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Antarctica’s ice sheet is constantly on the move, flowing from the
deep, frozen interior of the continent toward the ocean, where it
ALISSAR melts. In fact, because the oceans are getting warmer, the Antarctic
AGE: 14 ice sheet melts faster, and therefore, the sea level is rising. However,
predicting how the ice sheet will flow differently from place to place
is complicated. The landscape beneath the ice sheet helps to control
how fast the ice moves. For example, the ice can stick and deform, or
slide smoothly across the land under the ice. Naturally occurring heat
from inside the Earth can cause the base of the ice sheet to melt and
soften so that it flows more easily, sliding on the meltwater formed.
The amount of this geothermal heat varies across Antarctica and is
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ICE SHEET

An ice sheet is a big,
dome-shaped layer of
ice and snow covering
entire lands, like a giant
icy blanket, presently
found only in Antarctica
and Greenland.

SUBGLACIAL

Beneath the ice. The
subglacial landscape
contains rocks, sand,
clay, and water and can
be studied using
ice-penetrating radar
or seismic waves.

Figure 1

Several heat sources
can contribute to melt
the ice sheet from
beneath. Warm ocean
currents and friction
impact the fast flowing
glaciers. Geothermal
heat under the ice
sheet can come from,
for example, radiogenic
heat and volcanoes,
causing the ice to melt
at the base and the ice
sheet to deform

more easily.

GEOTHERMAL HEAT

Heat from inside the
Earth. “Geo” means

Earth, and “thermal”
relates to heat.

difficult to measure. However, scientists with various expertise can
collaborate to understand how much heat there is and how it shapes
the ice sheet.

WHY DOES THE BASE OF THE ICE SHEET MELT?

The Antarctic ice sheet covers most of Antarctica. It flows from the
interior of the continent toward the surrounding ocean due to gravity
(Figure 1). The speed at which the ice sheet flows depends on the slope
of the surface and how easily the ice can move over the rocks, sand,
and clay beneath it. The ice moves slowly, usually <50m in a year,
when the subglacial landscape is rough, and the ice is frozen to the
rocks. However, the ice can move more easily if the subglacial surface
is slippery. Water makes surfaces very slippery, so if ice melts at the
base of the ice sheet, the ice can slide (Figure 2). Lakes can even form
underneath a glacier, where meltwater is trapped under the ice sheet.
Some lakes are connected with subglacial rivers that flow toward the
ocean, not unlike lakes on other parts of the Earth [1].
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Figure 1

Antarctica has the coldest air temperatures on Earth, but due to
the geothermal heat, the base of the ice sheet can melt in some
places. The melting temperature depends on the pressure, and under
kilometers of ice, the base can melt at temperatures colder than 0°C
[2, 3]. Even if the ice remains frozen, geothermal heat can still affect
how easily it flows. If the ice is very cold, it is hard and rigid and does
not flow well, but if it is less cold, ice can deform and start to move.
This is similar to the way you may have seen honey flow more easily
when it is heated.
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Figure 2

The impact of basal
(bottom) melting,
tested here using white
chocolate on a slanted,
heated plate. The upper
row shows the position
of the chocolate at the
start of the experiment,
and the lower row
shows the position
after 15s. When
heated, the bottom
part of the chocolate
melts, causing the
block of chocolate to
flow down the slope.
The higher the heat,
the more quickly it
flows. The same
mechanism applies to
the Antarctic ice sheet.

GLACIERS

Glaciers are massive
rivers of ice that move
relatively fast toward
the oceans and shape
the land.

FRICTION

The force created
when two objects
move against each
other with resistance.
Friction generates heat.
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Figure 2

Closer to the coast, the ice sheet forms ice rivers called glaciers.
Glaciers flow fast, up to many meters a day! With such speed, the ice
in the glacier grinds against the rocks beneath, generating heat from
friction. The heat from friction is much greater than the geothermal
heat and can melt a lot of ice, forming meltwater streams!

Once the ice sheet or glaciers reach the ocean, the ice starts to float
and melt, and icebergs can break off. Ocean currents carry much more
heat than geothermal heat can provide, so the melting of the ice sheet
by the warmer ocean water is much more than the melting of the base
caused by geothermal heat and friction. Due to global warming, the
melting of ice is speeding up as the Earth's oceans heat up and sea
currents are changing.

Will the ice sheet collapse due to the increased melting at the coast,
or will it respond slowly and remain fairly stable? Knowing how
much geothermal heat there is at the base of the ice sheet helps us
understand how the ice sheet is flowing and how it responds when the
oceans and atmosphere get warmer. Geothermal heat is natural, but it
impacts how the Antarctic Ice Sheet responds to climate change.

WHERE DOES GEOTHERMAL HEAT COME FROM?

It has been known for a long time that the interior of the Earth
is warmer than the surface. People have observed hot lava from
volcanoes and hot water from thermal springs. In deep mines, it can
get very hot! Typically, for every 100 metres deeper into the Earth,
the temperature increases by 2-3°C; however, the exact temperature
depends on what kinds of rocks and sediments there are.

Heat is energy that makes something else warmer. For example, a hot
radiator heats a cold room, and the sun heats the oceans. Scientists
usually measure the amount of heat transferred in a certain time using
the unit Watt, shortened to W. We can use this unit to measure, for
example, the power of an electric kettle that can heat water for tea.
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PRIMORDIAL HEAT

The leftover heat from
the intense collisions
and impacts of rocks,
dust, and gas during the
Earth's formation about
4.5 billion years ago.

RADIOGENIC HEAT

Radiogenic heat is the
heat produced deep
within the Earth when
elements in certain
rocks undergo
radioactive decay. This
process gradually
releases heat energy
over incredibly long
periods.

For geothermal heat, which varies from place to place, we want to
know the rate of heat transferred for every part of the surface area,
and the unit we use is Watts per square meter (W/m?). In continental
regions, the geothermal heat flow is small; on average, about 70
mW/m?2 (one milli Watt is one thousandth of a Watt). This is similar
to having a 1,000 W electric kettle every 120 m deep inside Earth to
generate heat.

To map how much geothermal heat there is, we must first understand
where this heat comes from. Like any form of energy, the natural
laws of thermodynamics state that heat must have a source; it cannot
appear from nowhere! Heat is either moved from a hotter location
or generated from another kind of energy, like the friction of glaciers
we described earlier. Geothermal heat comes from several sources
(Figure 1); therefore, scientists with diverse skills must collaborate to
understand what is generating geothermal heat under the ice.

Some geothermal heat originates deep inside the Earth’'s mantle and
core; it is left over from when the Earth formed from colliding gas
and dust. Because the Earth is so large, the cooling is very slow
and has been going on for the entire age of the Earth, about 4.5
billion years. However, this remaining primordial heat is probably not
the most significant contribution to the heat under the Antarctic ice
sheets today.

Most geothermal heat comes from rocks in the Earth's crust
that contain minerals with elements that can generate heat by
low-level radioactivity, called radiogenic heat. The main heat
producing elements are uranium, thorium, and potassium. The natural
concentrations of these elements are generally low, but some rocks in
the crust contain relatively large amounts. A typical value of crustal
heat production in Antarctica is 1.3 microWatts per cubic meter (a
micro—Watt is one millionth of a Watt) [4]. Assuming that the crust is
40 km thick and that heat production is constant throughout (which it
is notl), the radiogenic heat generated in the crust would equal the
same amount of heating power as one nuclear power plant every
310 km—that is a lot of heat! However, as radiogenic heat production
varies with the type of rock, geologists try to understand which
rocks generate the most heat and where those rocks might exist in
Antarctica. This is somewhat tricky when the rocks are hidden under
thick ice!

Volcanoes and volcanic regions with geothermal hot springs also
generate a lot of heat that causes the base of the ice sheet to melt and
can even cause the ice to collapse above. Many such volcanoes exist
in Antarctica. Some poke their heads up above the ice, while others lie
below it https://zenodo.org/record/6535775.
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THERMAL
CONDUCTIVITY

The ability of a material
to conduct heat.
Thermal conductivity
varies for different kinds
of rocks, depending on
how much water they
contain and how warm
they are.

STUDYING SUBGLACIAL GEOTHERMAL HEAT IN
ANTARCTICA

Geothermal heat can be calculated by drilling a hole into the ground,
measuring temperatures at various depths, and then using the thermal
conductivity of the rocks and sediments to calculate the heat flow.
However, it is not very easy (or cheap!) to drill through thick ice
in Antarctica, so there has not been much data collected this way
[5]. Instead, scientists are constructing computer models of the
temperatures or heat transfer beneath the Antarctic Ice Sheet.

Some scientists use seismic waves from e.g., earthquakes to calculate
how hot the Earth is at various depths. Seismic waves are vibrations
similar to sound waves, and they can bounce, twist, and turn
depending on the materials they travel through. Typically, seismic
waves travel slower in warmer rocks, so by measuring how fast the
seismic waves travel through the rocks, seismologists can map the
temperature inside the Earth and compute how much heat reaches
the surface. Other scientists use variations in Earth’s magnetic field to
calculate temperature. When heated to about 580°C, rocks lose any
magnetic properties, so measurements of the magnetic field taken by
satellites or aircraft can help scientists calculate deep temperatures.
Unfortunately, magnetic and seismic studies give, in some places, very
different results [6]. The described methods cannot estimate variations
in radiogenic heat or thermal conductivity in crustal rocks. We can,
apparently, not capture variations in geothermal heat by only using
one kind of observation [3].

To get the full picture of all the heat sources, some scientists try to
combine seismic data, magnetic data, locations of volcanoes, and
other observations to show how the geothermal heat might change
from place to place [7]. Combining data from multiple techniques can
produce more accurate, detailed results.

However, many places in Antarctica remain unexplored, so the amount
of geothermal heat in those areas is uncertain. To get a better map, we
need more and better data, we also need the combined knowledge
from experts in several scientific fields. Mapping geothermal heat flow
in Antarctica is a difficult task because even small variations in the
underlying land can significantly impact how the ice sheet flows [8].
The effortis worthwhile because maps of geothermal heat are urgently
needed to help us predict ice sheet flow and melting, and how it will
change in the future.
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