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Plate Tectonics and Europa’s Icy Shell
Abhinaba Das
A unique attribute of Earth is the presence of plate tectonics.
Not only does it give rise to continents, mountain chains, and
ocean basins but also promotes a high level of biodiversity. It
is the reason for the formation of the so-called ‘Pacific Ring
of Fire’ – a belt of intense volcanic activity and a large number of earthquakes surrounding the Pacific ocean. But what
drives the plate motion? Did Earth always have plate tectonics? These are some fascinating geoscientific questions. In
trying to answer these questions, an eﬀort is made to impress
upon the reader the vast ocean of uncertainty, and hence the
opportunity, in the field of Earth and Planetary Sciences. To
make it more engaging, the article provides a peek into the
long process which culminated in the present-day theory of
plate tectonics on Earth. While the first half of the article
focuses on subduction and its cause, the second half summarizes a recent finding made on the surface of Europa. In view
of readability across disciplines, the complex subject details
are kept to bare minimum.

Abhinaba Das is a KVPY
scholar currently studying at
the Indian Institute of
Science, Bangalore.

A Historical Perspective
During the eighteenth and nineteenth centuries, geologists faced
diﬃculties explaining the origin of mountains. Numerous hypotheses were proposed including the ‘contraction theory’ (suggesting that the planet was once a molten ball and in the process of
cooling the surface cracked and folded upon itself), an ‘expanding
Earth hypothesis’ (where the expansion creates mountain ranges),
‘sediment loading hypothesis’ (buckling of the crust because of
sediment loading finally causing the crust to crack which in turn,
caused the enclosed strata to crumble and thus form mountains
as surface expressions of the deformed strata). In 1915, Wegner
proposed the ‘continental drift theory’, summarized as the large-
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scale horizontal movement of continents relative to one another
by ploughing through the denser basaltic ocean floor.
Though Wegner was correct in asserting that the continents had
drifted apart from a supercontinent Pangea, his hypotheses about
how fast the continents were moving and what forces were pushing them across Earth’s surface turned out to be wrong. Hence,
continental drift was dismissed as an impractical idea by most
geologists, deserving of only a footnote in many geological text-

Box 1. Continental Drift Theory
The notion that the continents have not always been fixed in their present positions was not new. As early
as 1596, a Dutch map maker Abraham Ortelius in his work Thesaurus Geographicus pointed out the
underlying similarity between the coasts of America and Europe-Africa.
Later in 1908, Frank Taylor and his colleague Howard Baker proposed that drifting of the continent causes
the formation of mountain chains. But what made Wegener stand out from the crowd was not that he had
discovered the process but the vast amount of evidence that he had collected. Wegener first presented his
theory in a 1912 article titled, ‘The Formation of the Major Features of the Earth’s Crust’ and expanded the
defence of his theory with the 1915 publication of The Origin of Continents and Oceans. Wegener devoted
the rest of his life pursuing additional evidence to defend his theory. He froze to death in 1930 during an
expedition crossing the Greenland ice cap [2]. Till today, scientists debate on how plate tectonics may have
operated earlier in the Earth’s history and whether similar processes operate, or have ever operated, on other
planets in our solar system

Figure A. These two maps were made in 1858 by geographer, Antonio Snider-Pellegrini. He predicted
that the American and African continents were once together but later got separated. Continents before
separation (avant) (left) and (right) the continents after the separation (aprés).
(Image Courtesy: U.S. Geological Survey).
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books.
Breakthroughs came from extensive explorations of the seafloor
after World War II. Major scientific developments that led to the
formulation of plate tectonics included (a) the discovery of magnetic anomalies on the seafloor, (b) development of the concept
of seafloor spreading and oceanic crust recycling, (c) oﬀshore oil
drilling, and (d) the observation that most earthquakes and volcanic activities are associated with oceanic ridges and trenches.
By 1970s, the ‘theory of plate tectonics’ was well established.
According to this theory, lithosphere1 is broken into rigid plates
riding on asthenosphere2 , which is also in motion. Depending
upon the direction of motion of the plates relative to each other,
there are three types of plate boundaries:

1 Crust including the top portion of upper mantle.
2 The asthenosphere is a highly
viscous, mechanically weak,

2) Transform Boundaries: The plates slide past each other.

and ductilely deforming region
of the upper mantle of the
Earth, occurring at depths

3) Convergent Boundaries: The plates approach each other and one
plate dives underneath another.

approximately 80 and 200 km
below the surface (Source:
Wikipedia).

1) Divergent Boundaries: The plates move away from each other.

(It is beyond the scope of this article to give an in-depth account
of the evidence for plate tectonics. However, an interested reader
may consult a previous article in Resonance3 or [4] as mentioned
in the list of ‘Suggested Readings’, for the same.)

Subduction

3 A J Saigeetha and R K Banyal,
Alfred Wegener – From Continental Drift to Plate Tectonics, Resonance, Vol.10, No.6,
pp.43–59, 2005.

Subduction, which is the driving force behind plate tectonics is
a phenomenon taking place at convergent boundaries where one
plate moves under another and is forced to sink into the mantle. The descending slab being colder is denser than the asthenosphere from which it forms. Moreover, lithosphere thickens as
it ages thus becoming gravitationally unstable. This density inversion coupled with a gravitational instability of the older slab
drives the plate to sink. As the slab sinks, a change in mineralogy
takes place. The basalt of the oceanic crust (i.e., the subducting plate) transforms into a garnet-bearing rock called eclogite4
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Figure 1.

The idea that
mantle convection currents
drive plate motions, as depicted in this cartoon, is not
just oversimplified, it is fundamentally wrong. (Courtesy of the U.S. Geological
Survey)

4

High-pressure,

high-

temperature,
coarse-grained
metamorphic rock. It is formed
when mafic rock encounters
temperatures greater than
∼400o C and pressures greater
than ∼1.2 GPa. These temperatures and pressures mean that
eclogites form at a minimum
depth of ∼40 km.
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at a depth of about 50 km. This further increases the density of
the oceanic crust providing additional downward force, thereby
allowing the slabs of old, dense lithosphere to sink beneath the
underlying asthenosphere.
It is a gross misconception that the mantle convection provides
the forces for plate motion. Of course, plate tectonics is a way of
releasing Earth’s internal heat, but to say that mantle convection
moves the plates as depicted in Figure 1, is a tautology (saying
the same thing diﬀerently). Plate tectonics is the surface expression of mantle convection. So, saying that the plates move because of mantle convection does not make much sense. Moreover,
how some plates move faster than the convective currents beneath
them cannot be explained by following this line of reasoning. In a
seminal study by Forsyth and Uyeda (1975), it was shown that the
fastest-moving plates are those that are surrounded by trenches or
in other words, attached to a downgoing plate. Since then, numerous studies have shown that it is mostly the sinking of the dense
oceanic lithosphere in subduction zones (also called the slab pull
force) that moves the plates.
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Figure

2.

Cartoon
representation
of
(a)
Oceanic-Continental plate
convergence, (b) OceanicOceanic plate convergence,
(c) Continental-Continental
plate convergence. (Courtesy of the U.S. Geological
Survey)

Keeping in mind these basic features, let us look at the diﬀerent
convergent plate boundaries.
Oceanic crust is denser than the continental crust. Hence, at the
ocean-continent convergent boundary, the oceanic plate sinks below the buoyant continental plate (Figure 2a). The west coast of
South America, where the South American Plate converges with
the Nazca Plate, is a subduction zone of this type. At the oceanocean convergent boundary, the older oceanic crust being denser
is subducted (Figure 2b). The subduction of the Pacific Plate
resulting in Aleutian Peninsula of Alaska is an excellent example. When two buoyant continents converge, the kind of subduction seen at other convergent boundaries cannot occur. At these
boundaries, the crust thickens resulting in the formation of mountain ranges (Figure 2c). The collision of the Indian and Eurasian
plates, leading to the formation of the lofty Himalaya, provides
the best example.

One of the features that
make Earth a
spectacularly unusual
planet is the plate
tectonic system.

Early Earth and the Origin of Subduction
One of the features that make Earth a spectacularly unusual planet
is the plate tectonic system. Although the process of subduction,
as it occurs today, is well understood, the origin of subduction
on early Earth has been debated for decades. To understand how
subduction began, we must try to answer how the modern plate
tectonics was initiated, as they are related. But “modern plate
tectonic Earth is like a chicken, whereas pre-plate tectonic Earth
is like an egg. An egg does not look like a chicken. Therefore,
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even if we look at the chicken from 1000 diﬀerent perspectives
it will not help us to understand what the egg looked like!” [9].
Due to fundamental unavailability of data and a good understanding of physics and dynamics of transition to plate tectonics, it is
a challenge to visualize the pre-plate tectonic Earth. It is a possibility that Earth always had plate tectonics. This follows from
a strict interpretation of the ‘principle of uniformity’, which basically states that “the present is the key to the past”. Following
this logic, because we have plate tectonics today, Earth must have
always had plate tectonics. But such strict adherence to uniformitarianism is not helpful. Surely it is a weapon of choice when you

Box 2. Subduction of Continental Crust
It was previously believed that continental crust does not subduct. As already indicated, at continentcontinent convergence boundary, subduction, as seen in other convergent boundaries, does not operate
and a collision occurs giving rise to mountain ranges. This is partly true. While a portion of the crust
buckles upward, the rest of the continental lithosphere is subducted into the mantle. This is supported
by tomographic studies. Moreover, geological evidence shows that the continental crust is subducted to
a more than 100 km depth and exhumed up to the surface. These geological evidence are mostly ultrahigh pressure metamorphic rocks such as diamond and coesite (a high-pressure polymorph of SiO2 ). As
the name suggests, these rocks are the result of metamorphic processes at very high pressure. The exact
mechanism of how continental crust is subducted and then put back on the surface is yet unknown.

Figure B. The diagram depicts the metamorphic environments of diamond and coesite.
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debate against the irrational and unscientific notions presented by
a creationist, but it is not useful when you are trying to understand
Earth’s tectonic history for the simple reason that it inhibits inquiry. The conditions prevalent during the early Earth were very
diﬀerent from the modern-day Earth. The early Earth was hotter due to many reasons (like heat production due to radioactive
decay of short-lived nuclides5 , the heat of accretion, the Sun’s TTauri event (beginning of H fusion), core diﬀerentiation, and the
impact events). A hotter mantle must have resulted in more melting and a thicker oceanic crust with increased crustal buoyancy,
increased ductility, and lower overall crustal strength. But to be
subducted, the lower plate must have both elastic strength and
high density relative to the ductile upper mantle. Hence, perhaps
plate tectonics might not have operated back then and the early
Earth might have been tectonically stagnant!
Despite numerous studies, the dynamics of subduction initiation
is yet to be resolved. Two general mechanisms are recognized
– induced and spontaneous nucleation of subduction zones. But
these mechanisms are not well supported by natural observations.
In the case of spontaneous nucleation of a subduction zone, gravitationally unstable lithosphere collapses into the asthenosphere,
whereas, in the case of induced nucleation of a subduction zone,
existing plate motions cause compression and lithospheric rupture. Both mechanisms eventually yield self-sustaining subduction zones as oceanic crust is metamorphosed at great depth thus
becoming denser than the surrounding mantle rocks. A recent
study [11] shows that a constant bombardment of the early Earth
by meteorites could have kick-started relatively short-lived localized subduction events. Clearly, there is much left to understand
about the subduction history of planet Earth.
Earth is the only planet known to have plate tectonics. It is also
the only planet with life. Is this coincident or did plate tectonics play a role in the evolution of life? Are exoplanets with plate
tectonics more likely to host life? Is there plate tectonics operational elsewhere in our solar system? These questions remain
unanswered.
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5 Short-lived radionuclides refer to nuclides that once existed in the solar system, but
which have subsequently decayed away entirely.

Earth is the only planet
known to have plate
tectonics. It is also the
only planet with life. Is
this coincident or did
plate tectonics play a
role in the evolution of
life?
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About Europa
The Jovian icy moon –
Europa – has been an
object of great scientific
interest. With a size
slightly smaller than
Earth’s moon, it is one of
the most promising
places in our solar
system to search for
signs of life.

6 It denotes the temperature
above which melting of a substance begins and it exists in
two phases namely, solid and
liquid. The substance is not
necessarily melted completely,
i.e., the solidus is not necessarily a melting point.

The Jovian icy moon – Europa – has been an object of great scientific interest. With a size slightly smaller than Earth’s moon, it
is one of the most promising places in our solar system to search
for signs of life. Although Europa is primarily composed of silicates and iron, its surface appears to be dominated by an ice shell.
Before getting into any further details, it is helpful to consider the
similarities and diﬀerences in the behavior of the crust and mantle
of a more familiar silicate body – the Earth. The most fundamental diﬀerence is that ice, unlike the mantle, is less dense. This
implies that subduction of the icy shell into the underlying ocean
is not favored. This situation is like the resistance of continental
crust to subduction, as seen on Earth. The surface temperature of
Europa is about 100 K (∼ −173o C). At this temperature, ice is
strong and brittle and behaves very much like a rock at the surface of the Earth. However, ice near its solidus temperature6 is
roughly 106 times less viscous than rock near its solidus temperature. Another important distinction between Europa and Earth
is that Europa’s surface is much less cratered, and therefore is
younger than that of the Earth. In fact, the surface of Europa
is one of the youngest planetary surfaces in the solar system aged
less than 90 Mya. Although the creation of new ice shell has been
observed, there is no evidence of a large-scale contraction to provide an area balance. These observations were quite puzzling.
Recent evidence for subduction and hence plate tectonics on Europa not only addresses the enigma of surface age resetting and
area balance, but also provides an inspiration for further research
on habitability, and even the presence of life within the supposed
ocean of the moon [13].

Presenting the Evidence for Subduction
Analysis of the geological features in a 134,000 km2 region in Europa’s northern trailing hemispheres using images from Galileo
mission, suggests evidence of significant surface removal whereby
the outermost portion of the ice shell is recycled into its interior
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Figure 3.

(a) Geological features are abruptly
truncated. Also note the
lateral oﬀsets, as indicated,
across transforms (thick
black lines) thus implying
lateral motions of rigid
plates. (b) Note the missing
surface area after tectonic
reconstruction.
(Credits:
NASA, Kattenhorn et.al.)

along the Europan equivalent of a subduction zone.
• Older geological features like the dilation band7 show that the
current surface configuration involved numerous translations and
rotations of rigid plates (see Figure 3a).
• Tectonic reconstruction which involves the removal of oﬀsets
and dilation to get a clear idea of original geology revealed around
100 km of a missing surface (see Figure 3b).
• No elevation in topography is associated with the missing material. Also, there is no evidence suggesting the existence of the
missing geology in a highly contracted form. In other words, Europa is not building mountains with the missing material nor is
there any evidence for appreciable surface erosion, implying that
the missing material instead moved downwards into the interior
of the ice shell.
• The surface of the overriding plate is dotted with isolated patches
of material that stand higher than their surroundings. Some of
which has a lobate flow geometry with a vent like a point source
(see Figure 4). These features may represent Europan equivalent
of volcanoes on the overriding terrestrial plate at the subduction
zones. The occurrence of cryolava8 exclusively on the overriding plate might imply that subduction facilitates melting, thus
forcing pressurized fluids within the ice shell to the surface in
response to plate collision.

7

Dilation bands are old geological features on Europa that
strongly resembles the morphology of mid-oceanic ridges
on Earth. Thus, implying the
divergent motion of the plates.

8

Cryovolcano refers to a volcano that erupts volatiles such
as water, ammonia or methane,
instead of molten rock. Collectively referred to as cryomagma, these substances are
usually liquids. After the eruption, cryomagma is expected to
condense to a solid form when
exposed to the very low surrounding temperature. (Source:
Wikipedia).

The density diﬀerence between the solid ice and a liquid ocean
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Figure 4. The occurrence
of a potential cryovolcano is
indicated. (Credits: NASA,
Kattenhorn et.al.)

The density diﬀerence
between the solid ice and
a liquid ocean makes it
essentially impossible to
subduct an ice slab into
an underlying ocean.
However, a colder
conductive ice shell
could subduct into a
warmer underlying ice
layer since colder ice is
denser and would,
therefore, be negatively
buoyant relative to the
surrounding warmer ice.

678

makes it essentially impossible to subduct an ice slab into an underlying ocean. However, a colder conductive ice shell could
subduct into a warmer underlying ice layer since colder ice is
denser and would, therefore, be negatively buoyant relative to the
surrounding warmer ice (see Figure 5).
However, a major drawback as pointed out is that the entire study
is focused on a single area where subduction is evident and does
not answer the question as to whether this is a global process on
Europa. Secondly, the subduction zone volcanism on Earth happens because the diving plate carries water with it which lowers
the melting temperature of crustal rocks. On Europa, it is a totally diﬀerent scenario. Meltwater produced being denser than
ice is expected to sink, rather than to rise at the surface! So, what
would result in the manifestation of cryovolcanoes on the overriding plate remains unanswered. Moreover, as mentioned earlier, melting ice and melting rock have very diﬀerent properties
in terms of buoyancy and density. Hence, what is going on in Europa may not be an exact analogy for what is happening on Earth.
Thus, more studies are needed to figure out the exact mechanisms
operating on Europa. Despite a few shortcomings, this work in
overall provides an answer for Europa’s surface features and age,
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Figure 5.

and provides a mechanism to deliver nutrients from the surface
to the ocean thus making Europa a more exciting target from the
perspective of astrobiology.
Recently, a computer simulation was conducted to explore the
feasibility of subduction in the ice shell of Europa [14]. The
surface of Europa is already known to have high porosity and
spatially heterogeneous salt content (mainly hydrated sodium and
magnesium). It has been argued that warm ice is relatively free of
salt, hence colder ice shells are denser than the underlying warm
ice, as mentioned earlier. The study concludes that the porosity and salt content play a dominant role in determining whether
the slab is non-buoyant, By varying the initial salt content by
a few percent, the plate can be made to sink thus supporting
the geology-based hypothesis of subduction in Europa’s ice shell
[13]. If subduction exists, Europa would become the only other
body in the solar system besides Earth to exhibit plate tectonics.

A conceptual model for Europan subduction.
Here subsumption refers to the movement
and incorporation of the descending plate into the underlying warmer ice analogous to subduction occurring on Earth where the
dense lithosphere descends
into the underlying mantle.
However, the mechanism for
subsumption may be diﬀerent from that of subduction.
(Credits: Kattenhorn et.al).

If subduction exists,
Europa would become
the only other body in
the solar system besides
Earth to exhibit plate
tectonics.

Concluding Remarks
The emergence of plate tectonics is a defining moment in the history of Earth. However, the origin of plate tectonics is not clear,
and numerous hypotheses are still being proposed trying to explain this unique feature. It is one of the many factors that influ-
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ence habitability, and it is also believed that finding life elsewhere
may depend on finding planets with tectonic activity. Presented
in a chronological fashion, beginning with the predominate theories about mountain building of eighteenth century and ending
with a recent finding on Europa, this article is written with a hope
to stimulate reader’s interest and encourage further study of more
advanced literature about plate tectonics, and appreciate, in general, the challenges and opportunities in the field of Earth Sciences.
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