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Introduction and Background: Subglacial volcanic erup-
tions have been studied extensively in Iceland [1-4] due to the
ongoing nature of the process and the many beautifully ex-
posed landforms and deposits.  Of particular interest is the
generation of large volumes of meltwater, its storage and
transport below the glaciers, and catastrophic meltwater re-
lease at glacial margins to produce jökulhlaups [3]. Documen-
tation of the products and landforms resulting from these erup-
tions [1-4] and continuing study of active examples [2] to-
gether with development of quantitative models of the proc-
esses [2] has led to the recognition of candidates for this proc-
ess elsewhere on Earth [5-8] and Mars [9-10]. Physical models
for the ascent and eruption of magma [11-12] can be applied
to subglacial environments; here we develop simple physical
principles for intrusion of magma into a glacial cover and as-
sess the implications for eruption behavior and the nature of
resulting volcanic and meltwater deposits.

Dike emplacement and gas exsolution: Dikes represent
the propagation of magma-filled cracks from reservoirs, both
laterally and vertically, into the surroundings.  Dikes can stall
and cool in the crust, propagate to the near-surface to set up
stress fields commonly resulting in graben, and continue to the
surface to cause eruptions. Commonly, eruptions are mani-
fested as a curtain of fire along the surface trace of the dike.
Cooling along the narrow parts of the dike [13] causes local-
ization of extrusion within a few hours to a few days, and a
transition to a centralized vent eruption [14]. In submarine
[15] and subglacial eruptions, a regular curtain of fire does not
occur because of the inhibition of gas exsolution by the overly-
ing water or ice. In both environments hyaloclastites can form,
and subglacially lava fingers or sills can form, depending on
the melting rate and behavior of the ice.

Figure 1.

During emplacement, dikes propagate upward at speeds of
~0.1 m/s, and at these strain rates can easily overshoot the ice-
rock interface because the ice would appear to the propagating
crack as brittle rock similar to the basalt substrate. Therefore,
it is theoretically possible that they can intrude into overlying
ice before significant melting of the ice takes place. For nor-
mal (2 MPa) to high (5 MPa) overpressures, the dike can over-
shoot ~300-400 meters. Thus, englacial dikes could well be
formed in the initial phase of an eruption (Figure 1, right). As
the dike rises through the ice melting takes place and the

magma column may lose coherence and collapse to form a
'dike rubble pile'. What might the record of such an event look
like? If the dike is ~400 m high and ~1 meter wide (400 m2),
then its collapse could produce a rubble pile 20 m wide by 20
m high (or more likely 40 m x 10 m). Cores of eruptive struc-
tures beginning with this type of event might contain a breccia
with morphology diagnostic of its dike origin.

Such dikes would then provide very efficient initial melt-
ing of ice because of the very rapid formation of two broad
and extensive surface areas (the sides of the dike) in contact
with the ice. This could be a factor in the very rapid initial
production of meltwater reported in some Icelandic eruptions
[2].

Another important factor in subglacial eruptions is that
significant gas exsolution will not occur until the dike propa-
gates close to the ice surface.  In subaerial basaltic eruptions,
gas begins to exsolve due to decreasing overburden at shallow
depths in silicates [14]; the weight of the water column inhib-
its gas exsolution in submarine environments [15]. In glacial
ice environments, ~300 m of ice is approximately equivalent
to ~100 m of rock, and thus if an eruption took place below 1
km of ice, gas exsolution, and subsequent pyroclast formation,
would be inhibited until the magma reached within a few hun-
dred meters of the surface. In the earliest stages of dike propa-
gation into the ice (Figure 1, right), the dike could bring
magma near enough to the surface to reach the gas exsolution
depth.

The amount of CO2 contained in the magma is critical in
this process as it will influence the density of the magma in the
dike and its rise rate and ultimate level of ascent. Significant
gas exsolution would immediately increase the positive buoy-
ancy of the magma, and hasten its ascent to the surface, possi-
bly resulting in a short-lived lava fountain eruption through
the glacier surface.

However, conduction of heat to the surrounding ice would
cause rapid melting and the onset of convective heat transfer,
resulting in loss of support of the magma column and collapse
of the dike system so that the eruption would continue at the
base of the ice layer. Ongoing ice melting would cause subsi-
dence and collapse of the overlying ice with reductions in
overburden pressure (Figure 2). This could again increase the
importance of gas exsolution and pyroclastic activity.

Figure 2.
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Intrusion at the ice-basalt substrate interface: If
magma ascends to the substrate-ice interface, but does not
overshoot it, it will initially be intruded as a sill, and will
spread sideways and downslope. A sill probably always
spreads sideways faster than a flow with the same mass flux
and produces a more efficient and geometrically significant
(widespread) transfer of heat to the ice. This may be one ex-
planation for the initial abundance of meltwater that is ob-
served in Icelandic subglacial eruptions [2]. This phase will
continue as long as ice (or melt water) is confined against the
top of the sill. As long as the subsurface site is confined, there
should always be a sill upon initial eruption, even if some
melting takes place. If confined water overlies the eruption site
due to initial conductive heating or from earlier eruptions,
initial hyaloclastites will probably be produced and these
could then evolve to produce moberg ridges.

If the meltwater cannot escape from the melting zone,
there will be continuous melting of the adjacent and overlying
ice. The hot meltwater will convect heat, so once this process
begins, it is very efficient. If water can escape from the melt-
ing zone, the melting efficiency is reduced.  The magma body
is now covered by air, not water, so heat is lost by radiation
only and this is much less efficient than convection in water.

Further stages of eruption: Transition from sill to flow
phase: If and when the water drains and the flow becomes
unconfined, the situation changes dramatically. The aspect
ratio changes, with the flowing magma body generally becom-
ing thicker and less wide with an aspect ratio more like that of
a subaerial flow. If the sill were about 1 meter thick, within
several hours it will have melted about 1/3 meter of ice, and if
the water drains, the flow will be thickened by ~30%, so the
flow will travel ~70% faster. This thickening rate will de-
crease with time, and it would take about 10 hours until the
shape becomes similar to that of a subaerial flow.

Several factors are important in this regard. If the flow is
subaerial, it will be vesicular, with a net volume fraction of
~25% and a density of ~2050 kg/m3. If under significant pres-
sure, there is little volatile exsolution, and the density is ~2600
kg/m3. If the body is submerged in  meltwater (with a density
= 1000 kg/m3) then the net magma density is ~1600 kg/m3.
The consequences of these relationships are that a sill is dense
and will spread laterally, a flow in water is more buoyant and
undergoes less lateral spreading, and when the water drains,
the flow becomes vesicular, therefore less dense, and under-
goes less lateral spreading, so becoming relatively thicker.
Thus the transition from sill to flow can be complex and the
shape of the flow can evolve continuously.

Another dimension is the influence of meltwater drainage
on the sill-to-flow transition. As the sill transitions to a flow
near the vent, it thickens and becomes less wide. This can
provide marginal troughs along the side of the flow for water
to drain away as long as there is a suitable pathway to the edge
of the ice sheet.

Transition to pyroclastic eruptions: Initially, because of
the overburden, magmas erupting under ice should exsolve
mainly CO2. Thus, analysis of the residual CO2 and H2O con-
tents of eruption products should help distinguish between
magma that has been emplaced under an ice overburden and
that which has been erupted subaerially.

As an initial sill melts the overlying ice to water there is an
initial increase in H2O density and hence decrease in ambient
pressure, allowing more volatile exsolution. This may be com-
pensated to some extent if the ice can deform fast enough to
partially fill the space created. It is not clear if such adjust-
ments will take place smoothly or if there may be a cyclic
interaction, perhaps reminiscent of the dynamics of esker for-
mation.

Pyroclastic Eruptions: Gas exsolution and water-magma
interactions: If the water produced by melting of overlying ice
begins to drain and creates a space at near-ambient pressure,
greatly enhanced gas exsolution (now H2O as well as CO2)
from the magma and pyroclast formation should start. Vigor-
ous vesiculation and foaming may fill up the available space
with hyaloclastites and increase the rate of heat transfer to the
overlying ice.  Again it is not clear if this will be a continuous
or episodic process.

Once enough of the overlying ice cover is completely
melted, the event may become just like a subaerial eruption
from a pressure point of view (Figure 2, transition from 3-4).
If the meltwater is completely drained, the eruption should be
Hawaiian-style, albeit inside an ice cave.  If the meltwater is
only partially drained, then the eruption should be Surtseyan-
style, with the maximum explosivity occurring when ~30 wt%
water mixes with ~70 wt% magma.

Summary: Theoretical analysis of the behavior of magma
intrusion into glaciers provides some important predictions for
the nature of the eruption, the potential sequence of events and
the resulting volcanic and meltwater products.  Clearly the
thickness of the overburden, and the resulting pressure, is of
great importance.  The critical ice thickness determining if
pyroclastic activity is predominant or minimal is ~300 m.
Therefore, there should be a major difference between local or
alpine glaciers and continental-scale glaciers [7].

A wide array of volcanic landforms has been observed on
Mars [10]. Application of these principles to Mars provides
criteria to assess possible examples of intrusion and eruption
below polar deposits, ice fields, and glaciers [16,17].

References: 1) H. Johannesson and K. Saemundsson, Geological Map
of Iceland , 1998; 2) M. Gudmundsson et al., Nature, 389, 954, 1997;
3) H. Bjornsson, Jokull , 25, 1, 1975; 4) C. Allen, J. Geology, 88, 108,
1980; 5) W. Matthews, AJS, 245, 560, 1947; 6) I. Skilling, Bull. Volc,
56, 573, 1994; 7) J. Smellie and I. Skilling, Sed. Geol. , 91, 115, 1994;
8) M. Chapman et al., Environmental effects on volcanic eruptions,
Kluwer, 39, 2000; 9) C. Allen, JGR, 80, 8048, 1979; 10) C. Hodges
and H. Moore, USGS PP-1534, 1994; 11) L. Wilson and J. Head,
JGR, 86, 2971, 1981; 12) L. Wilson and J. Head, Nature, 302, 663,
1983; 13) L. Wilson and J. Head, JGR, 93, 14785, 1988; 14) J. Head
and L. Wilson, JGR, 92, 13715, 1987; 15) J. Head et al., JGR, 101,
28265, 1996; 16) G. Ghatan and J. Head, LPSC 32  #1039, 2001; 17) J
Garvin et al., Icarus, 145, 648, 2000.

Lunar and Planetary Science XXXII (2001) 1213.pdf


