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Introduction:   Ionian paterae are a class of
volcanic feature that are characterized by irregular
craters with steep walls, flat floors, and arcuate
margins that may or may not exhibit nesting [1].
Loki (310°W, 12°N) is Io’s largest patera at ~200 km
in diameter (Figure 1), and may account for 15% of
Io’s total heat flow [2].  Earth-based infrared data, as
well as information collected using the Galileo Near-
Infrared Mapping Spectrometer (NIMS) and the
Photopolarimeter Radiometer (PPR) have been used
to interpret Loki’s eruption style [3 – 7].  Debate
continues over whether Loki’s occasional (periodic
or not [3, 8]) temperature increases are due to an
overturning lava lake within the patera, or to an
eruption of surface flows on the patera floor.
Interpretation of model results and comparisons with
active terrestrial lava lakes suggest that Loki behaves
quite differently from active lava lakes on Earth, and
that surface flows (rather than an overturning lava
lake) are a more likely explanation of Loki’s thermal
brightening.

Figure 1.  Loki patera, Io.  Dark region,
with central “island,” is ~200 km across.

Methods and Assumptions:  An active terrestrial
lava lake is defined as sharing circulation with the
magma reservoir that feeds it, and can therefore be
considered as the exposed upper surface of an active
magma column [9, 10].  The erupted volume from
active lava lakes may be small, with most of the

magma volume either intruded into the volcanic
edifice or drained back into the reservoir [11, 12].

Based on investigations of the active lava lake at
Era ‘Ale volcano in Ethiopia, Africa, Oppenheimer
and Francis [11] determined that for a long-lived lava
lake, the heat lost from the lake surface should be
balanced by that supplied by cooling and
crystallization of reservoir magma, or by new magma
injected from the upper mantle.  If the magma
reservoir is assumed to maintain a constant volume,
then the residence time of the magma in the reservoir
(τ) is defined as a ratio of the reservoir volume (V) to
the magma supply mass flux (M):

τ = ρV/M (1)

where ρ  is the density of the incoming magma.
Harris et al. [10] demonstrate that mass flux (M) can
be determined by:

M = (Qrad + Qconv) / (CL Δf + cp ΔTmagma) (2)

where Qrad is the radiative heat flux from the lava
lake, Qconv is the convective heat flux; CL is the latent
heat of crystallization, Δf is the crystallized mass
fraction, cp is the specific heat capacity of the magma
and ΔTmagma is the temperature through which the
magma cools.

Here, we use these models to constrain the
behavior of Loki, assuming that Loki is an active lava
lake, using the following observations and
assumptions as input.

Loki experienced apparently periodic activity
from 1986 through 2002 [3] (although subsequent
investigations indicate that this periodicity ceased in
2003 [8]), erupting every 545 ± 15 days.  We use this
value as residence time (τ).  We assume a mafic
magma with a density ranging from 1500 – 2600 kg
m-3 to consider variations in volatile content.  We
assume a latent heat of crystallization (CL; 3 x 105 J
kg-1) and heat capacity (cp; 1150 J kg-1 K-1) consistent
with basaltic magma [e.g., 10].  Based on
observations of ponded basaltic lava on Earth, Δf is
taken to range between 0.2 – 0.45 [10].  Eruption
temperature is not known, although NIMS
observations of Loki suggest that the temperatures at
the surface reach at least 340 K [12].  We therefore
use ΔTmagma of 150 – 1000 K to encompass a range of
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possible eruption temperatures as well as actual
surface temperatures that may not be resolved by
Galileo or Earth-based observations.

Qconv is negligible on Io.  Qrad is given by:

Qrad = σεATsurf
4 (3)

where σ  is the Stefan-Boltzmann constant; ε  is
emissivity (taken to be 0.9), A is the area of the
cooling lava surface, and Tsurf is the measured
temperature of the lava surface (assumed to be 305
K, using an average of recorded temperatures [12]).

Equations 1 – 3, and the approximations and
assumptions listed here, yield a reservoir volume for
Loki of 1.9 x 102 to 1.9 x 103 km3, using the
minimum and maximum values for the variables.

Interpretation and Discussion: If the magma
reservoir has roughly the same horizontal dimensions
as the observed “lake” at Loki (~200 km), it would
form a cylinder only 6 to 60 meters thick.  Although
this may seem too thin to stay molten for extended
periods of time, note that the magma lenses feeding
fast-spreading mid-ocean ridges on Earth are thought
to be only a few tens of meters thick, and are
essentially permanent features [13].  Alternatively,
the entire “lake” at Loki may not be active—rather,
the active portion of the lake may be confined to 1/4
or 1/2 the area of the dark region in Figure 1.  Even
so, the magma reservoir would still be quite small
(~10 – 100 km3) and probably thin.

Assuming a mafic magma and surface country
rock with a porosity of 30%, the neutral buoyancy
zone is calculated to be 30 km below the surface [14].
It seems unlikely that a lava lake would be able to
communicate with such a thin reservoir located at
great depths.  Leone and Wilson [14] admit that if the
surface porosity is reduced, a magma reservoir may
be created within a few kilometers (<10 km) of the
surface; however, for a magma reservoir of this small
size to effectively communicate with a large, Loki-
sized lava lake, it would most likely need to be within
<3 – 5 km of the surface.

Perhaps Loki is not an “active lava lake” at all.
Loki certainly has the morphology of a lava lake, but
it may be more similar to a terrestrial lava pond,
where lava pours into a low-lying region, but the lava
does not maintain coherent communication with the
reservoir.

As with any numerical model, the results are only
as good as the assumptions and input.  The major
assumptions presented here involved the area of the
lava lake and the thermophysical properties of the
magma.  Galileo- and Earth-based observations

suggest that perhaps only the southwester portion of
the Loki lake is actually “active” [e.g., 2, 3].  If the
area of the active lake at Loki is reduced to 1/4 the
dark region in Figure 1, the reservoir volume is
reduced by an order of magnitude—and the result of
a relatively small, probably thin, reservoir remains.
If the magma is sulfurous rather than silicic, or
ultramafic rather than mafic, the thermophysical
properties do not change significantly, and the model
still results in a relatively small reservoir.

Implications:   Preliminary results from the
models presented here for Loki patera suggest the
following conclusions:

1) If Loki is an active lava lake, the magma
reservoir is similar to that observed at fast-
spreading mid-ocean ridges on Earth,
implying a long-lived, constant (but
relatively small) magma flux.  In this sense,
Loki is unlikely to be fed by a global magma
ocean.  Instead, Loki may be fed by a small
magma “lens” or reservoir that is replenished
through a hot (possibly mushy) mantle.

2) Loki is not an active lava lake.  Instead, the
periodic temperature increases observed from
1986-2002 are the result of surface flows.

We will continue to examine Loki and other
possible lava lakes on Io to refine these
interpretations.
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