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In the 11 years since the Galileo space-
craft transmitted its last pictures of
Jupiter and its satellites, those who

study the icy Jovian moon Europa have
been left with a puzzle. Pieces of the 
Europan crust appear to have cracked
and drifted apart over time, with new
regions of pristine water-ice crust form-
ing in the gaps. Those so-called dila-
tional bands make up tens of percent of
the total surface area. And the paucity
of craters on Europa’s nearly unblem-
ished face suggests that the whole sur-
face has been recycled over the past 40
million to 90 million years, just 1–2% of
the moon’s age.

And yet there was no clear sign of any
process capable of consuming surface
area at the same rate as it’s produced.
Europa as a whole is not getting any big-
ger. So where is the extra surface going?

Simon Kattenhorn (formerly of the
University of Idaho) and Louise Prock-
ter (of the Johns Hopkins University’s
Applied Physics Laboratory) think they
might have the answer.1 By reanalyzing
an old Galileo image of a 134 000-km2 re-
gion, slightly less than 0.5% of the total
surface, they make the case that Europa’s
crust, at least in that region, is made up

of tectonic plates similar to those on
Earth. To satisfy the definition of a plate-
tectonic system, the researchers found
that not only do the plates drift apart
and slide alongside each other, they
also subduct, or move underneath one
another. If subduction turns out to occur
across its surface, Europa would be the
first body other than Earth known to
have tectonic plates.

Dilation without contraction
The idea of Europan plate tectonics pre-
dates Galileo by more than a decade. In
1979 the two Voyager spacecraft sped by
Jupiter and offered the first good look
at the Jovian satellites. The Voyager im-
ages of Europa, taken from a distance of
a few hundred thousand kilometers,
showed the moon’s surface to be criss-
crossed by dark lines and bands. The
following year Paul Schenk, then an un-
dergraduate student working with Carl
Seyfert Jr at Buffalo State College, spot-
ted a curious property of the images.
When narrow linear features passed
across certain dark bands, they didn’t
perfectly line up. Features on one side
of a band were shifted with respect to
those on the other. But when the area of

Investigating Jupiter’s enigmatic moon requires revisiting images
more than a decade old. A new result suggests they haven’t yet
given up all their secrets.

Europa may host a system of 
tectonic plates

(6.6 ± 0.7) × 1014 m−2 s−1, agrees with the
value obtained when the standard solar
model is constrained by observed solar
luminosities.

The composition question
With its latest measurements, the Borex-
ino group has now characterized the
spectral fluxes of every breed of neu-
trino generated in the proton–proton
chain. The ultimate promise of the
Borexino detector, however, may lie in
what it can tell us about the CNO chain.
At present, the heavy elements that me-
diate that pathway are a source of con-
troversy: Optical measurements of their
concentrations find values roughly 30%
smaller than those obtained from helio-
seismology.

One tantalizing possibility is that
neither technique is in error. Since opti-
cal measurements probe the Sun’s sur-
face, and helioseismology probes its in-
terior, “the discrepancy might be telling
us that a fundamental assumption of

the standard solar model—that the star
has a uniform composition—is just
wrong,” Calaprice says. 

Forthcoming high-precision meas-
urements at Borexino, at the SNO+ de-
tector in Canada, and at the proposed
CLEAN and LENS experiments may
help settle the debate. Each experiment
aims to tally the flux of CNO neutrinos,
from which one could infer the abun-
dance of heavy elements in the core. If
the Borexino group is to see those neu-
trinos, however, they’ll need to reduce
their background levels by at least a fac-
tor of four. Says Calaprice, “That’s our
next goal.”

Ashley G. Smart
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the band was excised and the two sides
were fitted together, the features could
be made to align.

Schenk wanted to call his discovery
plate tectonics. “But there was resis -
tance to the idea,” he recalls, because
his analysis showed plates only diverg-
ing and moving laterally, never con-
verging. Nine years and four revisions
later, his paper was published,2 with the
more cautious subtitle “Evidence for a
mobile ice shell.”

Galileo was designed to get a closer
look at the Jovian system (see the article
by Torrence Johnson, PHYSICS TODAY,
April 2004, page 77). Between 1995 and
2003, the spacecraft orbited Jupiter 35
times. Eleven of those orbits brought it
close to Europa, where it imaged the icy
moon from altitudes between 200 km
and 3600 km and with resolutions rang-
ing from tens of meters to more than 
a kilometer per pixel. The Galileo im-
ages showed many more examples of
dilational bands, including the one in
figure 1, that showed clear signs of hav-
ing been formed by rigid plates pulling
apart.3

But there was still no evidence of
plates moving together. And subduc-
tion is by no means the only possible
process that could consume the excess
surface area. For example, a single sheet
of ice, squeezed from both sides, could
shrink in area by warping, thickening,
or otherwise deforming.4 Parts of the
Europan surface do exhibit folds and
buckles in the ice, but not enough to ac-
commodate all the new area of the dila-
tional bands.

Tectonic reconstruction
When Galileo ended its mission, new
images of Europa stopped coming in. In
the years since then, researchers have

been poring over the same images again
and again, looking for anything they
might have overlooked that would
solve the area-balance problem. Says
Kattenhorn, “We’re really scraping the
bottom of the barrel.”

The image Kattenhorn and Prockter
used to make their case for subduction
was of medium resolution, about 200 m
per pixel, so it hadn’t been quite as
closely scrutinized as those that show
finer levels of detail. And the researchers
had an intuitive sense that something
significant was going on: “There was
something about the geometry of it,”
says Kattenhorn, “that reminded us of
subduction zones on Earth.”

Figure 2a shows the image with its
relevant geological features highlighted
in color. The purple and dark blue areas
are relatively young dilational bands;
brown, red, green, and medium blue
mark older features that have been bro-
ken up by more recent activity. The fea-
tures ultimately identified as subduc-
tion bands are shown in light beige.

The researchers divided the region
into 16 putative tectonic plates, with
boundaries determined by the features’
discontinuities. Then they meticulously
translated and rotated the plates to re-
verse the effects of a possible tectonic
process, first undoing the spreading
that formed the young dilational bands,
then shifting the remaining plates
around until all the older features were
aligned. Getting all the right steps in the
right order was no trivial task. “All
told,” says Kattenhorn, “the process in-
volved many months of meticulous map-
ping and reconstructing.”

The resulting tectonic reconstruc-
tion, shown in figure 2b, features a 99-km
gap (the extended white area), which
Kattenhorn and Prockter see as a sign AMPTEK INC.
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Figure 1. Dilational bands, such as the one running horizontally across this image,
appear to have formed on Europa’s surface when rigid icy plates moved apart from
each other and new crust was formed in between. Finding the complementary
mechanism that consumes surface area has been a long-standing challenge.
(Adapted from ref. 3.)



that the icy plate once filling that area
has been pushed underneath another in
the subduction zone along the lower
right edge of the region. Furthermore,
the blue, green, red, and brown features
all end abruptly at the subduction zone
across the middle of the region; no con-
tinuation of any of them can be found
anywhere in the plates on the other
side. The researchers conclude that parts
of those features have also been lost to
subduction.

Falling ice?
Whether subduction occurs anywhere
else on Europa apart from the small
area in figure 2 remains to be seen. If it
does occur elsewhere, Europa could
provide insight into which aspects of
plate tectonics are general and which
are specific to Earth. One difference is
already clear: Terrestrial tectonic plates
are made of rock, and Europan plates
are made of ice. On Earth, cold oceanic
crust is often denser than the hot silicate
mantle, and it becomes denser still as its
mineral form changes under pressure.
As a result, subducting slabs can sink
into the deep mantle, further shifting the
attached crustal plates in the process.

But buoyancy prevents Europa’s
crust from descending into the liquid-
water ocean that lies underneath. It’s
not clear what forces would drive the
plate motions in that scenario. Katten-
horn and Prockter hypothesize a model
in which only the outermost layer of

Spin a vessel of water and, in time,
the fluid will rotate as a rigid body,
everywhere circling with the same

angular velocity. Replace the water 
with a superfluid—a liquid chilled to a
viscosity-free quantum state—and the
flow instead spawns quantum torna-
does, vortices in which fluid circulates
with quantized angular momentum. 

First predicted more than a half cen-
tury ago, quantized vortices have been
studied extensively in experiments
with rotating cryostats of liquid helium.
They are thought to underlie such ex-
otic phenomena as quantum turbulence
(see the article by Joe Vinen and Russell
Donnelly, PHYSICS TODAY, April 2007,
page 43), and they’ve been shown to re-

connect in a fashion analogous to the
magnetic reconnections that instigate
solar flares.

When it comes to elucidating the 
underlying physics of rotating super-
fluids, however, cryostats have their
limitations. Defects along the container’s
surface inevitably disturb the flow in
ways that can’t be neatly captured by
theory. Plus, bulky cryostats can be
spun only so fast, typically no more
than a few rotations per second. Many
interesting phenomena are thought to
emerge at higher angular velocities.
Now an international collaboration 
led by Christoph Bostedt (SLAC),
Oliver Gessner (Lawrence Berkeley Na-
tional Laboratory), and Andrey Vilesov

Quantized vortices in a nanodroplet
Diffraction experiments reveal hidden order inside a spinning superfluid.
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Europa’s ice shell—the coldest, densest,
most brittle ice—is divided into plates.
Subducting plates then could still be
pulled downward through a layer of
warmer, slushier, less dense ice. The re-
searchers propose the term “subsump-
tion” to describe the process and differ-
entiate it from terrestrial subduction,
but they stress that the theory has yet to
be worked out.

Europa’s ocean is thought by many
to be one of the most likely homes in the

solar system for extraterrestrial life. Of
the three ingredients necessary for life
as we know it—liquid water, energy,
and the right chemical building blocks—
Europa has plenty of the first two,
thanks to tidal heating by Jupiter, but its
chemical environment is largely un-
known. The ions and electrons trapped
in Jupiter’s magnetosphere bombard
Europa’s surface, producing molecular
oxygen, ozone, hydrogen peroxide, and
other oxidants.5 But for those molecules
to drive the chemical reactions of life,
some mechanism needs to transport
them from the surface into the ocean.
Subduction (or subsumption) could do
just that.

Solving Europa’s mysteries will re-
quire a new spacecraft to visit the moon
and collect more data. The Europa Clip-
per, a NASA mission concept currently
under study, promises a treasure trove
of high-resolution images and other
measurements—but not for at least 15
years. In the meantime, Kattenhorn and
Prockter’s analysis suggests that undis-
covered clues may still be hiding in the
images from Galileo.

Johanna Miller
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Figure 2. Turning back time on tectonic plates. (a) In this 134 000-km2 region of 
Europa, relevant geological features are highlighted in color: young dilational bands
in purple and dark blue, newly identified subduction bands in light beige, and older
structures in other colors. (b) Undoing the effects of a possible tectonic process
yields this reconstruction. The large white gap and the abrupt termination of the
older geological features suggest that portions of crust have been lost to subduction.
(Adapted from ref. 1.)


