thermodynamics-driven ex-
tinctions would ensue on both Europa and a
“snowball” Earth. Under Europas permanent
ice crust they may have been terminal.

Hydrothermal vents have been cited as
potential analogs to life on Europa, because
they do not receive sunlight and appear to
be isolated from other ecosystems. The vent
ecosystems, however, depend almost exclu-
sively on oxidants (8042, O,, and CO,) dis-
solved and transported from the surface to
the deep ocean (12). More than 99% of the
energy available to known vent biotas is
from sulfate reduction, sulfur oxidation, and
aerobic metabolism (/3). Without oxidants
from the surface ocean, organisms would
have to rely on low-energy methanogenesis
and elemental sulfur reduction. The flux of
available energy from these reactions in the
most active vent fields is only ~5 x 10=3
ergs cm™2 s™! (14). For comparison, the pri-
mary production in the upper ocean (15) is
equivalent to a biological energy flux of ~10
ergs cm2 s, and this is only 0.01% of the
total energy available in sunlight. It is un-
clear that such low energy fluxes could sup-
port extensive life on the sea floor.

Life may persist, however, if a flux of
oxidants into the subsurface ocean can be
maintained. To understand how this might
happen, we must compare the geology and
atmosphere of Europa with that of a
“snowball” Earth.
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The thermodynamics of life. Organisms har-
vest energy by coupling energetically favorable
pairs of oxidation and reduction half-reactions.
Reactions of common inorganic substrates are
plotted according to their redox potential pe at
1 atm, pH = 7, and 25°C (43). [Fe?*] is taken to
be 107> M. Water and protons are not shown in
the equations. Only redox reaction pairs with a
negative net redox potential can provide ener-
gy. The primary donors of photosynthetic Pho-
tosystem | (P870) and Il (P680) are strong re-
ducers in their excited state and are used to fix
carbon. In the oxidative (rest) state, only P680
is capable of oxidizing water, producing oxygen.

Residual disequilibrium would persist in
an ice-covered ocean to the extent that
turnover in the ice crust can introduce oxi-
dants into the ocean. Diffusion of gases
through low-temperature ice is essentially
zero (16). On a “snowball” Earth, turnover
of the ice sheet and transport of oxygen to
the ocean could occur through sublimation
and thermally driven transport of water va-
por from the equator to the poles or through
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ablation by winds. These processes cannot
occur on Europa, and yet its surface appears
to be only 10 to 100 My old (/, 17), howev-
er, this may be an underestimate (8). Solid-
state convection, predicted in an ice crust
thicker than about 10 km, would explain the
age and much of the morphology of Eu-
ropa’s surface (5). Europa lacks an atmo-
sphere suitable for photochemistry, but ul-
traviolet photolysis and radiolysis of ice by
jovian magnetospheric ions generate hydro-
gen (which escapes from the weak gravity),
molecular oxygen, hydrogen peroxide (/8),
and hydroxide radicals within the ice (/9).
An estimated oxygen production rate of 10°
cm™ s7! (20) maintains a tenuous but de-
tectable oxygen atmosphere (21). If the flow
of molecular oxygen from surface ice to the
atmosphere is much slower than its subse-
quent loss by sputtering and solar wind
pickup, a larger reservoir, perhaps ~10?
cm™, may be stored in a “solid-state atmo-
sphere” within the ice (19, 22). In theory,
continuous transport of this oxygen reser-
voir to the interface with the relatively re-
duced ocean waters could provide an energy
flux of ~3 x 10™* ergs cm™ s7!, although the
oxygen-impregnated outer crust is relatively
rigid and brittle and may only be infrequent-
ly subsumed into the interior (23). Regard-
less, the estimated energy flux is three or-
ders of magnitude lower than the levels
known to support ecosystems on Earth.

Thus, a mechanism to continuously sup-
ply significant oxidants for life in Europa’s
ocean is lacking. The continuity of life on a
snowball Earth would have been ensured by
at least two near-surface niches where liquid
water was available for organisms capable
of converting sunlight into biological ener-
gy. Water with little or no ice cover would
be found in continental hot springs like the
Yellowstone and Mammoth calderas or over
shallow rifting zones such as Iceland. Also,
liquid water inclusions form around sedi-
ment particles heated by the sun at shallow
depths in sublimating ice (24), and bacteria
capable of carrying out photosynthesis at
the low light levels found beneath several
meters of ice (3, 25) would support a food
chain in these near-surface environments.

In contrast, the surface of Europa is
highly unlikely to support any type of life
requiring liquid water. Surface temperatures
are less than 128 K (26), and the water
melting point is reached only at depths ex-
ceeding ~20 km, whereas sunlight pene-
trates to depths of tens of meters only (27).
Cracks in the crust are also unlikely to al-
low sunlight to reach an interior ocean for
even brief periods (28), contrary to earlier
suggestions (3). Large impacts may punc-
ture the ice shell (29), but these events are
likely to be transient and rare throughout
most of the satellite’s history. Transient
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brines could occur at shallow depths over
diapiric plumes of warm ice (5, 30), but in-
dividual diapirs form on time scales of <10°
years (3/) and any brines freeze by conduc-
tive cooling in ~10° years, brief periods rel-
ative to the turnover time of the ice crust. It
seems unlikely that such bodies of water,
isolated and subsequently frozen for 107
years, could perpetuate a global biosphere.

We are left with geochemical reactions
such as methanogenesis and elemental sulfur
reduction as the main driving forces for po-
tential life on Europa. These reactions have
been proposed as the basis for metabolism
on the primitive Earth (32), particularly for
ecosystems in subsurface refugia protected
from the sterilizing effects of large impacts
(33, 34), and as an energy source for life on
other solar system bodies (/4, 35). They may
also be the last resort for life in ice-covered
oceans. The energy source is a “geothermo-
couple” created when the direction of a re-
dox reaction at high temperature is oppo-
site to that at low temperature but the latter
is kinetically inhibited, creating disequilib-
rium (35). Biological catalysis of the low-
temperature reaction then extracts useful en-
ergy from the geothermal gradient. Energy
will be available as long as the temperature
differential persists and there is a flux of re-
actants (typically compounds of carbon,
sulfur, hydrogen, and iron) through the
high- and low-temperature regimes.

The C, S, and H compounds are replen-
ished over long periods of time from gases
released by the crust (“outgassing”) or by
hydrothermal circulation. In contrast, iron,
involved in many geochemical reactions,
requires replenishment of chemically active
rock from the mantle by volcanism or tec-
tonics. Otherwise, the iron in the reaction
zone will be completely oxidized, geochem-
ical reactions will halt, and any dependent
biology will be extinguished. Hydrothermal
alteration at terrestrial mid-ocean ridges
would proceed to completion in less than
103 years in the absence of new crust con-
tinuously created by sea-floor spreading.

On a snowball Earth, plate tectonics, vol-
canism, and submarine hydrothermal activity
would continue unabated. The geodynamics
of Europa are completely unknown. It has
been suggested that the satellite may have a
metal core and silicate mantle (36) with an
estimated heat flow from the metal silicate
interior 10 to 30% of that of Earth (&) and
comparable to that of Mars (37), which has
experienced substantial extrusive volcanism
in the past (38, 39). It is plausible, but not es-
tablished, that episodic volcanism and hy-
drothermal activity may also occur at an
ocean-mantle boundary on Europa.

Hydrothermal alteration of Earth’s up-
per mantle and crust oxidizes iron to pro-
duce the reductant hydrogen. Outgassed

carbon equilibrates under conditions that
produce the oxidant CO,. Subducted car-
bonates are also outgassed as CO,. Biolo-
gy can then exploit the energy made avail-
able by the methanogenesis reaction CO, +
4H, —» CH, + 2H,0. The hydrothermal
production of hydrogen would cease once
oxdiation of the crust was complete, but
plate tectonics has effectively “buffered”
the oxidation state of the crust with that of
the mantle (40). On Europa, methanogene-
sis may not be a viable energy source even
if volcanic and tectonic activity are pre-
sent, because its mantle, without the sub-
duction of oxidants, could be more reduc-
ing than Earth’s crust and the 1- to 2-kbar
pressure at the water-silicate boundary will
shift the gaseous CO,-CH, equilibrium (at
a given oxygen fugacity) to higher temper-
atures. Hydrothermal activity will then
produce abundant hydrogen, but carbon
will outgas as methane, rather than as
CO,. Likewise, sulfur would appear as sul-
fide rather than as oxidants such as ele-
mental sulfur or sulfur dioxide (47). It thus
appears unlikely that either methanogene-
sis or elemental sulfur reduction would be
able to support life on Europa.

The above considerations illustrate that
nearly all metabolic life-styles on the pre-
sent Earth would be denied to organisms
inhabiting an ice-covered ocean on Europa
because soluble oxidants will not be pro-
duced or transported into the water col-
umn. Geochemical energy could power a
relatively feeble ecology but requires vol-
canic resurfacing or plate tectonics. Even
if Europa’s interior is geologically active,
energy-generating reactions such as meth-
anogenesis and sulfur reduction used by
terrestrial organisms will not be available
to hypothetical life forms because carbon
and sulfur will be outgassed as reduced
rather than oxidized species.

This severe paucity of oxidants cau-
tions against expectations that diverse,
thriving life will be found in a Europan
ocean. The only plausible oxidants may be
oxidized metals such as ferric iron. The
low-temperature reduction of Fe,O; by hy-
drogen, methane, or (hydrogen) sulfide is
thermodynamically favorable especially
under local conditions of low [Fe?*] or
acidic pH (42). These reactions might sup-
port a simple ecology within hydrother-
mally weathered rock percolated by ocean
water with dissolved H,, CH,, and H,S.
Hydrogen-, methane-, and sulfur-oxidizing
bacteria are ubiquitous on Earth (43), and
two groups of mineral iron-reducing bacte-
ria are known (44). Among the latter are
bacteria that use hydrogen as a reductant.
These organisms may metabolically re-
semble those that could function in a Eu-
ropan biogeochemical cycle.
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PERSPECTIVES: BEHAVIOR

Selfish Sentinels

Daniel T. Blumstein

guards who take turns in keeping
watch, putting themselves at risk for
the benefit of others—has always been a
human activity that people want to believe
is found in other species too. In a variety of
birds and mammals
Enhanced online at (1) that live in so-
www.sciencemag.org/cgi/ cial groups, it is
content/full/284/5420/1633 well documented
that certain individ-
uals act as guards while others forage for
food and go about their daily routines. In
some species, individuals trade-off sentinel
duties in a coordinated fashion (2), perhaps
to spread the danger evenly because guards
are believed to be exposed to a greater risk
of predation (3). What selection processes
could explain the existence of such a poten-
tially risky behavior in a large number of
unrelated species? The popular view has
been that sentinel behavior is influenced
primarily by kin selection, that is, individu-
als tend to engage in behavior that benefits
their relatives. But, on page 1640 of this is-
sue, Clutton-Brock and colleagues present
an elegant study in the African mongoose
(Suricata suricatta) that dispels the myth of
kinship and instead supports the opposing
view that sentinel behavior is a selfish not
selfless activity (4).

The selfless behavior of sentinels—the
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The insight that individuals may enhance
fitness by engaging in activities, such as co-
ordinated sentinel behavior, that benefit their
relatives has revolutionized the study of ani-
mal behavior in the past few decades ().
Reciprocal altruism (6), whereby individuals
take turns in allocating time to sentinel du-
ties, is also likely in highly social species in
which individuals can easily recognize each
other and therefore keep track of those shirk-
ing guard duty. Unfortunately, assumptions
and presumptions about selfless sentinel be-
havior have led some to believe that it is
more common and poten-
tially more complex than
it really is. More impor-
tantly, the assumed mech-
anisms, although theoreti-
cally convenient, may in
fact not be true.

Recently, Bednekoff
has questioned a variety
of assumptions often
made about the selfless
behavior of sentinels (7).’
He developed a convinc-
ing model to explain how
apparently coordinated
guarding could emerge
from individually selfish
antipredator behavior. He
first noted that there was
no concrete evidence that
sentinels were actually
more likely to be killed

while on guard than their less vigilant, for-
aging group mates. Turning this assump-
tion around, Bednekoff pointed out that
sentinels may detect and avoid approaching
predators more readily than foraging ani-
mals. Thus, rather than being exposed to an
increased risk of predation, sentinels might
actually be safer than the rest of the group.
Such an explanation could account for cas-
es where individuals compete for sentinel
positions (7). He also noted that sentinel
behavior could be influenced by a sen-
tinel’s nutritional state. Hungry animals
would be less likely to engage in sentinel
behavior than their better-fed comrades.
Based on these two assumptions, he con-
cluded that complex sentinel behavior
could take place in the absence of any kin-
selected benefits.

Bednekoff’s theoretical
findings are at the forefront
of contemporary behavioral
ecological studies that seek
to properly identify the role
and scope of kin selection
and to provide alternative
mechanisms to explain the
evolution of behaviors. In
this case, sentinel behavior

Attention! Sentinel behavior
among suricates (a type of
mongoose), rather than be-
ing a selfless act that helps
to save a sentinel’s relatives,
confers a benefit on the
guards themselves. They are
usually the first to detect
predators and are closer than
their foraging colleagues to
burrows, down which they
can readily escape.
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