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ABSTRACT
Paterae (volcano-tectonic depressions) are among the most prominent topographic
features on Io. They are unique, yet in some aspects they resemble calderas known and
studied on Earth, Mars, and Venus. They have steep walls, flat floors, and arcuate
margins, typical of terrestrial and Martian basalt shield calderas. However, they are
much larger (2 km – 202 km diameter, mean 42 km ± 3 km) and typically lack obvious
shields. They are often angular in shape or are found adjacent to mountains, suggesting
tectonic influences on their formation. A preferential clustering of paterae at the
equatorial sub- and anti-jovian regions is likely a surface expression of tidal massaging
and convection in the asthenosphere. Paterae adjacent to mountains have a mean
diameter 14 km ± 9 km larger than that for all paterae, which may indicate paterae grow
larger in the fractured crust near mountains. Nightside and eclipse observations of Pele
Patera by the Cassini and Galileo spacecraft reveal that much of Pele’s visible thermal
emission comes from lava fountains within a topographically confined lava body, most
likely a lava lake. Multiple filter images provided color temperatures of 1500 ± 80 K
from Cassini ISS data, and 1420 ± 100 K from Galileo SSI data. Hotspots found within
paterae (79% of all hotspots) exhibit a wide range of thermal behaviors in global eclipse
images. Some hotspots are similar to Pele, consistently bright and confined; others, such
as Loki, brighten or dim between observations and move to different locations within
their patera. A model for patera formation begins with heating and convection within a
high-temperature, low-viscosity asthenosphere. Magma rises through the cold, dense
lithosphere either as diapirs [for thermal softening of the lithosphere and sufficiently
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large diapirs (20 km – 40 km diameter, >5 km thickness)] or through dikes. Magma
reaches zones of neutral buoyancy and forms magma chambers that feed eruptions.
Collapse over high-level chambers results in patera formation, filling of the patera with
lava to create a lava lake, or lateral spreading of the magma chamber and subsequent
enlargement of the patera by consuming crustal materials.
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”And I saw as it were a sea of glass, mingled with fire…” –Revelation 15:2

INTRODUCTION
Work on Jupiter’s innermost moon Io over the past 25 years has yielded some of
the most stunning scientific results in the planetary science community. The discovery
by the Voyager 1 spacecraft of active volcanism on Io (Morabito et al. 1979) was a
significant enough event to have spawned a new generation of planetary volcanologists.
This group, along with many other planetary scientists, has wrestled with the mysteries of
Io, moving through many shifts of perception of the processes occurring there, since the
Voyager 1 flyby. I describe some of these perception changes as background for my
main body of work.
This thesis reviews the work I have done to understand paterae, or volcanotectonic depressions, on Io during the final years of the Galileo mission and the first years
of the Cassini mission. It can be considered a companion piece to the work of Larry S.
Crumpler 21 years ago here at the Lunar and Planetary Laboratory in which he analyzed
paterae using Voyager data (Crumpler 1983). A comparison of the two theses shows how
much knowledge of Io has changed in that time, in part because the two post-Voyager
spacecraft that encountered Jupiter have revolutionized the thinking about Io. Below I
describe the main properties of Io that relate to patera volcanism, in the order in which
they were discovered. I begin with pre-Voyager analyses and work up to Galileo
Millennium Mission (GMM) studies.
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Pre-Voyager and Voyager Io
At a mean radius of 1821 km and a bulk density of 3.53 g/cm3, Io is comparable
in size to Earth’s moon. For this reason, the science community may have expected Io to
have the same kind of thermal and volcanic history as the moon. The moon’s internal
heating is due primarily to radiogenic element decay, and its large surface area to volume
led to more rapid heat loss than on larger bodies. This left the moon volcanically dead by
~3 billion years ago (Horz et al. 1991).
Io, however, was observed from the Earth before Voyager 1 to have some unusual
properties; this led to dramatic predictions about Io’s volcanic activity. Io’s yellow
surface was dark in the ultraviolet, showed some anomalous emissions in the infrared,
and had a spectral signature that was best fit by sulfur (Sill 1973; Fanale et al. 1974;
Wamstecker et al. 1974; Nash and Fanale 1977; McEwen 1988). Some scientists
suggested that a way to get large amounts of sulfur on Io’s surface was through volcanic
fumaroles (Nelson and Hapke 1978).
Two strong predictions were made just prior to the Voyager spacecraft flybys of
Io and discovery of an active volcanic plume (Morabito et al. 1979). The first was by
Bruce Hapke (1979) who analyzed Io’s spectral signature and determined that it was best
fit by cooled, once-molten, elemental sulfur. He predicted that Io was a volcanically
active body that had outgassed all of its volatiles and then drawn sulfur from the core to
act as a volatile in copious silicate volcanism. This paper was held from publishing until
after the Voyager spacecraft arrived. The second prediction was made by Stanton Peale
(with Cassen and Reynolds 1979) who claimed that a new understanding of the orbital
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eccentricity of Io, related to the resonance orbit of Io with Europa and Ganymede,
resulted in enough internal tidal heat to produce a molten interior with a thin, cool shell.
These predictions of active volcanism of some sort were both verified by images
from the Voyagers 1 and 2 spacecraft in 1979. It was found that Io is so volcanically
active that no impact craters have been identified on its surface; Io is the only solid body
in the solar system for which this is true. Voyager’s Imaging Science Subsystem vidicon
camera, with wavelength range ~0.38 µm – 0.68 µm and multiple filters (Danielson et al.
1981), revealed that Io’s surface is covered with hundreds of large, crater-like features
that resemble volcanic calderas (Fig. 1) (Smith et al. 1979a; Carr et al. 1979). No
topographically high volcanic shields or cones were observed, only long, thin, dark flows
(suggestive of low-viscosity lava flows) emerging from patera margins. More than 300
of these “paterae” (crater-like depressions, not of impact origin) were observed and
mapped from the Voyager era (Fig. 1) (Masursky et al. 1979).
It was noted that paterae have margins that range from circular to highly elongate,
and the rims are sometimes scalloped, have complex terraces, or are not discernable
except by albedo (Masursky et al. 1979; Carr et al. 1979). Bright and dark halos frame
patera floors that are bright, dark, or have complex, colorful flow patterns (Fig. 1) (Carr
et al. 1979; Masursky et al. 1979; Schaber 1982).
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Figure 1. Color image taken by Voyager 1 in 1979 of the sub-jovian, equatorial region. Light and
dark lava flows can be seen surrounding dark, semi-round paterae. Image about 1000 km wide.
PIA00361.

A challenging issue surrounding the Voyager flybys of Io was determining
whether the erupted materials were dominantly sulfur or silicate. There was strong
spectral evidence for surficial sulfur. In addition, lava flows had sulfur-like colors, and
observed temperatures were low enough to be within the molten sulfur range. Therefore,
some scientists concluded that the dark material within and surrounding many paterae
was liquid or quenched sulfur. They suggested that the paterae contained molten sulfur
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lava lakes (Sagan 1979; Smith et al. 1979b; Lunine and Stevenson 1985). This
interpretation of Io’s volcanism led to a model of Io’s interior of a high-density silicate
mantle overlain by a liquid sulfur “asthenosphere” topped by a rigid, sulfurous crust
(Smith, Shoemaker, Kieffer and Cook 1979b). Other scientists suggested that both sulfur
and silicate volcanism was likely (Masursky, Schaber, Soderblom and Strom 1979; Carr,
Masursky, Strom, and Terrile 1979). Clow and Carr (1980) showed that features with
steep topography, such as patera walls, could not be made of sulfur because of its low
strength.
Determining whether Io’s lava flows were sulfur or silicate could have been
greatly helped with accurate temperature measurements, since the temperature difference
between the two types of liquids is several hundred to 1000° K. However, there were no
instruments that observed Io in the near-infrared, the key wavelength range for observing
silicate volcanism. The Voyager Infrared Interferometer and Spectrometer (IRIS)
instrument, with wavelength range 4 µm to 55 µm, observed elevated thermal output near
and within paterae (Hanel et al. 1979). However, observations were needed within the
0.7 µm to 4 µm range in order to make detailed temperature measurements. Therefore,
most temperatures observed by IRIS at hotspots were found to be several hundred
degrees K (minimum temperature), within the range of sulfur or silicate volcanism.

Post-Voyager Io
Analysis of Voyager data, along with groundbased observations of Io’s thermal
emission, continued throughout the intervening time between the Voyager flybys and
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Galileo Jupiter tour. These analyses continued to refine the understanding of paterae,
their distributions across Io’s surface, and their role in releasing Io’s internal heat.
Schaber (1982) studied the distribution of paterae on Io’s surface and claimed that the
size-frequency distribution is similar to that of impact craters, with a turnover to smaller
numbers at small diameters. He also claimed that they are distributed preferentially at
equatorial latitudes, in the sub and anti-Jovian regions, a finding that is corroborated by
Crumpler (1983) and by this work (Chapter 1). Lopes-Gautier et al. (1999) and Schenk
et al. (2001) also found similar distributions for all “volcanic centers”, regions delineated
both morphologically and by analysis of hotspot locations. Schaber (1982) stated that the
best analogy for paterae is the terrestrial silicic ash-flow caldera. He also claimed that the
close proximity of many paterae to mountains suggests a relationship between the two
features.
McEwen, Matson, Johnson and Soderblom (1985) found from Voyager 1 IRIS
and imaging data that there is a strong correlation between hotspots and low albedo
material. Low albedo material is most often found on the floors of paterae and is
associated with active or recent volcanism. They stated that many paterae are like lava
lakes (with the lava being sulfur, inconclusively), and some have island-like features in
them (such as Loki Patera) that resemble rafted plates. Carr (1986) suggested that most
of the resurfacing of Io is accomplished by the formation and filling of paterae, rather
than resurfacing of intervening areas. Since far fewer surface changes were observed
with the Galileo spacecraft than expected, his hypothesis was effectively confirmed
(assuming heat flow had remained constant).
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Many researchers made models of Io’s interior in the hopes of understanding its
complicated heat transfer. Peale et al. (1979) invoked a solid shell over a molten interior
to accommodate the high degree of tidal distortion observed at Io’s surface, this was later
revised by Cassen, Peale, and Reynolds (1981) to a solid shell over a molten shell over a
solid interior. Ojakangas and Stevenson (1986) proposed a model of coupled thermal and
orbital evolution that enabled tidally heated satellites to remove excess heat through
volcanism, so that the satellite never becomes appreciably molten. Gaskell et al. (1988)
claimed that Io’s unequal triaxial ellipsoid values can be explained by tidal dissipation in
a molten or partially molten asthenosphere (or ductile upper mantle that lies just below
the lithosphere), similar to the Cassen et al. (1981) model. Others reached this same
conclusion, and further showed that the majority of the asthenospheric dissipation occurs
near the equator (Segatz et al. 1988; Tackley et al. 2001) and causes basins and swells in
this region (Ross et al. 1990). McEwen (1995) put forward a thermal uplift model, in
which heat flow and large-scale topography are related. This required that the
lithosphere/asthenosphere boundary be thermal as well as compositional. In contrast,
Crumpler (1983) suggested that Io’s crust should be composed of highly differentiated
silicates, because the high degree of volcanic activity should have led to differentiation of
materials. This postulate was modeled by Keszthelyi and McEwen (1997). The model
yielded the result that each part of Io had undergone 400 episodes of partial melting,
leading to a 50 km thick, alkali-rich, silicic crust.
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Galileo Io
The Galileo spacecraft arrived at the Jupiter system in 1995, well equipped with
an army of instruments capable of studying Io’s volcanic features during its many orbits
of the system. These instruments facilitated the discovery of more aspects of Io’s
paterae, such as compositions of lava flows, patera morphologies, and styles of eruption.
Some details of patera morphologies and associated lava flows are visible in the global,
high-resolution mosaic of the anti-Jupiter hemisphere of Io (Fig. 2).
In 1998, Galileo observed Io in eclipse by Jupiter and revealed very high
temperature volcanism, higher than terrestrial basalts (McEwen et al. 1998a). The
correlation of data from two Galileo instruments, the Solid State Imager (SSI) CCD
framing camera with multiple filters and wavelength range 0.3 µm – 1 µm, and the Near
Infrared Mapping Spectrometer (NIMS), wavelength range 0.7 µm – 5.2 µm (smaller
wavelength channels did not function), resulted in temperatures for the eruption of Pillan
Patera of 1875 ± 25 K. This represents certainly silicate, at least basaltic, and possibly
ultramafic (magnesium-rich silicate) volcanism (McEwen et al. 1998a; Williams et al.
2001a). Ultramafic volcanism does not currently occur on Earth; however, there are
terrestrial Precambrian lava flow deposits that have high magnesium contents (MgO >
18%) with geochemistry that suggests they had high eruption temperatures (> 1600 K)
and low dynamic viscosities (< 2 Pa s) (Arndt and Nisbet, 1982).
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Figure 2. Mosaic of the anti-Jupiter hemisphere of Io, taken by Galileo SSI through 3 different filters,
July 1999. Resolution 1.5 km px-1. Image is false color; blue and red are emphasized to show
regional variations in frost coverage (blue regions) and active volcanism (red and black regions, most
are within or around paterae). Bright yellow rings are SO2 deposits from plume eruptions.
PIA02309.
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As a result of this observation, scientists began to consider that ultramafic
volcanism was occurring on Io. Several lines of evidence pointed to this conclusion: the
high Pillan temperatures, the thin (<10 m), dark, lava flow morphologies consistent with
this type of material, the steep walls of paterae and their lack of topographic edifices,
indicative of formation by fluid, dense, mafic lavas, and the detection of a possible
orthopyroxene signature by Geissler et al. (1999). High degrees of partial melting of the
mantle are required to deliver ultramafic materials to the surface without differentiation.
Keszthelyi, McEwen, and Taylor (1999) suggested this high percentage (up to 50%) of
partial melt could exist in a “mushy magma ocean”, a viscous slurry of silicate liquid and
crystals in the asthenosphere. Kargel et al. (2003) discussed the materials, such as
ceramics (CaO and MgO), that would be produced by even higher-temperature volcanism
on Io, since very high temperatures (>2000 K) may have been observed (although current
analyses cannot conclusively prove this; see Chapter 4).
During the Galileo tour, it was found that many hotspots exhibited silicate
volcanism temperatures, and many of those were associated with paterae (Lopes-Gautier
et al. 1999). McEwen et al. (1998b) found that at least 30 of Io’s volcanic vents glowed
brightly enough to be observable by Galileo SSI, at wavelengths that required
temperatures to be at least 1000 K. They thus concluded that active silicate volcanism
was ubiquitous on Io. Due to these observations and the discovery of high temperature
volcanism, the generally accepted view of Io’s lithosphere became that of layers of mafic
to ultramafic silicates, interbedded, near the surface, with thin layers of sulfur compounds
expelled by volcanoes.
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The latter years of the Galileo mission produced increasingly higher resolution
images of Io, as the spacecraft ventured into the charged particle-rich environment of Io’s
orbit (McEwen et al. 2000; Spencer et al. 2000a; Lopes-Gautier et al. 2000; Keszthelyi et
al. 2001; Lopes et al. 2001; Rathbun et al. 2004; Turtle et al. 2004). A high-resolution
(30 m/pixel) image of Pele Patera obtained during October 1999 showed a glowing line
of hotspots extending over 15 km, the entire length of the image (Fig. 3a). This was
interpreted to be the exposure of hot lava along a fissure in the cool crust on a lava lake
surface. The crust may have broken up against the patera walls, creating the fissure
(McEwen et al. 2000). This was the first direct imaging evidence, not based on thermal
emissions, that strongly suggested active lava lakes are present in some paterae (McEwen
et al. 2000; Keszthelyi et al. 2001).
Studies of Emakong Patera (Fig. 3b) left open the possibility that some paterae
erupt large volumes of sulfur as primary lava flows. This patera exhibited relatively cool
temperatures throughout the Galileo tour, although its dark patera floor should indicate
active, or recent, silicate volcanism (McEwen et al. 1998b). The low temperatures and
bright lava flows emerging from its rim are consistent with eruptions of sulfur and not
silicate flows (Fig. 3b) (McEwen et al. 2000; Williams et al. 2001b).
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Figure 3. Major discoveries by Galileo about paterae. Long line of hotspots in 3(a) was interpreted
as being caused by breakup of a lava lake crust against the patera walls. Bright lava flow to the east
of Emakong Patera in 3(b) could result from overflow of the patera margins. Two irregular-shaped
paterae sit at either end of a mountain in 3(c), indicating that tectonism may have played a role in
their formation. 3(a) PIA02511, 3(b) updated from PIA02598, 3(c) PIA02526.
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Figure 4. Image of sub-jovian hemisphere of Io (280° center longitude) with the locations of major
features discussed in this thesis work marked for reference (feature to right of name). Image from
Voyager mosaics, ranging in resolution from 2 km line pair-1 (similar to px-1) to 10 km px-1.
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Figure 5. Image of anti-jovian hemisphere of Io (130° center longitude) with the locations of major
features discussed in this thesis work marked for reference (feature to right of name, except ChaacCamaxtli chain of paterae). Image from Galileo C21 observation (b/w version of Fig. 2), resolution
1.5 km px-1.

Mountains on Io appear to be tectonic, rather than volcanic, constructs. Scientists
stated that the heights (up to 17 km) and high-angle slopes of the mountains require
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primarily silicate compositions (Carr et al. 1979; Masursky et al. 1979; Clow and Carr
1980; Schaber 1982). No global patterns of mountain distribution, that may indicate
plate tectonic-like behavior, have been observed, except that there may be a slightly
preferential distribution of mountains on the leading and trailing hemispheres (Schenk et
al. 2001). Many paterae are in direct contact with mountains, which may indicate there is
some genetic relationship between the two features (Fig. 3c) (Carr et al. 1979; Turtle et
al. 2001; Jaeger et al. 2003). To accommodate the growing understanding of the tectonic
influence on the formation of paterae, researchers revised their definition of ionian
paterae from “calderas” to “volcano-tectonic depressions” (McEwen et al. 2000).
Scientific understanding of the distribution of hot materials within paterae
continued to change due to high-resolution observations of paterae by Galileo SSI,
NIMS, and the long wavelength infrared instrument Photopolarimeter Radiometer (PPR).
Observations by PPR revealed that the location of the hottest materials within Loki Patera
(Fig. 4) shifted nearly 100 km over 4 months (Spencer et al. 2000a). NIMS also observed
Loki and found that the central “island” (which had not changed appreciably since
Voyager) was much colder than surrounding dark materials (Lopes-Gautier et al. 2000).
Because observations were taken over timescales of several months, scientists
were able to construct models of eruption styles of various volcanic centers that were
tested against observation, both from Galileo and groundbased work (Howell et al. 2001;
Marchis et al. 2001). Davies et al. (2001) found that some volcanic centers erupted as
active lava lakes within paterae (e.g., Pele) while others erupted in lava flows outside of
paterae (e.g., Pillan, Fig. 4). Keszthelyi labeled high-energy, outburst eruptions as
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“Pillanian”, because of the eruption of this style observed at Pillan Patera in 1998, and
long-lived, steady, sheet flow eruptions as “Promethean”, because of the style of
eruptions observed at Prometheus Patera during multiple Voyager and Galileo
observations (Fig. 5) (Keszthelyi et al. 2001). Later, Lopes et al. (2004) described
eruptions that occur within paterae as “Lokian”, since Loki is a large, consistently active
patera.
All of these observations and models led to a picture of paterae as features of
tectonic and volcanic origin, with high thermal output, perhaps in some cases in the form
of active lava lakes with rapidly cooling crusts and lava flows that sometimes overtop
their margins.

Approach
In this work, I seek an increased knowledge of the formation and evolution of
paterae on Io. This is informed by previous work described above and has three major
emphases: the distribution and morphologies of paterae, the distribution and temperature
calculations of hotspots or volcanic centers, and an analytical model for patera formation.
Chapter 1 is a study of a database of all paterae identified on Io, in particular, their
distribution, sizes, morphologies, and erupted products. These aspects of paterae are
compared with similar aspects of calderas on the Earth and other planets. This work has
been published as:
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Radebaugh, J., L. Keszthelyi, A. McEwen, E. Turtle, M. Milazzo, and W. Jaeger 2001.
Paterae on Io: A new type of volcanic caldera? J. Geophys. Res. 106, 33,005-33,020.

The majority (~85%) of the work for this paper, including data collection and
analysis, was done by me; however, coauthors helped tremendously with some data
collection and analysis and with interpretations. Coauthor Keszthelyi measured and
compiled data for the Voyager-imaged paterae (~40% of the total) and helped with
comparisons with calderas and the creation of the formation model figure; coauthor
McEwen helped with statistical analyses of patera distributions and overall
interpretations. Coauthors Turtle and Jaeger helped analyze relationships between
paterae and mountains and did structural interpretations of patera morphologies, and
coauthor Milazzo helped with image processing and interpretation.
Chapter 2 describes the expansion of the database of paterae from Chapter 1 to a
database of all paterae, mountains, and hotspots on Io. I explore the physical and spatial
relationships between these three major morphologic features on Io to begin to assess the
interdependence of volcanism and tectonism on Io.
Chapter 3 is a detailed description of past research on the thermal behavior of Io’s
volcanic centers. It outlines the methods used by researchers to find color and brightness
temperatures of hotspots and to relate them to actual temperatures of eruptions.
Chapter 4 is a study of a single volcanic center, Pele, primarily calculations of
color temperatures from various observations. It is also the study of Pele’s eruption style,
morphology, and changes over time. This has been published as:
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J. Radebaugh, A. S. McEwen, M. Milazzo, L. P. Keszthelyi, A. G. Davies, E. P. Turtle,
D. Dawson 2004. Observations and temperatures of Io’s Pele Patera from Cassini
and Galileo spacecraft images, Icarus 169, 65-79.

Approximately 90% of the actual data collection and analysis in this work was
done by me, although I had valuable assistance from coauthors. Coauthor McEwen
explained the methods of the data analysis to me and thought of the initial idea. Coauthor
Milazzo assisted greatly with the data processing and image analysis; coauthor
Keszthelyi had substantial input to the error analysis and generated the Gaussian error fit
plots. Coauthor Davies helped interpret the data for the eruption style of Pele, coauthor
Dawson provided data tables and interpretations of Cassini data, and coauthor Turtle,
along with the other coauthors, provided substantial input to interpretation of data,
writing style, and proper use of images.
Chapter 5 is a comparison of global hotspot images from Galileo with underlying
geomorphology, obtained from daytime Voyager and Galileo images. This exercise tells
us where eruptions occurred within paterae and flow fields and how eruptive activity at
volcanic centers changes over time.
In Chapter 6, I present a model for patera formation that is motivated by all of the
observations and studies that are described in previous chapters of this thesis and relies
upon analytical models of magma generation and rise to the surface.
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The study of Io during the Galileo era has been interdisciplinary and highly
collaborative, and to the end of understanding many aspects of Io I have contributed to
work led by others. Following is a list of papers about Io that I have participated in
during my graduate career:
McEwen, A. S., M. J. S. Belton, H. H. Breneman, S. A. Fagents, P. Geissler, R. Greeley,
J. W. Head, G. Hoppa, W. L. Jaeger, T. V. Johnson, L. Keszthelyi, K. P. Klaasen, R.
Lopes-Gautier, K. P. Magee, M. P. Milazzo, J. M. Moore, R. T. Pappalardo, C. B.
Phillips, J. Radebaugh, G. Schubert, P. Schuster, D. P. Simonelli, R. Sullivan, P. C.
Thomas, E. P. Turtle, D. A. Williams 2000. Galileo at Io: Results from HighResolution Imaging, Science 288, 1193-1198.
Keszthelyi, L., A. S. McEwen, C. Phillips, M. Milazzo, P. Geissler, D. Williams, E. P.
Turtle, J. Radebaugh, D. Simonelli, and the Galileo SSI Team 2001. Imaging of
volcanic activity on Jupiter’s moon Io by Galileo during the Galileo Europa Mission
and the Galileo Millennium Mission. J. Geophys. Res. 106, 33025-33052.
Turtle, E. P., W. L. Jaeger, L. P. Keszthelyi, A. S. McEwen, M. Milazzo, J. Moore, C. B.
Phillips, J. Radebaugh, D. Simonelli, F. Chuang, and P. Schuster 2001. Mountains
on Io: High-resolution Galileo observations, initial interpretations, and formation
models. J. Geophys. Res. 106, 33,173-33,200.
Williams, D. A., J. Radebaugh, L. P. Keszthelyi, A. S. McEwen, R. M. C. Lopes, S.
Doute, and R. Greeley 2002. Geologic mapping of the Chaac-Camaxtli region of Io
from Galileo imaging data, J. Geophys. Res. 107, 5068. doi: 10.1029/2001JE001821.
Jaeger, W.L., E. P. Turtle, L. P. Keszthelyi, J. Radebaugh, A. S. McEwen, and R. T.
Pappalardo 2003. Orogenic tectonism on Io. J. Geophys. Res. 108,
doi:10.1029/2002JE001946.
Kargel, J. S., R. W. Carlson, A. G. Davies, B. Fegley Jr., A. Gillespie, R. Greeley, R. R.
Howell, K. L. Jessup, L. Kamp, L. P. Keszthelyi, R. M. Lopes, T. J. MacIntyre, F.
Marchis, A. S. McEwen, M. Milazzo, J. Perry, J. Radebaugh, L. Schaefer, N.
Schmer, W. D. Smythe, J. R. Spencer, D. A. Williams, J. Zhang, and M. Zolotov
2003. Extreme Volcanism on Io: Latest Insights at the End of the Galileo Era. Eos
84, 313.
Keszthelyi, L., W. L. Jaeger, E. P. Turtle, M. Milazzo, and J. Radebaugh 2004. A postGalileo view of Io's interior. Icarus 169, 271-286.
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CHAPTER 1. PATERAE ON IO: A NEW TYPE OF VOLCANIC CALDERA?
From a published paper with the same title, by:
Radebaugh, J., L. Keszthelyi, A. McEwen, E. Turtle, M. Milazzo, and W. Jaeger 2001, J.
Geophys. Res. 106, 33,005-33,020.
Proportions and descriptions of work done on this project by the author of this thesis can
be found in the thesis introduction.

Abstract. Paterae, defined by the International Astronomical Union as “irregular
crater[s], or complex one[s] with scalloped edges,” are some of the most prominent
topographic features on Io. Paterae on Io are unique, yet in some aspects they resemble
calderas known and studied on Earth, Mars, and Venus. They have steep walls, flat
floors, and arcuate margins and sometimes exhibit nesting, all typical of terrestrial and
Martian basalt shield calderas. However, they are much larger, many are irregular in
shape, and they typically lack shields. Their great sizes (some >200 km diameter) and
lack of associated volcanic edifices beg comparison with terrestrial ash flow calderas;
however, there is no convincing evidence on Io for the high-silica erupted products or
dome resurgence associated with this type of caldera. Ionian paterae seem to be linked
with the eruption of large amounts of mafic to ultramafic lavas and colorful sulfur-rich
materials that cover the floors and sometimes flow great distances away from patera
margins. They are often angular in shape or are found adjacent to mountains or plateaus,
indicating tectonic influences on their formation. A database of 417 paterae on Io
measured from images with <3.2 km pixel-1 resolution (80% of its surface) reveals that
their mean diameter of 41.0 km is close to that for calderas of Mars (47.7 km), is smaller
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than that for Venus (~68 km), but dwarfs those for terrestrial basalt shield calderas (6.6
km) and ash flow calderas (18.7 km). Thirteen percent of all paterae are found adjacent
to mountains, 42% have straight or irregular margins, and 8% are found atop low shields.
Abundant, smaller paterae with more continuously active lava eruptions are found
between 25°S and 25°N latitude, whereas fewer and larger paterae are found poleward of
these latitudes. Patera distribution shows peaks at 330°W and 150°W longitude, likely
related to the direction of greatest tidal massaging by Jupiter. Ionian patera formation
may be explained by portions or combinations of models considered for formation of
terrestrial calderas, yet their unusual characteristics may require new models with a
greater role for tectonic processes.

1.1. Introduction
Jupiter’s moon Io is a body replete with amazing geologic features, such as giant
lava flows, high lava fountains, and tall mountains. Among the most prominent and
significant of these features are the paterae: saucer-like depressions that are often filled
with lava flow deposits. The International Astronomical Union definition of patera is "an
irregular crater, or a complex one with scalloped edges" (Planetary Nomenclature home
page, http://wwwflag.wr.usgs.gov/USGSFlag/Space/nomen/nomen.html, 2000). This
definition does not make assumptions about formation mechanism or whether or not
paterae have a volcanic or any other genetic association, except that they lack the obvious
characteristics of well-preserved impact craters. Ionian paterae do not appear to be lunar-
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type lava-filled impact basins; their morphologies and size-frequency distributions are
different.
Paterae found on Io have mostly been interpreted to be volcanic calderas (Carr et
al. 1979; Schaber 1982; McEwen et al. 1985), similar to those found on Earth, Mars, and
Venus, all planets on which there has been vigorous and long-lived volcanism. A
terrestrial caldera is defined as a large volcanic depression, more or less circular in form,
the diameter of which is many times greater than any included vent (Williams 1941).
Because of the unique characteristics of calderas on other planets, Wood (1984)
suggested the definition “a multi-kilometer wide, quasi-circular depression, not of impact
origin, formed in volcanic terrain by collapse into a partially drained magma chamber.”
He added that “calderas occur in volcanic systems which are repeatedly active over long
time periods (103-106 years),” to distinguish them from volcanic craters. Unfortunately,
on Io it is difficult to confirm that paterae form primarily by collapse due to the draining
of a shallow magma chamber, making us cautious in applying the term “caldera” to
paterae. We describe Ionian paterae and then discuss mechanisms for their formation.
Io is currently the most volcanically active body in the solar system, and it is
possible to watch changes associated with many of its over 400 paterae. We have
observed color and albedo changes at Pillan, Prometheus, and many other paterae over 20
years (McEwen et al. 1998b). In addition, some paterae’s colors or albedos have
changed between Galileo spacecraft orbits, such as Tvashtar Catena (a string of paterae)
and Pillan Patera (Phillips 2000). Images of Io’s surface acquired by Galileo do not
reveal changes to patera topography.
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Figure 6. A string on ionian paterae; there are 12 shown in this image, ranging from <5 km to over
90 km long axis (Chaac Patera, west end of image). Long and short axes are marked with arrows.
Paterae with irregular and/or straight margins are labeled; paterae labeled elliptical, subround, and
round are considered “regular.” The range of colors displayed within and around the paterae is
likely due to the presence of SO2 and elemental S. Camaxtli Patera (east end of image) has a floor
mottled by recent flows and is surrounded by dark diffuse material, possibly silicate pyroclastics.
The small dark patera west of Camaxtli is a source of high heat output observed by NIMS in October
1999. Imae taken by Galileo SSI February 2000 at 200 m px-1 resolution; image covers 130° W to
160° W longitude, 10° N latitude, ~850 km across. PIA02566.

Thermal observations indicate that most or all dark areas on Io are currently, or
were very recently, active (McEwen et al. 1985, 1997). The majority of paterae on Io
(83% of those measured at <3.2 km pixel-1 resolution) have floors that are partially or
completely dark (normal reflectance <0.4), but many are potentially mantled with highalbedo material, possibly SO2 frost from nearby eruptions (Geissler et al. 1999) (Fig. 6).
These “ghost” paterae did not have active lava flows associated with them in the recent
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past, yet they must be young features, given that the global average age of Io’s surface is
<1 million years old (Johnson and Soderblom 1982; Phillips 2000). A volcanic body on
Earth is “active” if it has erupted in historic times, or “dormant” if it is not erupting but
likely to do so in the future (Jackson 1997). By these standards, volcanic eruptions
within most of the >400 paterae seen on the young surface of Io may be active or
dormant.
First, we discuss observations of the appearance and behavior of paterae on Io,
derived from images obtained by Galileo and Voyager spacecraft. We compiled a new
database recording information for all paterae on Io imaged at <3.2 km pixel-1 resolution.
This database was created to find global interrelationships between Ionian paterae.
Following discussion of database statistics, specific descriptions of paterae are recorded,
with reference to their tectonic associations, locations on Io, and associated lava flow
features. Implications of the analyses of patera morphologies are then addressed, through
comparisons with calderas on Earth, Mars, and Venus. Our broad base of knowledge
about calderas on these other planets allows comparisons with paterae of Io, for which we
have relatively new and limited information. Finally, we discuss conditions in Io’s
interior and possible models for patera formation.
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Figure 7. Map of locations of Ionian paterae overlain by image resolutions in regions imaged by
Galileo and Voyager. About 80% of the planet has been imaged at resolutions of 3.2 km px-1 or
better (the majority of that at <2 km px-1). Boundaries are approximate. Voyager resolutions from
Schaber (1982) and USGS Io maps.

1.2. Catalog of Io Paterae
A new database of Ionian paterae records their sizes, distributions with latitude
and longitude, morphological characteristics, proximity to mountains, straightness or
irregularity of margins, and presence atop shields. The resolution of the images used was
restricted to 3.2 km pixel-1, although it is 1-2 km pixel-1 for most regions. Information
was obtained from both Galileo and Voyager spacecraft missions as they have best
imaged different hemispheres of the moon. Approximately 80% of the moon’s surface
has been imaged at this resolution (Fig. 7); in this area 417 paterae have been catalogued.
If we extrapolate the number of paterae on this fraction of Io to a number of paterae on
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the total surface area, we estimate that close to 500 paterae cover the surface of Io
(accounting for more sparse distribution near the poles), higher than was previously
expected (Carr et al. 1979). Paterae with faint outlines, which appeared to have been
covered, were included in the catalog, but there may be many older, filled, barely
recognizable paterae that were not measured.

1.2.1. Patera Sizes
Sizes of all 417 paterae were determined by measuring their long and short axes.
The area of an ellipse containing the axes was calculated, and the effective diameter of
the patera was defined as the diameter of a circle having the same area as the ellipse. For
irregular features the dimensions measured are as representative as possible of the area of
the patera. The minimum and maximum diameters measured are 2.5 and 202.6 km, and
many are quite large, as 292 of the features measured have >20 km diameters.
Measurements of paterae and assessment of characteristics were done using images from
~1 to 2 km pixel-1, where possible, to maintain consistency across the database. There is
one region from ~200°W to 270°W and ~30°N to 60°N imaged by Voyager with
resolution of 2.0-3.2 km pixel-1 in which paterae were measured. Voyager also imaged
half of the south polar region, from ~240°W to 20°W and ~60°S to 90°S, at <1 km pixel-1
(Fig. 7). Several regions have high-resolution Galileo images that overlap the ~2 km
pixel-1 images, most commonly at ~200 m pixel-1, but up to ~7 m pixel-1, and these were
also analyzed for the presence of paterae. On the basis of these high resolution images,
we have concluded that the surface is not littered with small-sized features (<~10 km
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diameter), interspersed with fewer and larger features, as is seen in impact crater
distributions (see Fig. 6). Thus there may be a lower limit to the size at which these
features tend to form. The mean diameter of the distribution of all paterae is 41.0 km and
the median is 34.5 (Fig. 8 and Table 1). Standard deviation is 30.6, indicating a broad
spread in data, and similarly there is a leptokurtic kurtosis of +4.2, meaning the
distribution has fatter tails than in a normal distribution. Distribution of data is positively
skewed (+1.6) to the right. Data do not follow a normal distribution; rather, there is a
concentration of features at 15-20 km diameter (and fewer at diameters <15 km) and then
an exponential decline in number toward higher diameters. It is important to realize that
the following histograms are simply diagrams to illustrate distributions of paterae. In
order to minimize error that may occur from binning data in different ways, I do not
quote a specific mode, although analysis of distributions of paterae binned in different
ranges reveals that a rough modal diameter for paterae is from 5 km to 40 km effective
diameter. We can calculate the confidence interval for the mean diameter of 41 km; to
2σ accuracy this is 41 km ± 3 km diameter (see Chapter 2 for more details of this
method).
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Figure 8. Histogram of 417 ionian paterae measured at 3.2 km px-1 resolution or better versus
effective diameter. Minimum is 2.5 km, maximum is 202.6 km diameter, and mean is 41 km ± 3 km
diameter. A peak in distribution occurs between 15 and 20 km diameter, numbers then taper off
exponentially to higher diameters.
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Table 1. Summary of statistical analyses of patera/caldera diameters and distributionsa
nb
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417
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34.5
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224

202.6

38.0
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45 – 135 W
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1.1
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35.9
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22.8

8.1

2

99

161.6

43.7
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30.5

1.7

1.1

93
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39.9
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1.3
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43
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6.6

5.3

4.9

-0.1

0.9
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0.9

36

Venusd

88

~200

~68

~70

~33

~2

~1

Io
All
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N/A

N/A

N/A

a

N/A indicates data not available
Total number of paterae/calderas in category
c
All diameters given in km
d
Venus statistics approximate; data incomplete
b

1.2.2. Distribution With Latitude/Longitude.
Paterae in the database are identified by their locations on the basis of the latitude
and longitude of the intersection of their axes. Most observed paterae on Io exist between
-25° and +25° latitude; their numbers over a given area are smaller poleward of this band.
Fig. 9 is a graph of latitudinal bands versus numbers of Ionian paterae, normalized to
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surface area covered. Equal numbers across the histogram would indicate an even
distribution, but this shows there are more paterae found at low latitudes. A few spikes in
number occur at high latitudes, these may exist because image targeting was biased
toward finding interesting features, such as paterae. In general, however, the numbers of
paterae decline toward the poles. In addition, paterae from -25° to +25° latitude are
slightly smaller than those at the poles. The mean diameter for paterae from -25° to +25°
is 38.0 km, compared with a mean diameter poleward of these latitudes of 44.6 km. As
with total patera data, standard deviations for these data are quite large, 27.3 km for
equatorial regions and 33.8 km for high latitudes (Table 1). (The difference in means
would increase if Loki (220 km long axis) was removed from the equatorial data set.)

Figure 9. Histogram of 417 ionian paterae versus degrees latitude, normalized to area covered.
Greater numbers of paterae are found at equatorial latitudes, between 25° S and 25° N, than
poleward of these latitudes.
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There is also an uneven distribution of paterae with longitude. Fig. 10 shows
longitudinal bands versus number of paterae normalized to surface area covered. There is
a gap in moderate resolution coverage (better than 3 km pixel-1) between 40°W and 70°W
longitude, and the region north of 30° from 200°W to 270°W is at a resolution of 2.0-3.2
km pixel-1, instead of 1-2 km pixel-1 for other regions. However, normalized data show
definite peaks in patera number occurring near 330°W and 150°W longitude, near the
sub-Jovian and anti-Jovian points. In addition, mean diameters of paterae are greater
near longitudes 90°W and 270°W, at the leading and trailing quarters (43.7 and 52.0 km)
of Io, than the sub-Jovian and anti-Jovian quarters (34.7 and 35.9 km). Hence paterae are
less abundant but larger both at high latitudes and leading and trailing equatorial regions.
Additional statistics for this analysis are listed in Table 1.
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Figure 10. Histogram of 417 ionian paterae versus degrees longitude. Nearly twice as many paterae
are found near 150° W and 330° W, than 90° away from these regions. Data must be interpreted
cautiously because there is a gap in high-resolution data near 60° W longitude.

1.2.3. Association Between Paterae and Tectonic Features
The planform shapes of Ionian paterae range from round to extremely angular. Of
417 paterae measured at <2 km pixel-1 resolution, 42% have irregular margins or straight
sides that terminate at sharp corners. Five of the paterae in Fig. 6 are classified as
“irregular,” or having oddly curved, sharply bent, or straight-sided margins, based on
visual interpretation of images. Tupan, Prometheus, Loki (Figs. 11c, 11d, and 11e) and
Emakong (Fig. 12) Paterae are all examples of features with straight margins ending at
sharp corners. All paterae that are round, subround, or elliptical with smooth, continuous
margins are considered to be “regular,” as are five of the paterae in Fig. 6. The
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“ellipticity” of all paterae is determined on the basis of the ratio of their long to short
axes. Ellipticity of paterae in this database ranges from 1 (equivalent axes) to 5.73.
Seventy percent of paterae have ellipticites >1.25. This is only a way to quantify ratio of
axes, however, and does not take into account margin morphologies; so elliptical does not
equal irregular.

Figure 11. Two terrestrial calderas (top) shown next to three Ionian paterae for comparison (scales
are all different). (a) A basalt shield caldera atop Isabela volcano, the Galapagos Islands; (b) Valles
ash flow caldera, New Mexico; (c) Tupan Patera (20° S, 140° W); (d) Prometheus Patera, (0°, 150°
W); and (e) Loki Patera, (10° N, 310° W). Io images taken by Galileo or Voyager (Loki), Isabela
SRL-1 image, taken on STS 059-213-019, courtesy of NASA, and Valles Landsat image courtesy of
LANL/NASA.
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Figure 12. Close-up view of 80 km (long axis) Emakong Patera. Its dark floor indicates recent flows
inside the patera, long dark flows radiate away from its walls. Some light flows emerge from the east
edge of the patera, may be elemental sulfur flows. The patera is straight-sided, evidencing tectonic
controls on its formation. Image by Galileo, Nov. 1999, 150 m px-1 resolution. PIA02539.

Shadow measurements from near-terminator images of paterae reveal very deep
floors and steep walls (Carr and Clow 1984). High-resolution images (7-8 m pixel-1)
obtained by Galileo in February 2000 during the I27 orbit show the region within and
around Chaac Patera (Fig. 13). A shadow cast on the patera wall and floor enabled
calculation of the height and slope of the wall; it was found to be 2.7 km high, with a 70°
slope. For comparison, the deepest section of the Grand Canyon, Arizona, is ~1.5 km rim
to river. While the upper, more resistant layers have comparably steep slopes, the whole
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sequence taken together (at Yuma Point, Arizona) has a slope of only 30°. To create
walls of the dimensions of Chaac Patera requires a tremendous amount of movement
within the upper lithosphere of Io. The walls of Chaac, and possibly all other paterae
(and mountains), must be made of materials strong enough to support such steep slopes
without disintegrating by immediate mass wasting (Carr et al. 1979; Carr and Clow
1984).

Figure 13. Chaac Patera and a cross-section of its wall shown with the Grand Canyon for
comparison. Io images by Galileo, Feb. 2000, top image is 200 m px-1 , bottom is 7-8 m px-1. Grand
Canyon cross section from Geologic Map of the Grand Canyon, by G. Billingsly et al.

49
Paterae on Io are sometimes adjacent to mountains. Mountains on Io are not
volcanic in origin, but they appear to instead be tilted crustal blocks or stepped plateaus
(Turtle et al. 2001; Schenk et al. 2001). Of 417 paterae catalogued at <3.2 km pixel-1,
13% can be seen to abut mountains or plateaus. This number is likely a lower limit, since
it is difficult to discern mountains in low phase angle images except when stereo pairs are
available (see Fig. 10 of Turtle et al. 2001). In comparison, Jaeger et al. (2001)
determined that 42% of all mountains have one or more paterae adjacent to them. Paterae
that abut mountains or plateaus are often oddly shaped, with arcuate or scalloped margins
(Carr et al. 1979), such as the clover-shaped Gish Bar Patera (Fig. 14). This feature
formed adjacent to a mountain, which is seen rising to the north of the patera margin.
The mountain casts a shadow that can be traced down into the patera, revealing a steep
wall that drops off to a deep, flat floor. Fig. 15 shows Monan Patera and another patera
at the north and south ends, respectively, of an elongate mountain. Monan has apparently
formed around the mountain, creating an unusual worm-shaped depression.
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Figure 14. Slightly oblique view of Gish Bar Patera (15° N, 90° W). It is a large (106 x 115 km),
irregular feature that may have formed as a result of several separate caldera collapses. Mottled
lava flows cover any preexisting walls or floor characteristics. The caldera walls are steep; shadows
can be traced from the mountain to the north down into the floor. Image taken by Galileo, 500 m px1

resolution. PIA02526.
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Figure 15. Monan Patera (20° N, 105° W) is an elongate, 136 km long feature; its similar north and
south margins indicate that it may have formed as a pull-apart basin and subsequently filled with
lava. It borders the north edge of a mountain; another large, straight-sided patera borders the south
end. Image by Galileo, Oct. 1999, 500 m px-1 resolution. PIA02526.

We conclude that >40% of paterae show strong influences of regional tectonics.
At high resolution (200-300 m pixel-1), this becomes apparent on a detailed level. At
Hi’iaka Patera, a mountain appears dissected, separated by a rifted basin that has
subsequently filled in with lava (see Jaeger et al. 2001; Turtle et al. 2001). Zal, Shamash,
and Monan Paterae also likely had a large degree of tectonic influence on their formation.
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Zal is an extremely large (197 km long axis), low feature that is bordered by plateaus on
the east and west and a mountain to the south, with no definite northern margin (Fig. 16).

Figure 16. Oblique image of Zal Patera (40° N, 75° W). This is a large (198 x 132 km) depression
surrounded by a plateau on the west and mountains on the south and east. Dark flows emerge into
the patera from the west and east walls. Image by Galileo, Feb. 2000, 335 m px-1 resolution.

Dark lavas flow from fractures near the base of the walls across the floor, and the
rest of the floor is green and brown, of a different texture than its surroundings. Shamash
is 204 km along its long axis, has varicolored lavas on the floor, and is bordered by a
mountain and a plateau. It has an irregular margin (where it can be discerned), likely due
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to its mountain and plateau associations. The top and bottom margins of Monan (Fig. 15)
are congruent and almost appear to have been pulled apart from each other, away from
the north end of the mountain.

1.2.4. High-Latitude Paterae
Paterae that form at high latitudes (>50° north or south) are often especially large
and have some morphological differences from those at low latitudes. For example, a
couple of features in the string of paterae called Tvashtar Catena (Fig. 17) at 60-65°N,
118-126°W have dimensions of 177.5 x 80.6 km and 149.3 x 103.9 km. There are at
least 10 large paterae in the south polar region, imaged by Voyager, from ~330°W to
35°W up to ~50°S that are separated by a few hundred kilometers with no other paterae
between them. Creidne Patera at 52.4°S, 343.2°W is 169.9 x 78.2 km, Nusku Patera at
64.4°S, 4.9°W is 119.9 x 54.4 km, and Kane Patera at 47.8°S, 13.4°W is 144.4 x 77.6
km. Compare the features in Fig. 18, a Voyager mosaic, with typical low-latitude paterae
seen in Fig. 6. These high-latitude paterae often have margins that are steeper and more
circular than paterae in regions flanking the equator, and they do not have extensive dark
lava flow mottling as is seen on the floors of low-latitude paterae.
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Figure 17. Slightly oblique view of Tvashtar Catena and outlines of separately measured paterae in
this vicinity. Uncertain patera boundaries are dotted. Active lava flows are emerging from the base
of the walls onto the floor of the far western patera. Image taken by Galileo, Feb. 2000, 300 m px-1
resolution. PIA02550.
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Figure 18. Mosaic of south polar region. Most of these paterae are large; for example, Kane Patera
in the upper left of center is 144 km long axis. Many have round margins, compared with the
paterae at low latitudes shown in Fig. 6. Images taken by Voyager, < 1 km px-1 resolution. Image
~330° W to 30° W, 85° S to 50° S, ~900 km across. Modified from PIA01485.

1.2.5. Paterae on Shields
It has generally been thought that Ionian paterae are missing shield edifices
(Schaber 1982). Of the 80% of Io’s surface that has been imaged at resolutions of 3.2 km
pixel-1 or better, only 8% of all paterae measured have evidence of being associated with
low shields. This is based either on the paterae being the source of long flows radiating
in all directions, indicating topographic highs, or on the paterae sitting atop small features
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that have discernable basal scarps. It is important to keep in mind that broad, gently
sloping features are very difficult to detect at low phase angle. A feature described by
Moore et al. (1986) is a shield 75 by 90 km at the base, with a gentle slope, and a summit
caldera 5 km across and 100 m deep. Two features at 10-20°S and 350°W, Apis and
Inachus Tholi, are round, with positive scarps at the base, and they slope upward to small
summit paterae. It is possible that additional paterae rest atop low shields that have not
yet been detected.

1.2.6. Flows and Floor Mottling
No one type of erupted material is dominent in all Ionian paterae, so various
characteristics of flows and deposits are discussed as specific examples. Dark lavas
associated with ionian paterae appear to be mafic or ultramafic in composition (McEwen
et al. 1998a, 1998b). They have reflectance <10% when fresh, are fluidly emplaced onto
the patera floor, and in some cases extend away from the margins for hundreds of
kilometers. Many of the flows that cover the floors of paterae, for example, in Chaac
Patera, seem to be ponded with an inflated pahoehoe surface texture (Keszthelyi et al.
2001). Dark, tendril-like flows have emerged from a patera in the center left in Fig. 6.
Another example, Emakong, is a dark-floored patera that measures 80 km in diameter
along its longest axis (Fig. 12). Voluminous, fluid lava flows emerge from the patera
walls and flow away from the patera for over 100 km.
Another feature, the 30-km-diameter dark-floored patera associated with the
Prometheus lava flow, also shows evidence of at least three separate lava flows emerging
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from its southwest margin (Fig. 11d). There is a large ~100-km-long flow connected to
the patera that culminates in the base of the large Prometheus plume; however it is not
likely that this flow comes directly from the patera itself, but rather it comes from a vent
several kilometers south of Prometheus Patera (McEwen et al. 2000; Lopes-Gautier et al.
2000).
Camaxtli Patera and a small feature to its west also exhibit extensive dark flows
on their floors (Fig. 6). Camaxtli has a dark rim, possibly because lava is erupted along
the faults at the base of the patera walls, and has mottled dark flows and green deposits
on its floor. The small patera to the west has an extremely dark floor and is the location
of a strong hot spot seen by Near Infrared Mapping Spectrometer (NIMS) during the I24
Galileo flyby (October 1999) (Lopes-Gautier et al. 2000). Both dark paterae have diffuse
white deposits on their floors and at their margins, as well as diffuse dark “halos” around
them.
In addition to the dark lavas we often see light colored, fluid lavas emerging onto
some patera floors and extending outward from their margins. Emakong Patera (Fig. 12)
has erupted light colored material from its east margin into a flow field hundreds of
square kilometers in area that could possibly be composed of sulfur or sulfur compounds
(Williams et al. 2001b). A light colored, lobate “tail” over 100 km long emerges from
what is possibly a small, dark patera in Fig. 6 and appears to be covered by brighter
colored flows in a butterfly-shaped pattern.
Patera floors are also often covered in white material, possibly SO2 frost that
accumulates in cooler, less active regions, such as the floor of the patera east of Chaac
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(Fig. 13). NIMS confirmed the presence of SO2 on the “island” of Loki (Lopes-Gautier
et al. 2000). Often there are also coatings of yellow, orange, brown, and bright green
units, all thought to be elemental sulfur allotropes, perhaps contaminated by other
materials (Schaber 1982; Kargel et al. 1999) (Fig. 6). Bright red material (the color of
elemental short chain S3 and S4 polymorphs) diffusively streaks the floors and vents from
the margins of the most active paterae (Plate 1) (Schaber 1982; McEwen et al. 1998b;
Geissler et al. 1999). The diffuse material surrounding the margin of Monan Patera and a
great portion of the patera floor south of the mountain (Fig. 15) are both red, as are the
deposits from the large plume Pele. This leads to the conclusion that S2 gas is a
component of the volatiles released upon eruption, confirmed at Pele (Spencer et al.
2000b). The flows and coatings of various colors and textures intermix to produce
“mottled” floors that are typical of recently active paterae on Io. The mottling, possibly a
reflection of different flow ages and/or compositions and a hummocky surface
morphology, conceals any floor fissures, vents, or preexisting patera walls, hiding
evidence of multiple stages of collapse, if any multiple collapses have occurred (Fig. 14).

1.3. Discussion and Interpretation
The implications of the characteristics of Ionian paterae described above are
discussed in terms of the similarities and differences between paterae on Io and calderas
on other planets. We then address the processes on Io that may produce the unique
features we see.
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1.3.1 Comparison With Terrestrial/Martian Basalt Shield Calderas
On Earth, low, broad shield volcanoes found on ocean islands such as Hawaii or
the Galapagos Islands (Fig. 11a) or in continental rift valley settings, such as the Snake
River Plain, often have calderas at their summits. The morphology of these volcanoes is
a direct result of the hot, fluid nature of the basalts that are incrementally erupted from
vents on the summit and lower on the flanks. Calderas on these structures are
characterized by arcuate margins, steep, nearly vertical walls, and multiple stages of
collapse, evidenced by nesting of one caldera within another. The presence of low,
shield-type features topped with calderas having these properties on Mars, such as on
Olympus Mons, leads to the conclusion that these are also basalt shield volcanoes and
calderas (Fig. 19). The type of caldera on Mars having this morphology is named for the
above-mentioned feature (“Olympus-type”), in contrast with the other (“Arsia-type”)
(Crumpler et al. 1996) that will be addressed along with calderas of Venus.
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Figure 19. Caldera complexes atop (left) Olympus Mons and (right) Mauna Loa, Hawaii, are shown
at different scales. Both complexes are elongate and exhibit several stages of collapse. Lavas flow
downhill, away from the steep, arcuate, caldera walls. Olympus Mons image PIA02982, courtesy of
NASA/JPL/Caltech. Mauna Loa image from Compiled Volcanology Data Set 2.

The size of volcanic shields found on Mars is much greater than that for terrestrial
constructs (Wood 1984). For comparison, the largest volcanic structure on Earth is
Mauna Loa volcano, Hawaii, which is on average 150 km in diameter at its base on the
ocean floor and rises 10 km above that level, whereas Olympus Mons is ~550 km
diameter at its base and rises 25 km above reference level. The mean diameter for 43
terrestrial basalt shield calderas is 6.6 km, the median is 5.3 km, and the peak in
distribution occurs from 1 to 2 km (Table 1) (Radebaugh 1999). The mean diameter for
all 37 Martian calderas is 47.7 km (close to the mean diameter for Ionian paterae of 41.0
km), their median is 39.0, and their mode is 20-25 km (Crumpler et al. 1996).
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The summit caldera complex atop Olympus Mons and the Mokuaweoweo caldera
complex atop Mauna Loa are remarkably similar in morphology, although that atop
Olympus Mons is almost 70 km in diameter, while Mokuaweoweo is only ~6 km in
diameter (Pike and Clow 1981). Both have arcuate margins, steep, coherent walls and
flat floors, and several features are nested within one another, due to multiple stages of
collapse (Fig. 19). Tvashtar Catena and Gish Bar Patera may also be nested caldera
complexes. Tvashtar has two small paterae within one large one (Fig. 17), while Gish
Bar could conceivably be three separate nested calderas whose inner walls have been
covered by varicolored lava flows (Fig. 14).
At both Mauna Loa and Olympus Mons, lava flows radiate away from the
calderas. It is possible that after the caldera collapsed, there was a period in eruptive
history in which lava may have filled the caldera entirely then overtopped the walls and
flowed out over the surface, a phenomenon that is rare on Earth but does occur in basalt
shield calderas. Emakong Patera shows extensive flows emerging from its walls in all
directions (Fig. 12). If flows have filled the patera, overtopped the walls, and flowed out
away for at least 50 km, this is a tremendous volume of lava to erupt (at least 1000 km3
for a 500-m-deep patera). Extremely high heat flow and an efficient eruptive mechanism
must exist in order to produce that amount of lava at the patera. This may also have
happened at Prometheus, where at least three separate flows emerge from the straight
southwest margin. An alternative explanation for these observations is that high-volume
lava flows first emerged from a fissure vent, then the patera collapsed over the space
from which the magma was evacuated. In either case, there is collapse due to the
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withdrawal of magma. It is difficult to determine the relative timing of eruptions and
collapse, especially when using only postcaldera-formation remote sensing data.

1.3.2. Comparison With Terrestrial Ash Flow Calderas
Ash flow calderas are the largest volcanic features on Earth and are typically
associated with the explosive eruption of copious amounts of silica-rich volcanic ash
mixed with volatiles. These features generally do not have tall structural volcanic
edifices associated with their initial formation, just broad aprons of deposits, justifying
Wood’s (1984) description of these volcanoes as ash-flow “shields.” Although no large
ash flow caldera has erupted in historical times, it is thought that these are features
created by collapse over voids resulting from the eruption of magma from broad, shallow
reservoirs. Examples of terrestrial ash flow calderas are Valles Caldera, New Mexico
which is 24 km in diameter (Fig. 11b); Long Valley Caldera in California, which is 21
km in diameter; and the Yellowstone Caldera complex, one caldera of which is 77 km in
diameter, the largest known terrestrial caldera (Pike and Clow 1981; Spera and Crisp
1981).
Paterae on Io were initially compared with terrestrial ash flow calderas mainly
because, in terms of size, only terrestrial ash flow calderas compare with Ionian paterae
(Carr et al. 1979; Schaber 1982). The mean diameter for 129 terrestrial ash flow calderas
is 18.7 km, with a median of 15.4 km, and a peak in distribution at 12-13 km (Radebaugh
1999; Spera and Crisp 1981; Best et al. 1989; Lipman 1984; Pike and Clow 1981),
compared with a mean diameter of 41.0 km for Ionian paterae. An additional reason for
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the comparison is the lack of volcanic edifices on Io aside from paterae, with the rare
exception of a few shallow shield-like features.
Io has undergone a significant amount of volcanic activity, and this activity could
have greatly differentiated the body, concentrating low-density, high-silica materials,
such as potassium and sodium silicates, in the crust, leaving higher-density, lower-silica
content materials, such as dunite (pure olivine), in the mantle (Keszthelyi and McEwen
1997). There does not, however, appear to be any evidence for high-silica lava eruptions.
In fact, from temperature, flow morphology, and limited compositional data the lavas
appear to be mafic to ultramafic (Mg-rich) in composition (McEwen et al. 1998a;
Keszthelyi et al. 2001; Williams et al. 2001a).
Ash flow calderas are associated with resurgence, or postcaldera-forming
eruptions. A large, central, resurgent dome, as well as several smaller rhyolite domes, are
seen in Fig. 11b of Valles Caldera; such features within ash flow calderas are typical.
There is no evidence of this type of viscous dome-like resurgence in Io paterae (Wood
1984). However, their floors are the locations of deposition of new, dark, highly fluid,
postpatera-forming lavas.
There are many terrestrial cases of bimodal volcanism, or silicic and mafic
magma eruptions associated with the same volcanic system, such as at Yellowstone
caldera. Highly silicic magmas can be obtained from mantle-derived magmas that ascend
and partially melt crustal material: this partial melt ascends to shallow levels and forms
batholithic masses or erupts pyroclastically. The mantle-derived mafic magma can later
move upward through solidified silicic melt and erupt, resulting in layered or adjacent
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rhyolites and basalts (Best 1982). Iceland is a location where rhyolites and basalts are
regularly found together at central volcanoes. In this region, magma evolution is
probably brought about by partial melting of the basaltic volcanic pile, as it isostatically
subsides deep into the crust (Marsh et al. 1991).
Because of the low gravity and much lower atmospheric pressure, explosive,
silicic eruptions on Io could produce deposits so fine-grained and widely dispersed that
they would leave no well-defined deposits (Wilson and Head, 1983). The silicic magma
portion of caldera eruptions on Io would have to be restricted to plume-type, broad
dispersal of material, though there is no evidence of deposits of felsic compositions to
date.
One of the most intriguing possible eruption styles for Io is the mafic ash flow. A
combination of mafic to ultramafic magmas, high volatile content (assumed because of
the presence of large amounts of SO2 on the surface and in plumes), and eruption into a
10-9 bar atmosphere could make explosive eruptions with mafic magmas common. It
appears that the largest eruptions on Io do contain a significant explosive phase. That
may have been the reason for the large, dark deposit (the size of the state of Arizona) that
suddenly appeared at Pillan (McEwen et al. 1998b) and the lava curtain at Tvashtar
(Wilson and Head 2001). There is a substantial amount of diffuse, dark material that
surrounds the most active paterae in the Camaxtli region (Plate 1); perhaps these are
mafic pyroclastic deposits. Thus Io’s paterae may be mafic ash flow calderas.
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1.3.3. Comparison With Venus and Mars Arsia-Type Calderas
The surface of Venus is covered with large and small shield volcanoes, cones,
domes, vast plains of lava flows, and other volcanic landforms. Calderas are found on
Venus, both atop basalt-type shields and as large depressions lacking an appreciable
edifice (Head et al. 1992). Large calderas on Venus not associated with an edifice are
circular to elongate depressions with concentric fractures. These do not have steep, welldefined walls but do have a dark, central region indicating late, caldera-filling lavas
(Head et al. 1992). There does not appear to be evidence for evolved, silica-rich magmas
on Venus. An exception could be pancake domes, although these could be the result of
mafic magma eruption in a high-pressure environment (Bridges 1995).
Arsia-type calderas of Mars are discussed here with calderas of Venus because
there are similarities in their morphologies. Arsia-type calderas have wall morphologies
similar to those on Venus, in that the margins are not steep and abrupt, like the Mars
Olympus-type, but are gently sloping and sag-like, with concentric fractures (Crumpler et
al. 1996). Arsia-type calderas are larger than Olympus-type calderas, and the ratio of
caldera diameter to shield diameter is greater than that for Olympus-type calderas. The
best rationale for comparison of Ionian paterae with those of Venus and the Arsia-type on
Mars again seems to be the similarity of their great sizes; for example, Sacajawea Patera
is 200 km and Arsia Mons caldera is 115 km in diameter. There are 88 calderas
measured on Venus (“calderas only,” having no associated shield); these range up to 200
km diameter, with a mean close to 68 km, and a median and peak in the distribution close
to 70 km diameter (Head et al. 1992; Crumpler et al. 1996; Radebaugh 1999) (Table 1).
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Data for Venusian calderas are incomplete and biased toward calderas with no
constructional volcano beneath them. Once all calderas atop shields are included in the
study, the mean and median for all Venus calderas may be smaller. The minimum
diameter for Arsia-type calderas on Mars is 40 km, and the maximum is 145 km, so the
mean is 80 km, greater than that for all Martian calderas of 47.7 km.
Ionian paterae do not generally have gently sloping, stepped walls and concentric
fractures. In Plate 1, however, there are two features, one directly to the west, and the
other to the southwest, of Camaxtli Patera that display this morphology. Many other
paterae have ring-type fractures or steps that surround them; for example, Chaac Patera
seems to be on a large plateau that steps down away from the patera on every side (Fig. 6
and Fig. 13).
The difference in appearance between typical Ionian paterae and those of Venus
and Mars’ Arsia-type may indicate differences in lithospheric properties between the
bodies. It may also suggest that most paterae on Io form in a single event or an abrupt
collapse, leaving steep, straight walls, while Venusian and some Martian calderas have
formed more gradually, leaving evidence of previous movements as circular fractures.
Paterae/calderas of Io, Venus, and Mars show evidence of postcaldera lava flows that
cover their floors, as do most terrestrial calderas.

1.3.4. Interior of Io
Paterae are critical to how Io removes her tremendous tidal energy. All of Io’s
measured heat flow emanates from ~100 hot spots, most of which occur in or adjacent to
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paterae (Lopes-Gautier et al. 1999). Analysis of the differences between paterae
according to distribution on the body will enable us to better understand heat flow
through Io’s interior. High-latitude paterae, such as Tvashtar, Inti, and Hatchawa Paterae
(Figs. 17 and 18), all have steep walls and round to elliptical margins, and they usually
have some active lava flows in their interior, without having their floors completely
covered by dark lavas. They are larger than the mean, and their distribution is sparser. It
may be that there is a different type of volcanism occurring at high latitudes, one that is
marked by bursts of activity, then periods of quiescence, rather than the longer-lived,
continuous, more effusive activity that seems to occur at low latitudes (Lopes-Gautier et
al. 1999; Howell et al. 2001). Perhaps this reflects a difference in lithospheric thickness
(McEwen et al. 2000). If the lithosphere is thinner at low latitudes, then lava is closer to
the surface and is more readily and frequently transferred upward through vents. It is
possible, based on the differences in patera sizes at different longitudes, that there is also
a thinner lithosphere at the sub-Jovian and anti-Jovian quarters of Io than at the leading
and trailing quarters. A thicker lithosphere requires magma to be transported in large,
buoyant batches or in smaller batches that feed large, sublithospheric magma chambers.
Only when these chambers are periodically full might they produce high-volume,
infrequent eruptions that leave partially vacant regions over which paterae form.
The association of tectonically formed mountains and volcanism has led to the
hypothesis that mountain formation is partially controlled by mantle upwellings (Turtle et
al. 2001). This model also predicts the formation of preferred magma conduits along the
fractures bounding mountains. It appears that in many paterae, lava erupts from the base
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of the patera walls, likely because the magma moves upward along deep fractures
bounding paterae (Keszthelyi et al. 2001). While this model is still being tested, it begins
to produce a picture that links the volcanism and tectonics on Io with the dynamics of its
interior.
The asthenospheric model for tidal heating in Io predicts that there should be
centers of convection in the asthenosphere such that there is upwelling and downwelling
separated by several hundred kilometers, rather than larger-scale convection resulting in a
few widely spaced mantle plumes (Tackley et al. 2001). In addition, asthenospheric heat
flow patterns predicted by Ross et al. (1990) show greatest thermal upwellings at the subJovian and anti-Jovian points, with several smaller heat flow highs between these points
at low latitudes. The newly catalogued Ionian paterae show a distribution with latitude
that is similar to the distribution of persistent hotspots discussed by Lopes-Gautier et al.
(1999) (Fig. 9). These latitudinal distributions, separations between paterae, and
longitudinal clustering are all consistent with the idea that tidal heating is concentrated in
the upper mantle. In addition, Tackley et al. (2001) note that their assessment of the
distribution of volcanoes on Io (similar to the distribution of paterae (see also Schenk et
al. 2001)) confirms the asthenospheric heating pattern.
It is curious that the longitudinal peaks in patera number do not exactly coincide
with the sub-Jovian and anti-Jovian points. The variation in longitudinal patera
distribution is significant; the peak values are double the low values, even for data
normalized to coverage (Fig. 10). There is a small region from 200°W to 270°W, 30°N
to 60°N at 3.2 km pixel-1, yet at higher resolution (1-2 km pixel-1) this region would not
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reveal double the number of paterae that have already been measured there. Thus reasons
for the longitudinal distribution should be considered. Since tidal massaging is most
dramatic along Io’s Jupiter-pointing axis (longitude 0° and 180°), it is plausible that more
magmas could be generated near the sub-Jovian and anti-Jovian regions (Ross et al. 1990;
Lopes-Gautier et al. 1999). With more lava generation and translation through the
lithosphere, more magma chambers and lava eruptions occur, leading to the formation of
more paterae. Yet the paterae cluster around 330°W and 150°W longitude, offset
eastward by 30° from the Jupiter-pointing axis. An inventory of possible volcanic
centers (defined as the point source from which volcanic resurfacing events originate,
including paterae) by Schenk et al. (2001) reveals similar results; there are peaks in
distribution at 325°W and 165°W longitudes. Perhaps tidal massaging is tied with some
other interior magma creation or diffusion process that shifts the distribution of
paterae/volcanic centers. Io could also have undergone or be undergoing an epoch of
nonsynchronous rotation (Greenberg and Weidenschilling 1984; Gaskell et al. 1988;
Tackley et al. 2001), so that the most active hemispheres lead the current 0° and 180°
points by 30°. If the rate of nonsynchronous rotation could be determined, this would
provide a constraint for time scales of volcanic processes (Milazzo, et al. 2001a).

1.3.5. Modes of Caldera Formation: Problems for Ionian Paterae
Several terrestrial caldera formation models were created based on
volcano/caldera morphologies, compositions, behaviors over time, and local conditions
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surrounding different caldera types. Paterae on Io are compared with these models, and
we have created some additional models to suit the unique environment of Io.

Figure 20. Models for possible patera formation on Io. (a) Flank eruption of lava from a basalt
shield volcano leads to caldera formation. (b) Piston-like collapse occurs after evacuation of a silicic
magma chamber (from Lipman, 1997). (c) Interaction of lava with volatiles in the crust leads to
plume eruptions and collapse over empty regions, (d) paterae form with mountains, leading to
magma movement along faults. (e) Large pull-apart basins may result from tectonic activity; their
floors are then covered with lava. (f) Dense intrusive rocks may founder into the magma source
region, leading to surface collapse (from Walker, 1988).
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1. Flank eruptions lead to caldera formation atop terrestrial/Martian basalt shield
volcanoes through subsequent collapse of overlying material into the evacuated magma
chamber (Francis 1993) (Fig. 20a). An example of this exists in the current eruption of
Kilauea volcano on Hawaii; most magma emerges through vents on the flanks. Previous
similar eruptions led to the collapse of the Kilauea caldera. Shields on Io appear to be
rare; however, there may be a few examples of downflank eruptions on Io. For example,
a dark channel apparently emerges not directly from Emakong’s patera wall but several
tens of kilometers away. A long, lava tube-like channel may have formed as a flank
eruption from Culann Patera, and a wide dark flow begins several kilometers downslope
from Susanoo Patera.
2. Piston-like collapse over an evacuated shallow silicic magma chamber is
thought to result in formation of a terrestrial ash flow caldera, the dimensions of which
are similar to the magma chamber volume before eruption (Smith and Bailey 1968; Smith
1979; Lipman 1997) (Fig. 20b). Variations on the piston-like collapse model are
piecemeal, trapdoor, and even funnel-like collapse, all based on the need for downward
movement of large amounts of crust into partially empty magma chambers (Lipman
1997). These large magma chambers are probably able to form from coalesced pods of
magma at such shallow depths because of the density contrast in the lithosphere between
hot, buoyant, silicic magma and cool, more mafic country rock. Magmas on Io are more
mafic than those described here, and on Earth, mafic magmas do not typically coalesce
into large reservoirs at shallow depths. On Io, however, depths of magma reservoirs may
be controlled mostly by pore space volume in country rock. For a pore space volume of
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~30% the neutral buoyancy zone, and depth to magma reservoir, is ~30 km. This zone
becomes increasingly shallow for smaller fractions of pore space (Leone and Wilson
2001).
3. Explosive plume eruptions and subsequent deposition of the ubiquitous “frost”
(mostly SO2) are caused by the release of crustal or magmatic volatiles. Dikes of mafic
magma may rise through the crust from a deeper reservoir and then make contact with
frozen volatiles, such as SO2, in the crust, leading to a plume eruption and subsequent
collapse of the evacuated subsurface (Fig. 20c). Perhaps shallow magma chambers
(present because of pore space volume <30%) also interact with crustal volatiles, or they
reach a shallow enough depth that water attempts to exsolve from the magma, leading to
the explosive eruption of mafic pyroclastics (Leone and Wilson 2001).
4. Tectonic influence in patera formation is important to consider because of the
irregularity in shape of many Ionian paterae. Since mountains and plateaus are often
associated with paterae (Turtle et al. 2001; Jaeger et al. 2001), we conclude that some
paterae may form in concert with the formation or evolution of mountains. It is difficult
to determine, by observations only, the relative ages of certain paterae and associated
mountains. However, judging by the patera wall morphologies, it is clear that movement
of the crust along mountain-associated faults was still active during patera formation. A
recently observed lava fissure eruption within Tvashtar Catena occurred near a patera
wall, several tens of kilometers from the base of a mountain, and was probably created by
magma rising along complicated local faults (Fig. 20d). Eruptions like this could lead to
evacuation of a local magma chamber and caldera collapse.
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5. Some paterae appear to have formed as graben-type features, by the pulling
apart of crustal material, such as at Hi’iaka or Monan Patera (Jaeger et al. 2001).
Fractures in the crust from the tectonic activity create magma conduits up which magma
travels and then erupts onto floors of newly formed grabens, pull-apart basins, or
depressions from crustal subsidence (Fig. 20e).
6. Dense magma or solidified intrusive material that has accumulated in the crust
can sink back down into the mantle, creating a void over which overlying crustal material
collapses (Walker 1988). Dikes emerge from a deeper magma source region to feed
eruptions, then as this system cools and solidifies, its density increases. In order for this
material to sink, the upper mantle beneath it must be less dense, or the intrusive material
would never founder. This scenario is possible if we consider the upper mantle to be a
magma ocean (either locally or on a global scale), in which the partially molten mantle
material is less dense than solidified or more mafic magma (Keszthelyi et al. 1999) (Fig.
20f).
There is good evidence for the occurrence of flank eruptions on Io, which makes
the patera formation model typical of basalt shield calderas viable. Many of the paterae,
however, rest on flat plains, not large shields. Their great sizes make the ash flow caldera
formation model attractive, with collapse of a large area of crust. Paterae on Io vary
widely in size, association with other paterae or mountains, and in regularity of margins,
so it is possible that no one model adequately describes the formation of all paterae on Io.
Perhaps it is necessary to consider a combination of all of them in order to explain the
unique features seen on Io.
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1.4. Summary and Conclusions
Paterae on Io are intriguing because they exhibit some characteristics common to
various types of calderas in the solar system; yet there are significant aspects of these
features that are unique to Io. Because of their morphologies and erupted products,
perhaps we can conclude that paterae on Io are a unique hybrid of basalt shield and mafic
ash flow caldera.
Paterae on Io are affected by the tectonics of the tidally stretched body. Their
margins are often irregular or straight, and many are found adjacent to mountains or
plateaus. Some paterae appear to have formed by the rifting apart of the crust and
subsequent covering of the paterae floors by lavas. Of 417 paterae measured at <3.2 km
pixel-1 resolution by Galileo and Voyager (80% of Io’s surface), 43% have irregular or
straight margins.
The mean diameter for all paterae on Io is 41.0 km ± 3 km, smaller than the mean
diameters for Martian and Venusian calderas of 47.7 and 68 km, respectively, while the
mean diameter is 6.6 km for terrestrial basalt shield calderas and 18.7 km for ash-flow
calderas. There is a bias toward paterae forming within an equatorial band from +25° to 25° latitude, and paterae also tend to cluster around 330°W and 150°W longitudes. These
concentrations probably exist partly because tidal distortion is greatest along the Jupiterpointing axis of Io (0° and 180°W longitude). Asymmetries in tidal heating, explained by
the asthenospheric model, coupled with possible nonsynchronous rotation, may be
manifest in these nonuniform patera distributions and varying styles of volcanism. At the
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midlatitudes are many long-lived, effusive hot spots, while near the poles, there are
larger, more widely spaced paterae associated with episodic volcanism.
These features may follow formation mechanisms considered for planetary
calderas, yet major elements of patera formation on Io remain unanswered. Ionian
paterae and planetary calderas are directly tied to the volcanic and tectonic processes
immediately beneath them and thus form windows to the interiors of bodies. Further
analysis of these new comparisons of calderas on Earth, Mars, and Venus with paterae on
Io will lead to a better understanding of patera formation and evolution and of the
magmatic processes in planetary interiors.
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CHAPTER 2. DATABASE OF PATERAE, MOUNTAINS, AND HOTSPOTS ON IO

In order to begin to understand the relationships between key surface features on
Io, we have extended the database of paterae on Io, discussed in Chapter 1, to all paterae,
mountains, and hotspots on Io. It is our hope that analysis of the spatial and temporal
relationships between these features will provide more indications of the nature of the
crust of Io and the mechanisms leading to these features’ formations.

2.1. Introduction to Features
As discussed in Chapter 1, there are over 400 paterae on Io, as observed from
images at <2 km px-1 resolution over approximately 80% of Io’s surface. These are
distributed preferentially at the equatorial sub- and anti-jovian regions, and there are
fewer and larger of them near the poles. The diameters of paterae range from 2 km to
202 km, with a mean of 42 km. Paterae have morphologies similar to terrestrial basalt
shield calderas, with steep walls and flat floors; some have angular margins and some
have lava flows on their floors.
There are over 150 mountains, or individual blocks that rise above the plains, with
heights as great as 17 km above the plains (Turtle et al. 2001; Schenk et al. 2001; Jaeger
et al. 2003). Nearly all of these features are tectonic, not volcanic, since we do not see
volcanic features, such as craters, calderas, or lava flows, on the mountain peaks or
flanks. However, 41% of all mountains have one or more paterae adjacent to them,
which may indicate a genetic relationship between the two features (Jaeger et al. 2003).
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We have spacecraft and groundbased observations of nearly 160 separate hotspots
(Lopes et al. 2001; Marchis et al. 2001; Lopes et al. 2004; dePater et al. 2004). A hotspot
is any feature that has been observed to emit in the visible and infrared wavelengths that
are typical of volcanism, and that has exhibited color or brightness temperatures in the
range of ~200 K (observable by Galileo PPR and NIMS and groundbased) to 2100 K
(observable by Galileo SSI and Cassini ISS). Materials erupting at Io’s hotspots are
thought to be mafic to ultramafic silicates, and eruption temperatures for these materials
range from 1500 K to 2100 K (Johnson et al. 1988; McEwen et al. 1985; McEwen et al.
1998a; Williams et al. 2001a; Keszthelyi et al. 2001; Keszthelyi et al. 2004). Observed
temperatures have a much wider range, since instruments view all components of an
eruption, both the low-area, hot materials and the larger-area, cooler materials. Integrated
temperatures necessarily reflect all of these components and are therefore cooler than
actual eruption temperatures (see Chapters 3 and 4). In addition, there may be some
regions of sulfur volcanism on Io; these materials erupt at low temperatures. Any single
hotspot is sometimes active and sometimes dormant during a given observation. All
three features—a patera, mountain, and hotspot—are shown together in Fig. 21.
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Figure 21. Shamshu Patera is shown here adjacent to a mountain and containing a hotspot, as
evidenced by dark flows and secondary thermal data (Lopes et al. 2004). A large fracture in the
mountain to the southwest extends into smaller patera to the west, indicating possible tectonic
relationship between mountain and patera. Image from Galileo, ~300 m/pixel, PIA02555.

2.2. Methods of Analysis
Data for paterae, mountains, and hotspots on Io were collected from Galileo and
Voyager spacecraft images, and, in the case of hotspots, from groundbased observations.
The area of Io’s surface analyzed for this study was limited by image resolution; for
example, the 428 paterae in the database were measured from images with resolutions
better than 2 km/pixel, covering ~70% of Io’s surface. The area analyzed for the 151
mountains in the database was ~80-85%, since some mountains could be measured on the
terminator (the low solar illumination revealed the structures of mountains) using lower
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resolution images. The same is true for hotspots, because the most important criterion
was positive identification and was not as dependent on resolution. However, higher
spatial resolution data lead to an increase in hotspot detections (Lopes et al. 2004).
Analysis has already been performed on many aspects of the individual features. Chapter
1 of this thesis describes analyses of the sizes, distributions, and morphologies of the
paterae, and Jaeger et al. (2003) recorded the heights and diameters of mountains and
analyzed their proximity to paterae. Lopes et al. (2004) looked at patterns in hotspot
distribution and activity (see also Lopes-Gautier et al. 1999; Rathbun et al. 2004). This
chapter focuses more specifically on the interrelationships between all of the features
(e.g., Fig. 21).
The data was organized into a MySQL open source relational database, a program
that is organized according to predetermined relationships between sets of data. In this
work, the relationships between data sets are primarily based on location; for example, a
hotspot is considered “related” to a patera if it shares the same latitude and longitude.
Locations of paterae and hotspots were determined by their center latitudes and
longitudes. Since hotspots are often directly inside paterae, this method enabled a simple
process of identifying hotspots with paterae, but finding whether mountains and paterae
are adjacent (margins touching) to one another was more difficult, since the center
latitudes and longitudes of adjacent mountains and paterae are often greatly different
from each other. Thus, Windy Jaeger and I looked through images of mountains and
paterae to find adjacent features, and used the results of that study to determine the
connection between the mountain and patera datasets. Although the above relationships
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lead to interesting results (see below), they are essentially predetermined; there is also a
benefit to establishing no prior relationships, and letting the database searches yield their
own results (for example, searching within a given region on Io for what features are
present). Both methods of finding relationships between features were used in this work.

2.3. Paterae Adjacent to Mountains
Jaeger et al. (2003) showed that 41% of the mountains on Io have one or more
paterae adjacent to them, and results described in Chapter 1 indicate that only 12% of all
paterae have mountains adjacent to them. (Data analysis reported in this chapter resulted
in 34% of all mountains having one or more paterae adjacent to them (Tables 2 and 3);
more mountains included this study were near the terminator or at lower resolution,
conditions that would preclude identification of paterae. Also in this survey, 15% of
paterae have mountains adjacent to them, because some mountains were added after
Chapter 1 was written.) Given the sizeable proportion of mountains with adjacent
paterae, there may be a process that leads to the formation of paterae next to mountains.
A plot of the distribution of all mountains and all paterae that are adjacent to
mountains on Io’s surface (Fig. 22) reveals some interesting aspects of their relationship.
First, many mountains (15) have not only one, but two or even three paterae next to them,
as was found by analyzing images (e.g., Fig. 23). In many cases, paterae are arranged at
opposite ends of the mountains (Fig. 22), which may indicate that magma has exploited
fractures due to mountain formation and has emerged at the surface, leading to patera
formation (see Chapter 6 and Turtle et al. 2001; Jaeger et al. 2003).
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Second, some of the paterae that are adjacent to mountains appear to form
patterns, such as broad lineations that cover several tens of degrees of latitude (Fig. 22).
It is necessary to do detailed analyses to see if these patterns are statistically significant
(especially because certain map projections may make lineations appear when they do not
exist). If these patterns are real, they could indicate regional tectonic features on Io. One
possible explanation of such patterns is that paterae may be the surface expressions of
large-scale tectonic features related to mountain formation. Currently, no large-scale
tectonic features have been satisfactorily identified on Io (Turtle et al. 2001). This is
possibly the result of burial of the surface by SO2 frost and plume deposits (Geissler et al.
1999).
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Figure 22. Plot of all mountains on Io and all paterae that are adjacent (margins touching) to
mountains (See Chapter 1, Fig. 7 for plot of all paterae on Io). The sine of the latitude is plotted to
reduce distortion at the poles. Images were analyzed to find mountains with more than one patera
adjacent to them (15 total); those with a patera at both their north and south ends (about half) are
circled here. Some possible lineations can be seen from 120 to 180 longitude and 330 to 360 longitude
at southern latitudes, and elsewhere.
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Figure 23. Two paterae are seen adjacent to the north and south ends of a mountain (Gish Bar
Mons). Gish Bar Patera is on the south, and is approximately 100 km in diameter. Estan Patera is
on the north. A large lineation, possibly a fracture, can be seen running to the west from Gish Bar
Patera. Image from Galileo, combined low-res color and high resolution clear filter, approximately
300 m/pixel. PIA02526.

It was described in Chapter 1 that paterae have a roughly exponential decline in
size distribution (Fig. 24a). The modal patera effective diameter (diameter of a circle
having the same area as the patera) is between 5 km and 40 km, and there is a decline in
number toward greater diameter. However, paterae that are adjacent to mountains show a
markedly different distribution (Fig. 24b).
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Figure 24. Size distribution for all paterae (a, top) and all paterae adjacent to mountains (b, bottom).
There are fewer small paterae in the second distribution. Mean diameter of population in 24a (to 2σ
) is 42 km ± 3 km, and of 24b is 56 km ± 9 km. The second distribution shows a separate population
of large paterae (> 100 km).

Note that the distribution in Fig. 24(b) shows a paucity of paterae adjacent to
mountains at small diameters (< 30 km) compared with the distribution for all paterae,
and there is not a smooth decline in distribution, as there is for all paterae. Rather, there
appears to be a second population of large paterae that are all adjacent to mountains.
This has the effect of skewing the mean patera diameter from 42 km for all paterae to 56
km for those adjacent to mountains. The dual population nature of the distribution is also
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reflected in the greater standard deviation σ of 35 km for those adjacent to mountains,
compared with 30 km for all paterae.
It is important to realize that the histograms of patera distribution shown in Fig.
24 are simple illustration diagrams. To avoid inconsistencies that could arise from
binning data according to different sizes, statistics, such as modal diameter mentioned
above, are found for varying bin sizes and are quoted here in a broad sense, e.g., the
modal diameter for all paterae is from 5 km to 40 km. In addition, we can find the 95%
(2σ) confidence interval for the mean patera diameters in each population to see whether
the second population (Fig. 24b) actually does have on average higher diameters. We
calculate the standard error (2σ n-1/2) on the mean of all paterae to be ± 3 km; the mean
effective diameter of all paterae is 42 km ± 3 km. The mean effective diameter of all
paterae adjacent to mountains to 2σ confidence is 56 km ± 9 km. These mean values,
with 2σ accuracy, are close to each other, but do not overlap, so we can be confident that
paterae adjacent to mountains are, on average, larger than all paterae.
I list two possible explanations, still in the early stages of development, for these
differences in mean diameters for all paterae and those adjacent to mountains. Perhaps
large paterae form next to mountains because substantial crustal fracturing associated
with mountain building causes crustal blocks to founder into the magma source region,
leading to enlargement of the patera (see Chapter 6). Perhaps the large paterae, which are
reflected in the second population of patera sizes in Fig. 24b, are so large that they cannot
easily avoid being adjacent to a mountain, due to their areal density. (In fact, 48% of all
paterae greater than 100 km in diameter are adjacent to one or more mountains.) A
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detailed, future study of the areal distribution of mountains and paterae will inform the
work.
Table 2 shows that the percentages of paterae adjacent to mountains with dark
flows and with straight sides are roughly similar to the percentages of all paterae with
these attributes. The percentage of paterae adjacent to mountains whose margins are
“irregular”, however, is nearly twice that of all paterae with this attribute. Perhaps
paterae with irregular margins are found near mountains more frequently because crustal
blocks that have been fractured due to mountain building collapse into the magma source
regions of paterae, leading to unusual patera shapes. A study of all mountains adjacent to
paterae did not yield a difference in average height compared with the average height of
all mountains.

Table 2. Numbers and percentages of paterae adjacent to mountains

Paterae adjacent to Mountains

N

% of paterae adjacent to mtns

% of all paterae

All paterae

64

100

15

With dark flows

53

83

83

With straight sides

10

16

14

Irregular

26

41

28

2.4. Hotspots
The database enables us to keep track of the many observations of hotspot activity
and the locations of hotspots within paterae or lava flow fields. It also helps us determine
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which hotspots are long-lived or persistent, in contrast to those that erupt briefly and fade
away. Since Voyager, 164 separate hotspots on Io have been observed by multiple
platforms (Lopes et al. 2004; Rathbun et al. 2004; Lopes-Gautier et al. 1999). At least 45
hotspots have been observed to be active more than four times. Hotspots that are highly
persistent, with 15-30 observations of activity, are found both inside paterae (Loki and
Pele), indicating confined eruptions connected to a magma source, perhaps erupting as
lava lakes or ponded lavas (Howell 1997; Davies et al. 2001; Davies 2003; Lopes et al.
2002; Rathbun et al. 2002; Lopes et al. 2004; Chapter 4), and outside paterae (Pillan,
Marduk, and Prometheus), erupting in large flow fields (Davies et al. 2001).
Using the database entries for hotspots, I find that 79% of all hotspots are found
within paterae (Table 3). The mean effective diameter of paterae that have hotspots
within them is 54 km, similar to that for paterae adjacent to mountains (with a smaller
2σ), but with a different histogram shape. Since there are 338 paterae with hotspots, the
distribution is similar to that in Fig. 24a, only with a paucity of small paterae. It is
difficult to imagine why there should be fewer small paterae that contain hotspots than in
the distribution of all paterae. With groundbased and sometimes Galileo NIMS
observations, the locations of hotspots are uncertain to up to a degree or so latitude and
longitude. If there are multiple paterae within a region that contains a hotspot, the
observer may choose the larger and more visible of the paterae as the source, which
would cause the mean diameter for this population to be larger than for all paterae.
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Table 3. Associations between paterae, mountains, and hotspots

Adjacent

Adj to

With

% of

N

to patera

% of total

mountain

% of total

hotspot

total

Paterae

428

-

-

64

15

129

30

Mountains

151

52

34

-

-

N/A

N/A

Hotspots

164

129

79

22

13

-

-

2.5. All Features
The “kitchen sink” query, or, “How many paterae that have hotspots within them
are also adjacent to mountains?” utilizes all tables of the database. This query yielded the
subset shown in Table 4. There are 22 paterae that fit this query, and they range in
diameter from 23.6 km (Pele) to 129.6 km (Tvashtar).
Table 4. List of all paterae, with hotspots, adjacent to mountains

HOTSPOT_NAME

MOUNTAIN_NAME

EFFECTIVE_DIAMETER1

-13.5, 23.92

-10.4, 29.1

29.7

Shamshu Patera

-6.7, 63.1

119.1

Zal Patera

39.3, 69.8

150.6

Zal Patera

Zal Mons 13

150.6

Zal Patera

Zal Mons 2

150.6

Hi’iaka Patera

Hi’iaka Mons 3

111.7

Hi’iaka Patera

Hi’iaka Mons 1

111.7
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Table 4, ctd.

1

HOTSPOT_NAME

MOUNTAIN_NAME

EFFECTIVE_DIAMETER1

Estan Patera

Gish Bar Mons 2

69.7

Gish Bar Patera

Gish Bar Mons 2

115.1

Gish Bar Patera

Gish Bar Mons 1

115.1

Monan Patera

Monan Mons

69.2

Ah Peku Patera

Monan Mons

71.7

Tvashtar Catena 1

Tvashtar Mons 1

103.4

Tvashtar Catena 1

Tvashtar Mons 2

103.4

Tvashtar Catena 4

Tvashtar Mons 1

129.6

19.5, 131.1

14.5, 127.2

51.3

Shamash Patera

Tohil Mons

126.8

Chaac Patera

13.4, 160.7

57.7

Radigast Patera

Tohil Mons

25.5

Rata Patera

Rata Mons

51.7

Gabija Patera

-52.0, 200.9

34.2

Pele Patera

Danube Planum

23.6

Shakuru Patera

Shakuru Montes

47.3

Ulgen Patera

Ulgen Montes

46.4

Aten Patera

-44.6, 310.1

35.4

Surt Patera

43.7, 334.7

45.7

Creidne Patera

Euboea Mons 1

115.3

Creidne Patera

Euboea Mons 2

115.3

Effective diameter (diameter of a circle having the same area) of patera
Unnamed paterae and mountains are designated by degrees latitude, longitude
3
Paterae and mountains often carry an unofficial numerical designation in the database for distinction
(when there is more than one mountain in a singly named “Montes”)
2
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Figure 25. Effective diameter of all paterae, with hotspots, adjacent to mountains. Mean diameter is
75 km ± 17 km. Two nearly distinct populations are seen; their mean diameters are 47 km ± 9 km
and 121 km ± 10 km (their smaller error reflects the tighter clustering of values within the separate
groups).

Fig. 25 shows that there are two almost discrete populations of features in terms
of size, and this is reflected in the large average diameter of 75 km ± 17 km and the σ of
40 km.
To examine the two populations in Fig. 25 separately, we find the mean diameter
of paterae up to 80 km diameter to be 47 km ± 9 km and of paterae over 80 km diameter
to be 121 km ± 10 km. These values should be used with caution because of the small
numbers of data points, but it is interesting to note the large mean diameter for the second
population. This group is strongly dominated by five paterae with hotspots that are
adjacent to more than one mountain (Zal, Creidne, Hi’iaka, Tvashtar 1, and Gish Bar).
These features, all of which are over 100 km in diameter, are listed multiple times in
Table 4 (but were only counted once for the statistical analysis) because each mountain is
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listed once. It is possible that these features are a unique type of patera that is mature and
has grown large by exploiting the magma pathways of the fractured crust surrounding the
mountainous regions in which the patera initially formed. Magma pathways through the
fractured crust beneath these paterae have become well established, enabling these
features to maintain activity over long timescales. Although we have only been
observing Io at high resolution for 25 years, not long in geologic time scales, we have
observed little change in patera morphologies and no new patera formation, indicating
eruptions may occur preferentially at established volcanic centers over long time periods.

2.6. Irregular Patera Margins
In determining the mechanism of formation of ionian paterae, we must consider
the highly irregular nature of the margins of many of the features. This aspect of ionian
paterae sets them apart from calderas elsewhere in the solar system, and almost certainly
indicates a strong tectonic control on their formation, in addition to unique crustal
properties (see Chapter 1). Although the margin of every patera is in some way unique, it
is useful to quantify the irregularity of patera margins in order to compare them with
margins of calderas on other planets. I use the method of finding the ratio of the
perimeter of the feature to the perimeter of a circle having the same area as the feature.
This is essentially a measure of the deviation of the perimeter from circularity; values of
1 indicate a circular margin, all other possible values are >1. Results of this calculation
are nonunique, however, as a given value can indicate an elongate feature or a feature
with sharp or angular departures from curvature. Of 169 paterae for which this
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measurement was made, 38, or 22%, of them had ratio values greater than 1.3. Fig. 26
shows two features with values of this ratio of approximately 1.3. It is an example of the
value of this measurement, in that it shows that the feature is not round, and of the
drawback, in that it does not discriminate in what way it is not round.

Figure 26. Both paterae have a “deviation from circularity” of close to 1.3. Feature on left has a long
axis of 40 km, patera on the right has a long axis of 112 km. Both from Galileo. Left image from
Chaac-Camaxtli region, ~300 m px-1, right image from C21 global mosaic (Fig. 2), ~1.5 km px-1.

Comparisons with calderas in the solar system show that Ionian paterae generally
have more deviation from circularity, except in cases where significant extension or
tectonic modification has occurred. In the New Mexico Mogollon-Datil volcanic field
(McIntosh et al. 1991), of ten ash flow calderas measured, only two have a “deviation
from circularity” value of greater than 1.17. One of these is almost certainly a result of
nested collapse and overlap of structures. Ash-flow calderas in the Basin and Range in
the western U. S. and the Altiplano-Puna in South America have elongate dimensions; for
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example, Cerro Galan in Argentina is 35 km x 20 km (de Silva and Francis, 1991) and
the Tucson Mountains caldera is 20 km x 25 km (Lipman 1993; Kring 2002). However,
this elongation is thought to be a result of nested collapse, structural control during
formation, or post-formation extension (Pike and Clow, 1981; Best et al. 1989; de Silva,
1989). Basalt shield calderas on Mars are also often elongate due to multiple episodes of
collapse. Individual calderas in the Olympus Mons caldera complex are subround, but
the entire complex is elongate, at ~80 km x 60 km (Crumpler et al. 1996). It is not
obvious whether ionian paterae are irregular as a result of compound collapse events,
because the floors and possibly old margins become covered by lava flows. The margins
themselves in most cases do not look the same as compound caldera margins elsewhere
in the solar system (see Chapter 1 and Crumpler et al. 1996), and the formation process
that leads to these unusual shapes is still a mystery.

2.7. Conclusions
With the new database of paterae, mountains, and hotspots, we have begun to find
some key relationships between all the features. The study has shown that when multiple
paterae are adjacent to mountains, they are often found at either end, in over half the
cases at the north and south ends, of the mountains. Perhaps this indicates that there is a
global preference for zones of tectonic weakness, possibly related to tides. Paterae
adjacent to mountains have a modal diameter 10 km larger than that of all paterae. This
may indicate that patera formation next to mountains involves consumption of crustal
blocks fractured by mountain formation. Although some small paterae have hotspots and

94
are adjacent to mountains, there is a population of five paterae that carry these attributes
and are adjacent to more than one mountain. These features appear to be long-lived,
well-established, volcano-tectonic depressions.
The global database of features will continue to be useful to researchers testing
hypotheses for the formation and evolution of the major features on the surface of Io.
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CHAPTER 3. A REVIEW OF THERMAL RESEARCH OF IO

3.1. Introduction
Upon the Voyager 1 spacecraft’s arrival at Jupiter in 1979, Linda Morabito (et al.
1979) reported a plume of material emerging from the limb of Io. This discovery of
active volcanism on the distant and tiny body confirmed a just-under-the-wire prediction
by Peale et al. (1979) of volcanic activity on Io based on its orbital resonance with
Europa and Ganymede. Since that time, many observations have been made in the hopes
of catching active volcanism on Io, by Voyager 1 and 2 (1979-1980), groundbased
telescopes including Keck and the Infrared Telescope Facility (IRTF) on Mauna Kea and
other locations, Galileo (1995-2003) and Cassini (2000-2001) spacecraft, and the Hubble
Space Telescope. I briefly describe some of the main discoveries of these observations to
provide a foundation for our current work and understanding of patera volcanism on Io. I
also highlight the methods used in these discoveries that are relevant to our temperature
calculations, in order to more thoroughly explain our work.

3.2. Mathematics and Early Work
Matson et al. (1981) put forward a model of Io’s thermal emission based on the
science community’s recognition of “hot spots” on a cooler background surface as
discovered by Voyager (Hanel et al., 1979; Pearl et al. 1979). This model arises simply
from the Planck blackbody emission function B, which is dependent on both temperature
(T) and wavelength (λ):
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B( λ,T) =

2hc 2ε

λ5 [e

hc
λkT

(1)

−1]

where h, Planck’s constant, is 6.63 x 10-34 J⋅s, c is the speed of light, k, Boltzmann’s
€

constant, is 1.38 x 10-23 J K-1, and ε is emissivity, which is taken to be 1 for most
calculations for lavas on Io. (Matson also uses 0.9 and 0.8 to show that this factor does
not strongly affect the outcome of their model). To express Eq. (1) as a flux, in W m-2
µm-1, as we commonly do for lava temperature calculations, multiply Eq. (1) by π * 10-6.
The relationship between intensity and temperature can be seen in Fig. 27, which is a
series of Planck blackbody curves for different temperatures.

Figure 27. Various blackbody curves at different temperatures, modified from Equation (1) to be a
flux. The peak in intensity for 2000 K occurs in the near infrared, at about 1450 nm, while the peak
in intensity for 800 K occurs much further in the infrared, at 3630 nm.
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Matson et al. (1981) let f (0 ≤ f ≤ 1) be the fractional area in which hotspots of
temperature Ths are found among “passive” background materials of temperature Tp and
fractional area (1 - f). The observed flux is the sum of the contributions from each
component of the model:

B (λ , Tobs ) = f B(λ , Ths ) + (1 − f ) B(λ , T p )

(2)

This basic equation essentially describes the modeling done of hotspots on Io over the
past 20 years or more. Using remote sensing, we can obtain a flux from all sources,
which forms the left hand side of Eq. (2). This total flux is a combination of the flux
from high-temperature regions that fill a small area f, and the flux from lowertemperature regions that fill much larger areas (1 - f). Variations on this equation include
intermediate-temperature materials at intermediate-sized areas, and so on. In reality,
there is a whole range of materials at various temperatures and areas, since lava erupts
and then cools slowly, gradually decreasing the observed temperature.
Unknowns in this equation include the temperature and area of the hot materials
and the temperature of the cooler materials. If any of these parameters can be obtained,
then estimates can be made for the other unknowns to find a solution to the equation. By
observing the full disk of Io at various wavelengths with groundbased telescopes, Matson
et al. (1981) estimated a characteristic hotspot temperature Ths of 200 K at a fractional
area f of ~0.05 and a passive, or background, temperature Tp of 117 K.
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Matson et al. (1981) were also interested in total thermal flux, or power per area.
This is obtained by integrating equation (1) over all wavelengths:

∞

B =

∫

B (λ ) dλ = σ T 4

(3)

0

where σ = 5.669 x 10-8 W m-2 K-4 or the Stefan-Boltzmann constant. Since we have
different temperatures at different fractional areas of Io’s surface, we can express this in
terms of power per area, or global heat flow S in W m-2, from hotspot materials at
temperature Ths and fractional area f as:

S = f σ Ths

4

(4)

for which Matson et al. (1981) found a value of 2±1 W m-2.
The temperatures we have discussed thus far are brightness temperatures,
representative of the temperature of an equivalent blackbody emitting the given radiance
at the given wavelength interval. The observing community recognized that Io had
increasingly higher brightness temperatures at shorter wavelengths (e.g. Morrison et al.
1972; Hansen 1973; Gillett et al. 1970). This was an unresolved puzzle until the Voyager
spacecraft found active hotspots on Io that were causing the Planck function to shift
toward shorter wavelengths than expected.
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The Voyager IRIS instrument obtained much higher resolution (between 70 and
700 km per line pair, similar to a per pixel resolution) thermal data of Io than
groundbased instruments, including data for individual hotspots. Pearl and Sinton (1982)
used a modification of Eq. (2) to find multiple temperatures and fractional areas of the
Pele hotspot region of Io, as well as single brightness temperatures of many other
hotspots. The highest temperature found for the Pele region was 854 K. McEwen et al.
(1992) and others catalogued the hotspots of Io observed by Voyager and refined heat
flow models.

3.3. Between Voyager and Galileo
After the Voyager mission, observers continued to watch Io from Earth, looking
for evidence of volcanic eruptions with ever increasing telescopic resolution. Johnson et
al. (1988) observed a 4.8 µm brightening in 1986 that they attributed to the eruption of
silicate materials, because the brightness temperatures of 900 K they measured are above
the vaporization temperature for sulfur in a vacuum. Observers such as Spencer et al.
(1992), Blaney et al. (1995), and Veeder et al. (1994) measured brightness and color
temperatures of hotspots, discussed heat flow, and developed preliminary models for lava
cooling on Io. Blaney et al. (1995) measured temperatures as high as 1200 K, well within
the silicate, and even basaltic, volcanism temperature range. Veeder et al. (1994)
reported observations from the Keck IRTF made over the course of a decade, and using
those observations were able to characterize the long-term behavior of many hotspots,
such as the persistently bright Loki. Veeder et al. (1994) also wrote that outbursts, large
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increases in Io’s thermal output, are temporary and rare, and do not contribute
significantly to Io’s heat flow.
Observers continued throughout the mid-to-late 1990s (e.g. Blaney et al. 1997) to
return higher-resolution data of Io’s hotspots, and therefore higher temperatures (since
hot materials are found in small areas). Stansberry et al. (1997) found temperatures of
1325 ± 45 K, which they determined were best modeled as lava lakes or fire fountains.
These higher temperatures were actually color temperatures, or the physical temperature
of a blackbody that models one component of the hot spot (e.g. Lopes et al. 2001). While
brightness temperature is a measure of the energy in a given wavelength interval over the
entire pixel area, color temperature and its corresponding fractional pixel area are
constant across the entire wavelength range. This is because color temperature is found
by using the shape and amplitude of the Planck function to determine a temperature and
area (e.g. Lopes-Gautier et al. 2000). This is generally done by taking observations at
two different wavelength ranges (or through two filters) and then comparing the
observations to obtain a slope of the Planck equation. This slope is then directly related
to temperature through Eq. (1) and its derivative, or change in intensity over wavelength
range. Fig. 28 shows ratios of intensities through the clear (CL1CL2, ~300-1050 nm)
and infrared (IR4CL2, ~850-1050 nm) filters on the Cassini ISS camera, plotted vs. the
corresponding color temperature. Color temperature is not an average or maximum
temperature of a hotspot; it is simply a temperature of one component of the hotspot
within the observed region or pixel area.
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Figure 28. Ratios of expected blackbody radiation, corrected for instrument response, through the
clear (CL1CL2) and infrared (IR4CL2) filters on the Cassini ISS instrument. These ratios are
directly related to color temperature, which forms the x-axis in this plot.

During the late 1990s, researchers developed models to describe the eruption and
cooling of lavas on Io. Howell (1997) compared thermal emission data from lava flows
on Io obtained from Voyager IRIS with a 2-component temperature and area model. He
discussed that one possible eruption style of the Pele volcano is that of an active lava
lake. Davies (1996) also derived a model for lava flow and cooling on Io (the Io Flow
Model or IFM). He used groundbased observations to determine the eruption style of
various volcanoes. He mentions that without contemporaneous multispectral
observations the complexities of the eruptions cannot be known. This philosophy
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became increasingly important as researchers obtained more datasets from more
instruments. Keszthelyi and McEwen (1997) used a model created to explain the cooling
of Hawaiian basalt flows to model lava flows on Io. They introduce the parameter Tau
(τ) to describe the maximum age for a given flow, which can then be compared against
the start time of the eruption, or t0, to determine eruption type (lava flow, fountain, lake,
etc.). All of these models were developed just in time to be used to analyze the data
obtained from Galileo high-resolution observations of Io’s volcanoes and hotspots.

3.4. The Galileo Tour and High-Temperature Volcanism
The Galileo spacecraft, which began observing Io in 1995, was well equipped
with the Near Infrared Mapping Spectrometer (NIMS) and Photopolarimeter Radiometer
(PPR), instruments that could measure Io’s low-temperature sulfur volcanism and global
heat flow. When it was discovered that there was high-temperature, likely silicate,
volcanism on Io, the Solid State Imaging (SSI) instrument, mostly a visible-range
camera, became important for studying this volcanism. The SSI camera observed many
hotspots when Io was in eclipse by Jupiter, albeit at low resolution for the first several
orbits (see Chapter 5). Brightness temperatures of at least 700 K were measured by
McEwen et al. (1997) for at least 14 hotspots. Areas were also found for hotspots based
on an assumed temperature of 1000 K (given that they were expected to be silicate
eruptions). During these early orbits, NIMS obtained detailed spectra of hotspots,
although they were at lower spatial resolution than SSI observations. Davies et al. (1997)
used a variation of Eq. (2) to find a two-temperature fit to the NIMS data for a region that
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came to be known as Zamama. Lopes-Gautier et al. (1997) discussed the distribution of
hotspots as observed by Galileo NIMS, and began to compare their observations with the
long-term groundbased observations of hotspots.
The value of using multiple datasets to more accurately determine temperatures
and thermal outputs from Io’s volcanoes was realized during the later years of the Galileo
mission. McEwen et al. (1998a) achieved color temperature measurements of an outburst
eruption from the Pillan hotspot using intensities through the SSI clear (~350-1100 nm)
and 968 nm filters. This was possible because of an erroneous, yet serendipitous, camera
slew that enabled measurement of intensities despite pixel saturation, which usually
precludes accurate temperature measurements (McEwen et al. 1998a). These color
temperatures were compared with NIMS spectra of the same eruption to yield a best-fit
temperature 1825 K ±25 K (Fig. 29).
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Figure 29. Figure 3 from McEwen et al. 1998a. Three-temperature fit to NIMS spectrum of Pillan
and Pele hotspots from Galileo C9. The dashed blackbody curve is for a 544 km2 area at 475 K. The
dash-dot curve is for a 17.6 km2 area at 975 K, and the dash-dot-dot curve is for a 0.11 km2 area at
1825 K. The solid curve is the sum of the three blackbody curves, and is a best fit to the NIMS data,
which are the asterisks.

These temperatures are significant because they are high enough to be not only
silicate or even basaltic, but ultramafic (ultramafic eruption temperatures are >~1900K,
but the observed temperatures are likely several hundred degrees below eruption
temperatures, since lava forms a cool crust quickly in Io’s near-vacuum). Color
temperatures for several other volcanoes were calculated by McEwen et al. (1998a);
many of these are close to 1400 K, a comfortably basaltic eruption temperature.
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The high-resolution observations that came with the Galileo Europa Mission, or
GEM (1997-1999), and the Galileo Millennium Mission, or GMM (1999-2003), enabled
scientists to look at the Io thermal data not just as hotspot brightenings, but as actual lava
eruptions through whose radiant emissions we can determine physical behavior. For
example, Davies et al. (2000; 2003) looked at one aspect of the high-temperature
component of the eruption as hot lava exposed through cracks in the cooler crust. This is
a method used by several terrestrial and planetary volcanologists in remote sensing of
active volcanoes (Crisp and Baloga 1990; Flynn and Mouginis-Mark 1992). On Earth,
volcanologists can actually see the cracks in the cooling crust of a lava flow or lake and
recognize that high temperature emissions are coming through cracks. Burgi et al. (2002)
observed an active lava lake in Erta Ale, Ethiopia and recorded the contribution to the
thermal output from cracks in the crust and from fountains.
When lava emerges from vents as rapid flows, fountains, or pyroclastic eruptions,
it is expressed as high-temperature, short wavelength emissions. As the lava flows form
a cool crust, the emissions are observed to shift toward longer wavelengths (Davies et al.
2000; Flynn and Mouginis-Mark 1992; 1994).
Using high-resolution data obtained during the extended Galileo missions from
NIMS, SSI, and PPR, researchers began to determine eruption styles at individual
volcanic hotspots. This was done by carefully analyzing the spatial characteristics of the
data, since in some cases researchers were able to see variations across individual
hotspots, and by studying their behavior over time. For example, the Loki hotspot was
observed by Voyager to be a large, 202 km diameter, dark, volcanic depression (Smith et
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al. 1979a; Carr et al. 1979; Schaber 1982). Subsequent high-resolution data from Galileo
NIMS and PPR showed that the central bright island was cool, yet the dark floor was
warm (Lopes-Gautier 2000), with the southwest margin of Loki being the hottest (Fig.
30; Spencer et al. 2000a; Lopes et al. 2001).

Figure 30. Galileo NIMS observation of Loki patera taken during October 2001. The top right map
is 2.5 µm and shows a hot edge on the west at about 840 K. The bottom right map is 4.4 µm and
shows a high temperature of about 430 K. Notice hot materials in the right of this image, indicating
young lava flows where the resurfacing last finished. From Lopes et al. 2004 and PIA02595.

Through comparison with groundbased observations that gave the temporal
resolution that was not possible with Galileo, Rathbun et al. (2002) determined that Loki
is an episodically erupting volcano, with either rapid sheet flows or an overturning lava
lake crust sweeping from southwest to northeast in the patera. Davies (2003) also used a
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lava flow model to determine an age of the lava surface within Loki, based on its
temperature and estimated periodicity.
Joint NIMS-SSI-PPR analysis also became important during the Galileo extended
missions. As the above discussion about Loki demonstrates, utilization of multiple
complementary datasets is optimal for understanding volcanic eruption styles on Io.
NIMS can characterize the broad shape of the thermal profile of a hotspot, while SSI
provides the constraint on the short-wavelength emissions, which provides an upper limit
to the temperature of an eruption. PPR provides regional long-wavelength data, giving
information about cooling lava flow surfaces. Lopes et al. (2001) used NIMS to do twotemperature fits on several volcanoes, and found temperatures of 1760 ±210 K for Pele.
Davies et al. (2001) described the eruption style of Pele and Pillan using the Io Flow
Model (IFM) and two-temperature fits to NIMS data with some SSI constraints. Rathbun
et al. (2004) analyzed several volcanoes in high-resolution detail using PPR spectra and
reaffirmed the estimated global heat flow at 2 W m-2, which they claim is dominated by
hotspot emissions (Matson et al. 1981; Spencer et al. 2000a; McEwen et al. 2004). This
value is given by Veeder et al. (2004) to be slightly higher, 3±1 W m-2 or ~1.3 x 1014 W
total global thermal output.
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Figure 31. From de Pater et al. 2004, images of Io in eclipse from Keck at the K (2.2 µm) and L (3.8
µm) bands (second row processed using IDAC (Iterative Deconvolution Algorithm in C). Bottom
right image shows color temperatures from a ratio of the K to L band images. Volcano names can be
found in Table 2 and color temperature values in Table 4 of de Pater et al., 2004.

3.5. Groundbased and Future Work
Throughout the Galileo extended mission, groundbased observations grew
increasingly valuable for studies of Io, especially with the advent of Adaptive Optics
(AO). This technique and related data reduction methods have enabled researchers not
only to observe individual hotspots from the ground, but to watch their behavior across
several hours during a run, and then over long time scales, since observations occur every
few months. Marchis et al. (2002) observed an outburst eruption at Surt for which they
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obtained temperatures of 1400 K. Thermal emissions from this hotspot were fit by a flow
model that showed the eruption was likely a vigorous lava fountain. Researchers have
recently determined color temperatures for hotspots from the ground using multiwavelength observations (Fig. 31). De Pater et al. (2004) showed that several volcanoes
exhibited characteristics of confined, highly active sources, typical of lava lakes, based
on their strong, short-wavelength emissions.
Many more groundbased observations of Io have been made and are underway
(MacIntosh et al. 2003; Howell et al. 2001; Marchis et al. 2001), even though Galileo
was sent to the crushing depths of Jupiter in September of 2003. It is remarkable and
exciting that such observations can occur from Earth. In fact, groundbased observations
truly are the future of Io exploration, until such time as another spacecraft is put into orbit
around Jupiter.
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CHAPTER 4. OBSERVATIONS AND TEMPERATURES OF IO’S PELE PATERA
FROM CASSINI AND GALILEO SPACECRAFT IMAGES.
From a published paper with the same title, by:
J. Radebaugh, A. S. McEwen, M. Milazzo, L. P. Keszthelyi, A. G. Davies, E. P. Turtle,
D. Dawson 2004, Icarus 169, 65-79.

Proportions and descriptions of work done on this project by the author of this thesis can
be found in the thesis introduction.

Abstract. Pele has been the most intense high-temperature hotspot on Io to be
continuously active during the Galileo monitoring from 1996-2001. A suite of
characteristics suggests that Pele is an active lava lake inside a volcanic depression. In
2000-2001, Pele was observed by two spacecraft, Cassini and Galileo. The Cassini
observations revealed that Pele is variable in activity over timescales of minutes, typical
of active lava lakes in Hawaii and Ethiopia. These observations also revealed that the
short-wavelength thermal emission from Pele decreases with rotation of Io by a factor
significantly greater than the cosine of the emission angle, and that the color temperature
becomes more variable and hotter at high emission angles. This behavior suggests that a
significant portion of the visible thermal emission from Pele comes from lava fountains
within a topographically confined lava body. High spatial resolution, nightside images
from a Galileo flyby in October 2001 revealed a large, relatively cool (<800 K) region,
ringed by bright hotspots, and a central region of high thermal emission, which is
hypothesized to be due to fountaining and convection in the lava lake. Images taken

111
through different filters revealed color temperatures of 1500 K ±80 K from Cassini ISS
data and 1605 K ±220 K and 1420 K ±100 K from small portions of Galileo SSI data.
Such temperatures are near the upper limit for basaltic compositions. Given the
limitations of deriving lava eruption temperature in the absence of in situ measurement, it
is possible that Pele has lavas with ultramafic compositions. The long-lived, vigorous
activity of what is most likely an actively overturning lava lake in Pele Patera indicates
that there is a strong connection to a large, stable magma source region.

4.1. Introduction and Previous Discoveries about Pele
Jupiter’s moon Io lays claim to the hottest and most active volcanoes in the solar
system. Of the many volcanoes littering Io’s surface, Pele Patera is one of the most
distinctive and dramatic in its eruption style, activity level, and appearance (Smith et al.
1979a; Spencer and Schneider 1996; McEwen et al. 1998b). During the Voyager 1 flyby
in 1979, Pele Patera was observed to be the source of a giant, 1200 km diameter, diffuse,
red ring of deposits (Fig. 32), produced by a plume reaching 300 km in height (Strom et
al. 1981). The plume was not observed by Voyager 2, but we now know from Galileo
and Hubble Space Telescope (HST) observations that it may have been active but difficult
to detect, like a “stealth” plume (Johnson et al. 1995). HST and Galileo observations
suggest that the red material results from short-chain S, and that SO2 is also present
(Spencer et al. 1997a; 2000b; Geissler et al. 1999). The Solid State Imaging (SSI)
camera on the Galileo spacecraft and HST have shown that the plume sometimes reaches
~450 km in height (Spencer et al. 1997a; McEwen et al. 1998b). Inward of the red
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deposits is a fan-shaped deposit of dark, diffuse material that extends to 150 km from its
source and is likely to be composed of silicate pyroclastics ejected from Pele (Strom et al.
1979; Geissler et al. 1999).

Figure 32. Slightly enhanced color image of Io centered on 270° west longitude, taken by Galileo SSI
during the G1 orbit, 27 June 1996. Pele Patera is surrounded by a fan of dark, pyroclastic material
and a much larger, 1500 km diameter, red ring of sulfur-rich plume deposits. The color image is a
combination of images taken through the near-IR, green, and violet filters and has a resolution of ~14
km pixel-1. PIA00738.
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Pele also exhibits continually high thermal emission. It was the hottest spot
detected by Voyager, with a model temperature of 650 K (Pearl and Sinton 1982) that
suggested much hotter lava temperatures (Carr 1986). Galileo observations made of Io
during eclipse by Jupiter and of Io's nightside revealed Pele to be a prominent hotspot
throughout 1996-2001 (McEwen et al. 1998b; Keszthelyi et al. 2001). In many of these
instances, the thermal output at Pele was so great that it saturated the SSI detector,
preventing us from determining precise temperatures (Keszthelyi et al. 2001). Pele was
also observed by Galileo’s Photopolarimeter Radiometer (PPR) (Spencer et al. 2000a;
Rathbun et al. 2004) and Near Infrared Mapping Spectrometer (NIMS) (Lopes-Gautier et
al. 1999; Davies et al. 2001; Lopes et al. 2001; Lopes et al. 2004), and by HST and
ground-based telescopes (Spencer et al. 1997b; Marchis et al. 2001). In fact, Pele has
been active in every observation made during the Galileo era, although it may have been
inactive for a period of time between Voyager and Galileo (Spencer and Schneider,
1996).
The tremendous thermal output observed at Pele is in contrast to the relatively
small size of its patera (volcano-tectonic depression), at least in comparison to other
paterae on Io. Pele was best imaged in the daylight by Voyager 1, at about 1 km pixel-1.
It is an elongate depression, extending north from the plateau Danube Planum (Fig. 33)
(Strom et al. 1979; McEwen et al. 2000). Its dimensions are 30 km x 20 km, less than the
mean diameter for paterae on Io of 41 km and much smaller than the largest Ionian
paterae, which are over 150 km in diameter (Chapter 1), but large compared with
terrestrial basaltic calderas (mean 6.6 km; Radebaugh 1999). The activity at Pele appears
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to be confined to the southern portion of this patera, since low-albedo materials
associated with high-T hotspots on Io (McEwen et al. 1985; 1997) are found there. This
region also coincides with a large rift that runs parallel to the north margin of Danube
Planum and the south margin of Pele Patera (Fig. 33). NIMS observed high thermal
output at the southeast corner of Pele Patera during orbit I27, in Feb. 2000 (Lopes et al.
2001; Davies et al. 2001). Lower resolution (≥3 km/pixel) visible images from Galileo
show that there are no large lava flows currently emerging from Pele Patera. However,
NIMS spectra of thermal emission show persistent, elevated thermal emission peaking at
wavelengths shorter than 3 µm, indicating a vigorous eruption that is constantly exposing
new lava. These data were interpreted by Davies et al. (2001) as due to an active lava
lake with a crust disrupted by lava fountaining, which reinforced a similar conclusion by
Howell (1997) from groundbased data. A lava lake is defined as a volcanic depression
that contains exposed liquid lava, overlying and directly connected to a magma source.
This feature reveals, through energy output, the mass flux that in turn can be used to
determine the interior plumbing of the volcano (Harris et al. 1999; Davies 2003).
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Figure 33. The best resolution daytime image of Pele Patera is from Voyager in 1979. The Pele
region is shown here at ~2 km pixel-1. The patera extends north from Danube Planum, a high
plateau in the south center of this image. Pele Patera is also bounded on the south by a large, eastwest trending rift. This rift shows evidence of current volcanic activity in the form of dark
pyroclastic deposits bordering its west end, and dark material, likely lava flows, on its east end, in the
south of the patera. The figure is taken from the USGS Flagstaff global Io Voyager basemap. North
is toward the top of the image.

During the Galileo I24 flyby of Io, SSI obtained nightside observations of Pele
Patera at 30 m/pixel. Only a curving line of glowing spots, more than 10 km long and 50
m wide (Fig. 34) was observed. It was suggested that the line of hotspots marked the
edge of Pele Patera (which may also coincide with a margin of the rift) and that the
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chilled crust of a lava lake was breaking up against the patera walls, exposing the
underlying, hot, liquid lava (McEwen et al. 2000).

Figure 34. A bright, curving line of hotspots is seen here in nightside images of the Pele region from
the Galileo I24 orbit, 11 October 1999. This image was taken through SSI’s clear filter. The bright
regions resemble the margins of terrestrial lava lakes where the chilled crust breaks up against the
confining walls, exposing the hot lava beneath. Image resolution is ~30 m pixel-1, north is toward the
top.

Previously published Galileo-derived temperature estimates included 1275±15 K
from an SSI eclipse observation in 1997 (McEwen et al., 1998a). In addition, Lopes et al.
(2001) reported a median temperature of 1760 K (± 210 K) for the high temperature
component of fits to 15 hand-picked pixels within the largely-saturated, high-spatial
resolution I24 NIMS data. Maximum surface temperatures derived from a fit to a
combined NIMS-SSI dataset using a model of volcanic thermal emission (Davies, 1996)
yielded a liquidus range of 1250-1475 K.

Davies et al. (2001) found that the high-
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temperature components of two-temperature fits to NIMS data ranged from 1077 K ± 13
K to 1390 K ± 25 K, but concluded that the magma temperature needed to be >1600 K to
explain this thermal signature.

4.2. New Observations
The main objective of this paper is to present the latest spacecraft observations of
Pele Patera. In this section, we describe these data and briefly explain how we derive
lava temperatures. While most of the details of the data analysis are in the appendices, it
is important to note that these temperatures could only be retrieved with such precision
because of the exquisite calibration of the cameras on both Galileo and Cassini. Most of
the techniques we use have not been applied to terrestrial remote sensing data from
volcanoes on the Earth because such rigorous calibration data is not generally available.
The discussion of how our new results have changed our understanding of the nature of
the eruption occurring at Pele Patera is presented in later sections.
In late December 2000, the Cassini spacecraft passed near Jupiter, to gain a boost
on its long journey to Saturn (Miner 2002). Cassini obtained four sets of multiple-filter
images of Io in Jupiter’s shadow, and Pele was the most prominent of the hotspots
observed (Radebaugh and McEwen 2001; Porco et al. 2003). Cassini’s closest approach
to Jupiter was 9.72 million kilometers, so it did not image Io with the high resolution of
Voyager or Galileo. Still, at ~61 km pixel-1, the eclipse images revealed several bright
hotspots, Pele being by far the most radiant (Fig. 35).
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Figure 35. Clear filter (CL1-CL2) image of Io by Cassini ISS, obtained 1 January 2001, while Io was
in eclipse by Jupiter. The brightest hotspot south and east of center is Pele, the smaller one to the
east of Pele is Pillan. Emissions near Io's limb are auroral glows from excitation of plume gases.
Image resolution is ~61 km pixel-1.

Ten months later, Galileo flew to within only 200 km of Io’s surface, and
obtained nightside images of Pele through two filters at 60 m pixel-1 (I32 flyby, October
2001; Turtle et al. 2004). These observations provided us with much-awaited details of
the eruption morphology of the Pele volcanic center.

4.2.1. Cassini Eclipse Observations
Io passes through Jupiter’s shadow every 42.5 hours. During Cassini's flyby of
the Jovian system, the narrow angle camera (NAC) of its Imaging Science Subsystem
(ISS) returned close to 500 images of Io in eclipse (Porco et al. 2003). This suite of
images was unique for Io because of their high temporal resolution, wavelength range,
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and radiometric precision. Imaging sequences lasted from two to three hours, with
individual images separated from each other by just several seconds to minutes (Table 5).
Clear filter observations were spaced ~11 minutes apart, the first time variability in Io's
hotspot activity had been monitored from a spacecraft over such short time scales. The
Cassini ISS camera provides 12 NAC filters resulting in 144 filter combinations to cover
the wavelength range of 250-1050 nm, a major improvement over the 8 filters across
350-1100 nm for Galileo’s SSI. Futhermore, Cassini’s ISS records data at 12-bits pixel-1
as opposed to Galileo SSI’s 8-bits pixel-1.

Table 5. Details of the Cassini eclipse observations of Io.
Each observation is given a name corresponding to the day in the year 2000 or 2001. Image times are
recorded in hundredths of seconds. “SSC Lat” and “SSC Lon” indicate subspacecraft latitude and
longitude. “Time between clear/IR” are the times between the consecutive clear and infrared images
that were analyzed in pairs. “Time between pairs” is the time elapsed between consecutive clear filter
images used for pair analysis. For this paper we analyzed ten image pairs for the day364 and day001
observations, and four image pairs for the day000 observation.
Eclipse

Clear

IR filter

Time

Time

SSC

filter exp

exp

btwn

btwn

obser-

Start of

End of

vation

imaging

imaging

SSC Lat

Lon

time

time

clr / IR

pairs

day364

2000/12/29

2000/12/29

~0.5° N

300° –

0.046 s

0.197 s

48 s

11 min

09:07:44.51

12:07:44.51

2000/12/31

2000/12/31

03:07:44.51

05:07:44.51

2001/01/01

2001/01/02

22:07:44.51

01:07:44.51

day000

day001

12 s

324° W

~0.2° S

286° –

0.046 s

0.197 s

302° W

~0.8° S

280° –
305° W

0.046 s

0.197 s

3 min

5 min

13 s

35 s

48 s

11 min
12 s
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4.2.1.1. Color Temperatures from Cassini Eclipse Images
We obtained two-filter ratio temperatures of the Pele hotspot from the Cassini
eclipse data. Details of our method, including error analysis, are in Appendix A.1. The
temperatures, for all three sets of eclipse observations, are between 1260 K and 1580 K
(including ~1 sigma error bars) as illustrated in Fig. 36. However, the temperatures are
generally tightly clustered around a median value of 1360 K. These values are consistent
with other temperatures estimated from Galileo observations of Pele, as discussed in
section 1.
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Figure 36. Ratios of emission through Cassini’s clear and IR filters, plotted on the curve of ratios of
expected blackbody emissions from Fig. 46 (Appendix A.1.), in order to determine color temperature.
Plotted error bars are >1σ. Most data points are clustered between 1350 K and 1400 K.

4.2.1.2. Variation over time
Because Cassini obtained multiple image pairs over the course of each eclipse, we
were able to observe changes in intensity and temperature at Pele over time. Overall
intensity declined over the course of each eclipse observation. This is because as Pele
rotated toward the east limb of Io the camera received less of the volcano’s overall
emission (Fig. 37). If the volcano were a perfectly flat radiator, during each observation
ISS should have seen a decrease in emission from Pele by a factor of the cosine of the
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emission angle. However, the observed emission from Pele requires a correction factor
of [cos(emission angle)]1.6 (Fig. 37). The interesting implications this may have for the
geometry of the hot material within Pele is discussed later.

Figure 37. The temperatures from individual ratios are plotted against emission angle. Since
emission angle increased over time during each observation, this plot illustrates temperature changes
at Pele over the course of each eclipse observation. All temperatures are fairly constant and are close
to the median value of 1360 K. The exception is the last half of the first eclipse observation, day364
(December 29, 2000), which shows statistically significant oscillations in temperature from the lowest
(1300 ± 40 K) to the highest value (1500 ± 80 K) within just 22 minutes. This temperature change
also coincides with the highest emission angle of any of the observations.
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Figure 38. Variation in temperature against clear filter emission angle is shown for all three eclipse
observations. Each eclipse observation progresses in time from left to right. Temperatures result
from ratios of CL1-CL2 to IR4-CL2 images. Values are generally equivalent to the mean value of
1360 K derived for the temperatures during the Cassini observations, but the greatest variations
occur during day364, the first eclipse observation, which reaches the highest emission angle of all of
the observations. The observed oscillations are greater than the >1σ uncertainties and are therefore
considered to be real.

It is interesting that total intensity (Fig. 37) and temperature (Fig. 38) are not
generally correlated. However, the final intensity data point for day364 is slightly
elevated above previous points, and this corresponds to the highest temperature
calculated during the eclipse observations. The total intensity data also revealed variation
in Pele's emission over a longer timescale. If emission from Pele remained roughly
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constant throughout the three observations spanning four days, then the data should all lie
on the same curve in Fig. 37. It is clear, however, that separate curves must be drawn
through the data for each eclipse, and that there is a gradual decrease in total emission
from Pele from the first to the last eclipse observation (Fig. 37).
These are the first spacecraft observations of an Ionian eruption at this temporal
resolution. With Galileo, observations of the same regions were repeated either minutes
or months apart, but never several minutes apart over a two hour time period, and then
again 40 hours later, and again 40 hours after that. We have now been able to document
variability in thermal output at Pele on time scales of minutes, hours, days, months, and
years. This volcano is remarkable in its constant behavior, especially given that hot lava
erupts in spurts and cools rapidly.

4.2.2. Galileo I32 Nightside Observation
Galileo’s final successful imaging flyby of Io, I32, occurred in October 2001
(Turtle et al. 2004). The I32 flyby provided us with five spectacular nightside images of
Pele at 60 m pixel-1. The images appear to have entirely covered the 30 km-wide patera
and show some unexpected aspects of this unique volcano. Additionally, the Galileo
NIMS instrument obtained observations of Pele in darkness at spatial resolutions of ~1
km pixel-1, allowing coanalysis of SSI and NIMS data (Davies et al. 2002).
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4.2.2.1. Image Details
The first three images were taken through the clear filter, which has a wavelength
range of 380-1100 nm, and the second two images were taken through the 1 µm filter
with a wavelength range of 950-1100 nm. Figure 39a is a single, unprocessed, clear filter
image of the Pele region. Several features are apparent in the raw image. Many of the
bright spots in the image are saturated, and some are bleeding (as evidenced by the bright
spikes pointing downward, see Appendix A.2. for more details). The bright central
region also has some saturation and bleeding, and there are some interesting spatial
patterns here. It is important to note that the images are extremely noisy, due to the
charged-particle-laden environment in the vicinity of Jupiter. Thus, a noise removal
technique was applied to the images (Appendix A.2). The reduced-noise images allow us
to interpret the structures of the hot regions much more confidently. In particular, it is
possible to trace a faint string of hotspots down from the upper left corner of the
processed clear image (Fig. 39b), through the bright hotspots, below the bright central
region, and back up the right side of the image. There is also an elongate bright ring of
hotspots at the far right of the image. These strings of hotspots are similar to what was
observed at slightly higher resolution in February 2000 (Fig. 34).
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Figure 39. Clear filter images of the Pele region from Galileo I32. 8a shows the raw data, illustrating
the effect of radiation noise. 8b is the combination of the three clear images, using the noise removal
technique described in Appendix A.2. A faint hotspot chain can be traced across the breadth of the
“reduced noise” image.

4.2.2.2. Temperatures of Pele from Galileo I32
We used the reduced-noise clear and infrared filter images to calculate color
temperatures for the Pele region (Appendix A.3.). Since we had much better resolution
for these observations than for the Cassini observations, we could derive color
temperatures across the hot lava within Pele Patera. Figure 40 is a close-up of a singlepixel-temperature image, in which each temperature has been assigned a color, ranging
from dark red for lower temperatures, to bright yellow for higher temperatures, and white
for saturation. Much of the middle region, near the large saturation areas, has color
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temperatures of about 1270 K ±100 K. There are also some hotter zones where pixels
reach 1350 K ±200 K, 1420 K ±300 K, and 1605 K ±220 K. Some individual isolated
pixels give exceedingly high color temperatures (up to 10,000 K), but also have
correspondingly large errors. These are interpreted to be traces of radiation noise that we
did not succeed in removing from the data (Appendix A.3.) The temperature map shows
that, as expected, most of the lower temperatures are at the outer margins of the highemission areas, while the highest temperatures are closest to the saturated zones. In fact,
it is likely that we are not measuring the highest color temperatures at Pele, since those
are probably within saturated regions. This is possibly also the reason for the difference
in temperature between the Cassini and Galileo observations. Regions of Pele that
produced emission that saturated the Galileo camera and could not be used for
temperature calculations were included in our Cassini calculations of effective
temperature.
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Figure 40. Temperature map of the bright region of Pele Patera. In this image, the pixel values
represent color temperatures according to the scale. White regions are areas of saturation and/or
bleeding, for which temperatures could not be determined.

A more precise estimate of the maximum color temperature can be found by using
3x3 box averages to further reduce the effect of radiation noise. Figure 41 shows where
four boxes that were selected for their high temperatures are located on the reduced-noise
clear image. Box 1, in the region just left of center, is 1294 ±50 K. Boxes 2, 3, and 4 are
all found in the large hotspot at the far right of the image. The color temperatures derived
from using all the data in these boxes are, respectively, 1420 K ±100 K, 1310 K ±60 K,
and 1390 K ±70K. We note that these values are similar to those derived for the hightemperature components of two-temperature fits to NIMS data in Davies et al. (2001).
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Figure 41. Locations of four 3x3 pixel boxes selected from all possible 3x3 box combinations across
the images for their high temperatures. Most of the high temperatures found are in the small hotspot
in the upper right corner of Fig. 9.

There is another way to look at these data that reveals something more about the
nature of the Pele region. Figure 42 is a histogram of color temperatures from individual
pixels. What is immediately apparent is that temperatures drop off rather steeply in both
directions away from the modal value of 1270 K. There is a small range of temperatures
for the majority of the Pele region, and then there are a few temperature values higher
and lower than this. We fit the temperature distribution seen at Pele with two gaussian
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curves in an independent attempt to estimate the highest color temperatures that are likely
to exist at Pele. The first curve was fit to what was assumed to be noise, i.e., the color
temperatures >2500 K. This fortuitously also provided a reasonable fit to the color
temperatures <700 K. These low temperatures must also be noise, because the SSI
detector (at this exposure and gain setting) is not able to detect thermal emission from
such cool surfaces. The remaining data were fit with another gaussian. This fit closely
matches the main peak in the histogram, suggesting that a large portion of Pele is close to
1270 K. The second gaussian also predicts that there should be a few valid pixels with
color temperatures up to ~1500 K. It is intriguing that there is a small population of
pixels between 1450 and 1600 K that are not fit with the two simple gaussians. This
provides a hint that there may be a distinct population of smaller regions at these higher
temperatures. However, we cannot prove that these higher temperatures are statistically
meaningful.
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Figure 42. Histogram of single pixel color temperatures. Two gaussian curves are shown; the first is
a fit to the data that cluster around the mode of 1270 K, called “Data fit”. The second is a fit to
undetectable (by SSI) or physically impossible temperatures, <700 K and >2500K.

4.3. Interpretation of Recent Pele Temperature Data

4.3.1. Continuous Energy Output
The consistently high thermal output that was seen in all previous observations of
Pele continued during both the Cassini and the Galileo I32 observations. Color
temperatures of ~1350 K were seen throughout the 87 hour duration of the Cassini
observations, and Galileo observed that >5 km2 of the Pele region were at about 1270 K
±100 K, with some smaller areas being even hotter. Rough estimates of the total thermal
output of Pele, based on short-wavelength emission obtained during the Galileo I32

132
October 2001 observations, are consistent with the value of ~230 GW, calculated using
NIMS data for orbits G2, G8, C10, E15, E16, and C20 (9/96 - 2/00) (Davies et al. 2001).
Such long-lived, high thermal output is consistent with a persistent, high effusion rate
eruption; however, there are no observed lavas erupting from the Pele region onto the
nearby plains. This reinforces the conclusion reached by Davies et al. (2001) and Howell
(1997) of a highly active, but confined, volcanic eruption: an active lava lake.

4.3.1. Temporal Variability
The high temporal resolution of the Cassini observations of Pele enabled us to see
variations in the eruption at visible and short infrared wavelengths over timescales of
minutes (Fig. 38). This aspect of the eruption occurring at Pele has never been seen
before on Io because of observational limitations, but it is typical of what happens at
terrestrial lava lakes. From field observations of the Kupaianaha, Hawai’i, lava lake,
Flynn et al. (1993) determined, from spectroradiometer data between 0.4 and 2.5 µm, that
the thermal output from this lava lake varied on a time scale of seconds to minutes during
phases of active overturning. The Cassini data of Pele show variation in activity on
similar timescales at some of the same wavelengths; this observation suggests that a
similar process to that at Kupaianaha may be taking place at Pele (albeit over a much
larger area).
Flux density and temporal variation (or lack of variation) can also be used to
constrain eruption style. The flux densities observed at Pele are very different than those
from the ionian “Promethean” and “Pillanian” styles of eruption (Keszthelyi et al. 2001).
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However, the flux and mass densities derived from NIMS E16 Pele data are very similar
to those of the Kupaianaha lava lake during its most active phase, with fountaining and
disruption (Davies et al. 2001).

4.3.2. Decrease in Emission with Rotation
Pele’s rotation eastward during each eclipse reveals information about the
morphology of the hot lava within the patera and its surrounding terrain. We found that
the observed drop in intensity can be correlated with [cos(emission angle)]1.6,
significantly more pronounced than expected for a flat surface (Fig. 37). In fact,
comparison with other data sets suggests that the variation in intensity with emission
angle seems to be wavelength and therefore temperature dependent. Marchis et al.
(2001) observed telescopically at 3.8 µm a decrease in energy from Pele with rotation of
[cos(emission angle)]1.3. From their observations, Marchis et al. (2001) concluded that
there is topography, surrounding the patera or on its surface, that rotates into position to
block some of the emitted light from reaching the camera, resulting in a greater decrease
in intensity than would be seen for a flat source.
The best dayside images we have of Pele are from Voyager (Fig. 33), and they
show that the patera is nestled in an east-west oriented graben, at the northern end of a
large mountain (Danube Planum). This orientation of the major topographic features
does not readily explain why thermal emission from Pele would be blocked as Pele
rotated eastward with respect to Cassini. However, the high resolution Galileo SSI data
suggest that a portion of the incandescent lava in Pele is located at the southwestern
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margin of the patera. These areas could be blocked if there is a near-vertical margin to
Pele Patera, as was seen at Chaac and other paterae (e.g., Chapter 1). However, since
these areas make up only a small fraction of the thermal emission seen at high resolution,
this mechanism seems inadequate to explain the ISS observations.
We examine two other possibilities: cracks in the lava crust and lava fountains.
Most cooling lava surfaces develop near-vertical cracks. When viewed from directly
above, the hottest material at the base of the crack can be visible, but the effective
temperature of the crack will rapidly diminish with increasing emission angle
(Stansberry, 1999). If this were the dominant process at Pele, then the color temperatures
should decrease dramatically with increasing emission angle. While we see a rapid
decrease in total emissions with rotation (Fig. 37), we do not observe a decrease in
temperature with rotation (Fig. 38). However, since cracks are essentially inevitable on
any cooling lava surface, it is likely that some of the reduction in intensity as a function
of emission angle should be attributed to cracks (Davis 1996).
If Pele has a combination of a flat lava surface and lava fountains, then minor
surrounding topography would preferentially block the low-lying lava surface. In this
case, as emission angle increases the color temperature would also increase because the
thermal emission is progressively dominated by flux from the highly disrupted
incandescent lava in the fountains. This effect could cancel the emission-decreasing
effect of hot cracks. Furthermore, because lava fountains are typically very timevariable, we would expect the temperatures and thermal output to become significantly
more erratic as emission angle increased. In addition, since the effect of incandescent
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fountains will be less pronounced on longer wavelength data (e.g., Keszthelyi and
McEwen, 1997), this model predicts that Pele should more closely mimic a flat radiator at
longer wavelengths, as observed. Thus the variation in color temperatures as a function
of emission angle suggests that lava fountains contribute significantly to the thermal flux
seen at Pele. Considering that a giant SO2 plume is continually being erupted from the
vicinity of Pele’s incandescent region, we assume that as this gas exits the magma
chamber, it disrupts the lava lake crust and creates fountains. The data are insufficient to
determine if the fountains are more similar to terrestrial strombolian or hawaiian eruption
styles. Based on active terrestrial lava lakes, strombolian-type activity is favored, but in
Io’s low gravity and near-vacuum, it is likely that the lava is thrown further than would
be the case on Earth.

4.3.3. Details of the Style of the Pele Eruption
It was not possible to acquire high-resolution, dayside observations in conjunction
with the Cassini and Galileo I32 observations; however, NIMS I32 data are sufficient to
determine that there are no expanding warm areas that would correspond to lava flows
extending from Pele (Fig. 43). Therefore, we conclude that the eruptions are confined to
the patera, or to the large graben that contains the patera. A major eruption that is
confined within a topographic depression will inevitably form a lava lake.
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Figure 43. NIMS observation of the Pele region, obtained at a range of ~4000 km during the I32
encounter on 16 October 2001, at ~1 km pixel-1 resolution. Three distinct areas of thermal emission
are seen, aligned along the rift at the end of Danube Planum; these areas coincide with the hottest
areas seen in the SSI I32 image (See also Lopes et al. 2004; Davies et al. 2002). The positioning of the
NIMS data on the Galileo SSI image is a best estimate.
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Figure 44. Erta Ale lava lake, Ethiopia, in the Afar depression of the East African rift zone. Most of
the 60 m x 100 m active lava lake is shown in this image taken by Pierre Vetsch during a 1995
expedition. The lava lake crust is interrupted by cracks that separate the crust into plates, and by
lava fountains, that occur both in the middle and where the crust breaks up at the margins.

Burgi et al. (2002) studied the permanently active, 80 m diameter, basaltic lava
lake at Erta Ale in Ethiopia in Feb. 2001 (Fig. 44). While the entire Erta Ale lava lake
would only be slightly larger than a single pixel in the I32 SSI Pele image, some valuable
insights can be gained from the terrestrial analog. Burgi et al. (2002) observed that the
lava lake exhibited three different states: (1) complete quiescence with no incandescent
activity; (2) mild activity with some incandescent cracks; and (3) intense activity with
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incandescent cracks and fountaining. The highest temperatures at Erta Ale were
observed directly in the fountains, and the cracks and the crust were progressively cooler.
Given the high temperatures seen at Pele over long timescales, we must be observing it
always in the second or third state of activity, with incandescent cracks and/or
fountaining, exposing the hot, young lava. The decrease in overall intensity from day364
to day001 in the Cassini observations (Fig. 37) could be due to fewer fountains or cracks
in the Pele region exposing the hot material, a possible result of a decrease in input to the
lava lake. The 200 K jump in temperature at the end of day364 could be due to a new
pulse of fountaining.
Davies et al. (2001) calculated a mass flux into the circulating Pele lava lake
system of 248-341 m3 s-1. While this flux is orders of magnitude higher than mass fluxes
at terrestrial lava lakes such as Erta Ale (up to 7 m3 s-1, see Harris et al. 1999), this
estimate is very close to an earlier estimate by Carr (1986) of 350 m3 s-1, determined from
Voyager IRIS data, under the assumption that thermal equilibrium had been reached
between cooling lavas and the eruption of new material to maintain the observed thermal
emission. The consistent volumetric flux between Voyager and Galileo observations is
yet another demonstration of both the longevity and steadiness of volcanic activity at
Pele.
The Galileo I32 October 2001 observation, although it was at night, gives us our
most detailed picture of the distribution of activity inside the patera. The images do not
reveal a large area of uniformly bright or hot material, rather there are three distinct
regions within the patera that can be seen in Fig. 39. One is the vast, dark, background
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material that is emitting at temperatures too cool for the SSI camera to see (< 700 K) but
which is easily seen in the NIMS high-resolution data (Fig. 43). We believe that this
material is a cooled crust that has formed on top of parts of the lava lake (Fig. 44). Such
a crust could be broken up by the second type of feature in the patera, the small, bright
hotspots. These hotspots form a remarkably uniform, curving line that likely marks
either the edge of the main patera or some secondary structural feature within the patera.
We interpret these hotspots to be analogous to the disrupted incandescent margin that
forms at the edge of the Erta Ale crater (Fig. 44) where the crust breaks up against the
walls of the confining edifice, exposing the hot lava.
The third distinct feature of Pele Patera is the large, extremely bright, but patchy,
central region. This region, and a couple of bright hotspots, can also be seen in the lower
resolution, contemporaneous NIMS observation of the Pele region (Fig. 43; Davies et al.
2002). In the SSI data there are large regions (three or four separate areas of ~2 km2
each) of saturation and bleeding, for which we cannot obtain temperatures or see the
detailed structure (Fig. 40). These are likely the locations of the most spatially extensive
exposures of hot lava, exposed perhaps through convection and gaseous disruption of the
cooling surface. The sources of the giant, 1500 km diameter plume deposit and the
smaller, dark, pyroclastic apron are probably somewhere in this extremely active, central
region, so there must be a continual flux of volatile-laden magma into this location.
Therefore, the existence of the plume is consistent with large-scale fountaining, and
possibly convection and overturn.
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4.3.4. Eruption Temperatures and Composition
We observed color temperatures from 1300 K ±40 K to 1500 K ±80 K during the
eclipse observations of Pele by Cassini, and a median of 1270 K for single pixel values,
or a maximum of 1420 K ±100 K from 3x3 pixel boxes, for the Galileo I32 observations.
These numbers, especially those from the Cassini flyby, are fairly consistent with the
temperatures that have been measured previously at Pele from other Galileo flybys and
ground-based observations. They are not, however, the highest temperatures measured at
volcanoes on Io (McEwen et al. 1998a, 1998b; Davies et al. 2001). During the Galileo
C9 flyby of Io in 1997, an outburst was observed at Pillan Patera, and temperatures were
measured by SSI to be 1500 K–2600 K, and by a NIMS model to be 1825 K (McEwen et
al. 1998a). Subsequent modeling of the combined NIMS-SSI dataset constrained
minimum lava temperatures at Pillan to be 1870 ±25 K (Davies et al. 2001).
The observed color temperatures are necessarily lower limits on the actual lava
temperature. This is because in any pixel, there is a range of temperatures due to the
formation of a chilled crust on the liquid lava. The wider this temperature range, the
further the color temperature deviates from the eruption temperature of the liquid lava.
At 61 km pixel-1, the Cassini-derived temperatures could easily be hundreds of degrees
lower than the actual eruption temperatures. Even at 60 m pixel-1, the SSI single-pixel
temperature estimates may be significantly below the actual eruption temperatures.
However, if the activity at Pele were extremely vigorous, it would be plausible that
regions thousands of square meters in area could be almost free of a chilled crust.
Nonetheless, it is likely that the lavas at Pele are significantly hotter than 1400 K.
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Precise lava compositions cannot be derived from lava temperatures. First, lavas
are very rarely erupted at their liquidus temperatures; instead they are typically a lower
temperature mixture of liquid, solid, and gas. It is even possible for lavas to be heated
somewhat above their liquidus temperatures (e.g., Kargel et al. 2003; Keszthelyi et al.
2004). On the Earth, it is most typical for flowing lavas to be several tens of degrees
below their liquidus. Second, a given liquidus temperature does not uniquely define a
lava composition.
Despite these caveats, there is a good relationship between lava temperature and
broad categories of lava composition. Basalts most typically have liquidus temperatures
of ~1300-1500 K. A basalt from Makaopuhi, Hawaii, with an iron- and magnesium-rich
olivine and pyroxene and calcium-rich plagioclase mineralogy, ranges from a 1235 K
solidus to a 1470 K liquidus, at the upper end of typical basaltic eruption temperatures
(Wright and Okamura, 1977). The temperatures measured for the fountains of the
basaltic Erta Ale lava lake were 1460 K (Burgi et al. 2002). In contrast, ancient
terrestrial ultramafic komatiite lava flows were composed of a more mantle-like
mineralogy of magnesium-rich olivine and pyroxene that reached liquidus temperatures
of 1880 K (Williams et al. 2001a). It is hypothesized that these lavas were generated by a
high degree of partial melting of the mantle.
The derived temperatures presented in this analysis are towards the upper end of
the basaltic range. However, given the limitations of deriving lava eruption temperature
in the absence of in situ measurement, the possibility of ultramafic compositions at Pele
cannot be ruled out.
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4.4. Implications for Io’s Interior
At 30 km x 20 km, Pele is an extremely large volcano-tectonic depression by
Earth’s standards (Pike and Clow, 1981). Only the giant silicic calderas approach these
dimensions, but they are not filled with mafic or ultramafic lava lakes. Thus, Pele does
not have a comparably sized terrestrial analog. Pele is similar to many other Ionian
paterae in that they appear to also have been filled with lava during some stage of their
evolution (Radebaugh et al. 2002; Lopes et al. 2004). Their great sizes indicate that a
substantial volume of lava has been generated and delivered from Io’s interior to its
surface. However, Pele is a unique feature in its fountaining and constant expulsion of
gas that is not typically seen at other paterae [an exception could be Tvashtar (Milazzo et
al. in press)]. This demonstrates that Pele is an open system, that it is an active lava lake
at the top of a magma column with a direct link to a recirculating subsurface magma
supply (see section 1). Other paterae may currently be inactive lava lakes or just be filled
with ponded lavas. These are analyzed differently since the resulting mass and energy
fluxes are determined by topography (which we do not know) more than mechanism of
supply (Davies 2003).
Volatiles set Pele apart from other ionian volcanic centers by forming the plume,
fueling the lava fountains, expelling the silicate magmas to be deposited in the dark
pyroclastic deposit surrounding the patera, and being ejected to form the giant short-chain
sulfur ring surrounding Pele. Thermodynamic calculations of the composition of Pele’s
plume in equilibrium with a 1440 K magma match observations of the gas species ratios
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(Zolotov and Fegley, 2000; Spencer et al. 2000b). Thus, the majority of Pele’s plume
gases should be dissolved in the magma at depth, to be exsolved at low pressures upon
eruption, rather than being released from nearby crustal reservoirs of sulfur heated by
silicate magma. Davies et al. 2001 determined that the lack of lava flows surrounding
Pele, and strong localization of volcanic activity, means that the short-chain sulfur
molecules in the plume are exsolving from the erupting magma, and do not result from
mobilization of sulfur compounds on the surface in the manner of the Prometheus plume
(Keiffer et al. 2000; Milazzo et al. 2001b). Given the high rate of volcanic activity over
geologic time, it is expected that Io’s interior is depleted in volatiles. If Io lost its internal
volatiles through volcanic activity, then currently there must be a mechanism by which
volatiles are recycled into the magma. Perhaps this occurs by extremely rapid burial of
volatile-enriched crustal materials that are subsequently supplied to ascending magma
columns.
The lack of impact craters and high rate of volcanic activity on Io’s surface attest
to Io’s very high resurfacing rate (Johnson and Soderblom 1982; Phillips 2000). This
leads to subsidence in the crust (O’Reilly and Davies, 1981; Carr et al. 1998; Schenk and
Bulmer 1998; Turtle et al. 2001; Jaeger et al. 2003), which carries volatiles to great
depths before they become liquid (Keszthelyi et al. 2004). Crustal subsidence also
generates regional compressive stresses, driving mountain formation (Schenk and Bulmer
1998; Turtle et al. 2001; Jaeger et al. 2003). Once these compressive stresses are
relieved, the crustal faults associated with mountain building can be exploited by magmas
ascending to the surface (Turtle et al. 2001; Jaeger et al. 2003). This process may lead to
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the formation of large, shallow sills, and subsequent mobilization of overlying, volatilerich material would then lead to patera formation (Keszthelyi et al. 2004). Mountains and
paterae are tectonically, and perhaps genetically, linked, as more than 40% of all
mountains are associated with paterae (Jaeger et al. 2003). Even Pele Patera is adjacent
to Danube Planum, so perhaps Pele’s magmas ascended along crustal fractures associated
with Danube’s creation (Fig. 45).

Figure 45. Hypothetical cross section of the lava lake at Pele Patera. Silicate layers are interspersed
with SO2 deposits (see Carr et al. 1979). It has been shown by Johnson et al. (1995) that these
deposits can be trapped between lava flows and buried, without being entirely driven off. Magma
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rises through fractures in the crust, possibly along old fault zones related to the formation of Danube
Planum (Turtle et al., 2001; McKinnon et al. 2001), to form a high-level magma chamber. Volatiles
rise with the magma and exsolve at the surface through bubble bursts and lava fountains, and create
the giant plume and mafic pyroclastic eruptions. Aspects of the drawing are not to scale.

This recent work adds to the study of paterae on Io (Chapter 1), and furthers the
understanding of these large, long-lived, volcano-tectonic depressions as significant
features for the release of heat from Io’s interior. There is a strong dichotomy between
these extremely hot, active paterae that cover only about 2.5% of the surface of Io (Zhang
et al. 2002) and the cold, surrounding crust. The implications of our results provide
confirmation of earlier indications (e.g., McEwen et al. 1985) that the tremendous heat
flow through Io's lithosphere is extremely spatially discrete.

4.5. Conclusions
Two exceptional data sets were analyzed to obtain information about the eruption
style and temperature of the Pele volcano on Io. We found color temperatures for Pele as
high as 1500 K ±80 K from Cassini and 1605 K ±220 K or 1420 K ±100 K from Galileo
I32. Actual lava temperatures could be hundreds of degrees higher, so compositions
ranging from basaltic to ultramafic should be considered for Pele’s lavas. The high
temperatures, their variation over all timescales, and the decrease in brightness with
rotation by a factor of [cos(emission angle)]1.6, along with Pele’s consistent activity as
evidenced by the continually replenished giant ring of volatiles, lend further credence to
the model of Pele as a vigorously active, fountaining lava lake.
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4.6. Appendix A.

A.1. Modeling Cassini Color Temperatures from Two-Filter Ratios
Here we detail how we computed color temperatures from the multi-filter Cassini
ISS data. We use color temperature because it generally provides a better temperature
estimate than brightness temperature (which is derived from single filter images). Color
temperature is derived from the variations of blackbody thermal radiation (i.e., the Planck
function) as a function of wavelength. As such, only the relative intensities at different
wavelengths need to be measured; therefore, many wavelength independent factors
needed to calculate absolute radiances can be safely ignored.
ISS has two filter wheels in front of each camera, so that all observations are
taken through two filters. Commonly a clear filter (CL1 or CL2) is selected in one filter
wheel while a filter with a narrower bandpass is selected for the other wheel. Selecting
clear filters in both wheels (CL1 and CL2) allows maximum light transmission (Porco et
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al. 2003). The Pele data have the best signal-to-noise ratio in the clear filter pair (CL1CL2, transmitting 200-1050 nm), and the infrared filter pair (IR4-CL2, transmitting 8751050 nm), so images obtained through these filters were used together to obtain color
temperatures. To determine the response of the ISS camera through each filter, we
integrated, across the range of wavelengths to which the detector is sensitive, the product
of (a) blackbody thermal radiation at specific temperatures, (b) the ISS detector’s
wavelength-dependent response, and (c) the filter transmissivity. This was only possible
because the camera and filter responses were measured to ~1% absolute accuracy at
every 10 nm of wavelength. These pre-flight calibrations have been repeatedly tested inflight, providing us with the highest possible level of radiometric precision. Camera
responses were calculated for blackbody temperatures from 600 K to 2500 K, at 100 K
intervals. A constant emissivity of 1 was used in our calculations, but the value for
emissivity cancels when the signal from two filters is ratioed during the calculation of
color temperatures. Since there are no known strong spectral features in this part of the
lava’s emission spectrum, this seems a reasonable assumption. Ratios of integrated
blackbody radiation in the clear and the infrared wavelength ranges are plotted against
the corresponding blackbody temperatures (Fig. 46). This plot is compared with ratios of
actual emission from Pele observed through the CL1-CL2 and IR4-CL2 filter pairs
through interpolation to determine color temperature.
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Figure 46. Ratios of expected blackbody emission through the clear and IR filters for the Cassini ISS
(solid line) and Galileo SSI (dashed line) cameras. Notice how similar the responses are for the two
cameras, especially at high temperatures.

The image resolution is ~61 km pixel-1 for all of these observations, so the Pele
hotspot is much smaller than one pixel. However, the hotspot appears similar to stars in
the same image, in that the emission from Pele is distributed across a 9x9 pixel box due
to the ISS point spread function. To determine the total output from Pele in terms of DN
s-1, where DN=data number corresponding to the camera’s response to scene intensity, we
measured the mean DN values for the 9x9 pixel areas containing the Pele hotspot in the
clear and infrared images. To remove the contribution to the signal from background
radiation, we obtained mean DN background radiation values for two 9x9 pixel boxes,
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one on Io's disk near the Pele hotspot but away from auroral glows and other hotspots,
and the other in deep space, away from Io's disk. The average of the two background DN
values was subtracted from the mean DN value for the hotspot.

The overall “signal” for Pele, in DN s-1, is given by the relationship:

signal = (DNmean - DNbg) n / t

(5)

where DNmean is the mean DN value of the 9x9 box containing Pele, DNbg is the mean
background value in DN, n is number of pixels in the “sample” (92 = 81, in this case), and
t is the exposure time in seconds (2 s for all images, except the infrared images in
day000, which were 3.2 s). We then divided the clear signal by the infrared signal to
determine the ratio, which we converted to temperature by interpolating between the ratio
values that were calculated at 100 K intervals, as described earlier. The results are
plotted in Fig. 36.
Uncertainties in the temperatures are dominated by background noise. Therefore, we
found the standard deviation (σ) for data in each of the Cassini images by finding σ of
the mean background values. This σ was then used to find the standard error (SE), which
is a measurement of the typical size of the chance variation of the “sample” value (Stark,
1997). The SE is dependent on the size of the sample, which for our measurements of the
average DN of the Pele hotspot was 81 pixels. The SE was found using the following
relationship:

150

SE = σ/n1/2

(6)

where n is the number of pixels in a sample. This error was applied to the ratios by the
same procedure used by McEwen et al. (1998a): adding the SE on the clear filter image
to the clear filter DN value, subtracting the infrared filter SE from the infrared filter DN
value, then taking the ratio of these results to obtain the maximum value within the error
bars for a given ratio. Replacing “adding” with “subtracting” in each case resulted in
obtaining the minimum ratio value. This method provides >1σ limits, so we have
reasonable confidence that our results are within our stated uncertainties. These
maximum and minimum ratio values have been converted to the error bars in Fig. 36.

A.2. Galileo I32 Image Details and Noise-Reduction Technique
Each of the 3 clear and 2 infrared Galileo images was separated by only ~9
seconds, and the exposure times were 0.046 seconds for the clear and 0.196 seconds for
the 1 µm images. Despite these short exposure times, in every image some pixels were
saturated and even bleeding, because of the intense emissions from small portions of
Pele. When pixels in the CCD of the camera become over-filled, they bleed electrons to
other pixels along the same column at a ratio of 1 electron to the pixel above to 10
electrons to the pixel below. Figure 8a shows that many of the bright spots in the
unprocessed clear filter image have dramatic downward spikes caused by bleeding, for
example the large spike left of center is probably a hotspot just 10 or 12 pixels in
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diameter. The large bright region of high emission right of center also has locations with
bleeding. This effect has been seen before at Io in other instances of intense thermal
emission, for example, the eruption at Tvashtar Catena (Keszthelyi et al. 2001). In fact,
this process is sufficiently well quantified that it has been used to derive accurate
estimates of the intensity of the thermal emission (e.g., McEwen et al. 1998a).
It is important to note that the image is extremely noisy. The high-energy particles
close to Jupiter affect the SSI camera in two ways. The highest energy “hits” cause
distinct bright spots or streaks, while the more numerous lower energy particles raise the
background DN level. To decrease the noise and allow for better analysis of the data, we
used the fact that we have multiple images through the same filter to identify and remove
radiation “hits” using the following algorithm. First, the three clear filter images were
co-registered so each pixel in each image corresponded to the same location on the
surface. Then, if a pixel in clear image A was within ± 50% of the value of the same
pixel in clear images B and C, the mean value from images A, B, and C was placed in a
new image. Otherwise, the pixel was given a null value in the new image. The resulting
image has most of the obvious radiation hits removed (Fig. 39b). The same technique
was also applied to the two 1 µm images.

A.3. Galileo I32 Two-Filter Color Temperature Derivation and Error Analysis
The reduced-noise clear and 1 µm images were used to determine temperatures of
the bright regions at Pele Patera. The same method discussed in Appendix A.1 for
finding 2-filter color temperatures from Cassini ISS images was also applied to these
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Galileo SSI images, with minimal variation. We used information about the SSI camera
response to blackbody radiation through the clear and 1 µm filters to create a graph of the
ratio of clear to 1 µm emissions vs. temperature (McEwen et al. 1997; Klaasen et al.
1997). This function is plotted in Fig. 46 alongside that for Cassini.
However, since we wanted to take advantage of the high spatial resolution of the
Galileo data, we did not average the emissions over many-pixel portions of the image.
Instead, we derived ratios (and thus color temperatures) for individual pixels, avoiding
regions of saturation and bleeding. In addition, all pixels with a signal <20 DN were
eliminated from the images because the signal-to-noise ratio in those pixels was
insufficient to allow accurate temperature estimates. Each pixel in the reduced-noise
clear image was ratioed with the corresponding pixel in the reduced-noise 1 µm image.
Where valid data were available in both images, the resulting ratio was converted to a
temperature using the following fit to the curve in Fig. 46:

T = 608.096 + 304 [ln (0.5202 x R)]1.595

(7)

Again, the uncertainty in our measurements was dominated by background noise.
Therefore, we found the standard deviation (σ) for the data in each of the raw Galileo
images by finding σ of the mean of an 81x81 pixel background box, away from the
region of high emission. We selected a large box to increase the accuracy of the
determination of σ.
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This σ was then used to find the standard error (SE), Eq. (6). The SE is
dependent on the size of the sample, which for our measurements were 1x1=1 pixel
boxes. However, estimating temperatures for single pixels leads to large uncertainties.
Therefore, in addition to 1x1 pixel ratios, we selected 3x3 pixel regions that appeared to
have especially high emission (and no saturation) to obtain more precise temperature
estimates. Pixel boxes of size 3x3 were chosen because they were small enough to
contain high-temperature material, but large enough to significantly reduce the
uncertainties. Note that for a sample size of 1 pixel, Eq. (6) reduces to

SE = σ

(8)

which mathematically demonstrates why the uncertainty on the temperatures found for a
single pixel is relatively large.
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CHAPTER 5. GLOBAL HOTSPOT CORRELATION WITH GEOGRAPHY

5.1. Introduction
During the Galileo mission, the SSI camera obtained many images of Io in the
dark, either in eclipse by Jupiter or on Io’s nightside. In these images, the only light that
reached the camera was due to hotspot emissions from active volcanoes and from diffuse
atmospheric or plume glows. Several high-resolution nightside observations of a specific
volcano, Pele, are discussed in great detail in Chapter 4. Other high-resolution eclipse
and nightside images, primarily of the Pele and Tvashtar volcanoes, were obtained during
Galileo orbits I24, I25, I27, and I32, during 1999-2001, some of which are also discussed
in Chapter 4 and in Milazzo et al. (in press).
Global images of Io in eclipse were also obtained during early Galileo orbits
(McEwen et al. 1998b; Keszthelyi et al. 2001). I overlaid these images on highresolution global basemaps of Io to determine the locations of all hotspots with respect to
surface features. This reveals which small paterae or lava flows were thermally active at
a given time. In addition, it tells us where in a lava flow field or patera the active
eruption was occurring during the observations. This work can be used to monitor
changes over time at various hotspots on Io and to further constrain local styles of
volcanism.
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5.2. Procedure
Hot regions in the eclipse images are likely sub-pixel in area, because they appear
as point spread functions (or smear ellipsoids), as do stars (McEwen et al. 1998b). In this
way, they can be distinguished from the (often abundant) radiation noise hits, which
show up as single bright pixels (Figs. 47-50). Later in the mission, the stability of the
spacecraft was reduced, so hotspots are more smeared. At least a couple of hotspots in a
given image correlated with known volcanoes (because some volcanoes were nearly
always active when they were observed), so these were used as anchor points to tie the
eclipse image to the basemap (chosen from various mosaics of <2 km pixel-1 Voyager and
Galileo images of Io). For example, a certain hotspot was always correlated with Pele,
because it was always present and had a characteristic brightness and confined nature
(Chapter 4). The locations of at least two hot spots had to be fixed to completely solve
for the camera pointing.
Multiple filter images were obtained during each eclipse observation in order to
find temperatures of features (and to observe plume glows). For the purposes of this
exercise, we found the clear filter images best for determination of hotspot locations,
even though saturation and bleeding, due to long exposures and high levels of activity,
were common in these images. Table 6 lists the eclipse images used in our current study.
Other global eclipse observations have not yet been done for this study (E6: 2/20/1997,
G7: 4/5/1997, and C21: 6/30/1999). See McEwen et al. (1998b) and Keszthelyi et al.
(2001) for more comprehensive tables of eclipse observations.
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Table 6. Global eclipse images overlain on basemaps
Orbit

Date

Resolution

Filter

Exposure time

For center longitudes 230°- 300° W
G1

6/27/1996

10.5 km/pixel

CLR

2.13 s

C9

6/25/1997

14.6 km/pixel

CLR

6.4 s

C10

9/17/1997

11.4 km/pixel

CLR

6.4 s

E11

11/6/1997

13.6 km/pixel

CLR

6.4 s

E14

6/29/1998

11.3 km/pixel

CLR

6.4 s

For center longitudes 30°- 90° W
E4

12/19/1996

17.6 km/pixel

CLR

8.53 s

G8

5/7/1997

18.6 km/pixel

CLR

6.4 s

C10

9/17/1997

13.2 km/pixel

CLR

6.4 s

E15

5/31/1998

13.8 km/pixel

CLR

6.4 s
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Figure 47. Eclipse images from 235-280 degrees W center longitude. Red features are hotspots from
raw clear filter images (right), blue is underlying geography from mixed solar angle basemaps.
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Figure 48. Eclipse images from 230-300 degrees W longitude. Red features are hotspots from raw
clear filter images (right), blue is underlying geography from mixed solar angle basemaps.
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Figure 49. Eclipse images from 30 - 90 degrees W longitude. Red features are hotspots from raw
clear filter images (right, rotated), blue is underlying geography from mixed solar angle basemaps.
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Figure 50. Eclipse images from 30 - 90 degrees W longitude. Red features are hotspots from raw
clear filter images (E15 rotated) blue is underlying geography from mixed solar angle basemaps.
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5.3. Individual Hotspot Analysis
Some hotspots in an image always occur in the same location on Io’s surface, as
discussed above. The locations of other hotspots on Io are in some cases surprising,
mostly in that they lie in different parts of a lava flow field than was previously expected.
The stability of the locations of some hotspots vs. the geographical migrations of others
gives an indication of the style of volcanic activity occurring in different regions on Io.
The hotspot patterns and implications for eruption styles of some hotspots are discussed
separately below; these were selected relatively randomly, but partly based on their
prominence in the eclipse images in Figs. 47-50.
Pele. This patera’s emissions throughout all Galileo eclipse observations (and
most groundbased observations) are steady and consistently high. In four of the five
observations from 230° - 300° W longitude, Pele is the volcano with the greatest
brightness and the highest thermal output (Figs. 47 and 48) (the exception is C9, see
“Pillan” below). It is also a confined source, in that large lava flows are not seen
emerging from the small patera, nor does the patera change shape over time. One
exception is the E14 observation, in which the main eruption is confined to the patera, but
a possible lava flow has escaped to the south, as evidenced by southward-pointing hot
materials (Fig. 48). In this figure, southward-pointing lava flows, that predate the E14
observations, can also be seen, providing evidence that lavas occasionally escape from
the patera. Because of its hotspot brightness and small patera size, Pele serves as a good
anchor point for tying the eclipse images to the basemap. Its confined, high thermal
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output at short wavelengths (Davies et al. 2001) makes it a strong candidate for being an
active, high-temperature, lava lake.
Reiden. This is another confined source like Pele, but this patera is variable in
emissions throughout the five observations (Figs. 47, 48, esp. G1 observation). This may
be an example of a lava lake that varies greatly in activity over periods of months and
years.
Pillan. This patera exhibited a dramatic outburst during the C9 observation that
saturated the detector and overwhelmed the output from the adjacent Pele volcano (Fig.
47). This clear filter image, combined with a 968 nm filter image and coanalyzed with
NIMS data, led to a model color temperature of 1875 K ± 25 K (McEwen et al. 1998a).
Pillan appears to erupt typically as a massive lava flow that pours from a rift in the
northern mountain down into the patera, as can be seen as two adjoining hotspots in the
C10 and E11 observations (Fig. 48).
Loki. Loki Patera, at 202 km diameter, is one of the largest paterae on Io (see
Chapter 1). It puts out a substantial amount of heat at long wavelengths (e.g. Veeder et
al. 1994; Spencer et al. 2000a; Lopes-Gautier et al. 2000), but it is difficult to see at short
wavelengths. In addition, volcanic activity is quite variable (Rathbun et al. 2002) and the
source moves around the patera between observations. Our correlation of the C9 eclipse
observation with geological features places the source at the upper east end of the patera,
which fits nicely with groundbased observations done by Bob Howell (pers. comm.) at
the same time that also place the source in that vicinity of the patera (Fig. 47).
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Marduk. This lava flow field shows activity in all five of the 230° – 300° W
observations (Figs. 47, 48) except E14, when it is on the limb and more difficult to see. It
appears that the bottom center of the dark flow field, within the red diffuse deposits
(often associated with active volcanism, see McEwen et al., 1998b), is the most active
region of Marduk.
Isum. The presence of the twin hotspots seen in G1 and E11 in the large lava
flow field Isum (Figs. 47, 48) indicates that there may be two adjacent source regions for
the lava flow field. The hotspots may mark two regions where hot lava has broken out of
a chilled crust and become exposed, as has happened at Prometheus (Milazzo et al.
2001b) and Amirani (Keszthelyi et al. 2001). It is possible that the hotspots moved
slightly downward between the two observations, but their locations in the E11 image are
close to the limb and difficult to pinpoint on the surface.
Lei-Kung. Like Isum, the hot part of this flow field (Figs. 47, 48) has wandered
slightly toward the southeast since Voyager days. The hotspots at Isum and Lei-Kung, as
well as at most other regions in these images, occur at the darkest regions of the lava
flows. This is where the youngest flows have recently erupted and have not yet been
covered by SO2 frost (McEwen et al. 1985).
Kanehekili. Output from this volcano is visible in all four anti-Jovian eclipse
images (Figs 49, 50) as at least two hotspots that lie in a large lava flow field (McEwen et
al. 1998b). The brightest emission from any hotspot in that hemisphere visible in the
clear filter appears to come from Kanehekili in at least a couple of these observations.
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Janus. This has a highly consistent thermal output, and is a confined, shortwavelength emitter, similar to Pele. Not surrounded by visible lava flows, it is another
good candidate for an active lava lake (Figs. 49, 50).
Gish Bar. This patera was active in E4 (Fig. 49), and the eruption appears to
have occurred in the south of the patera. This correlates with our observation of dark
lava flows (indicating the most recent volcanism) in the south of the patera during I32
high-resolution imaging (Perry et al. 2003).
Amirani. This giant lava flow field (300 km long) (Figs. 49, 50) has acquired a
substantial amount of new area during the Galileo tour (Keszthelyi et al. 2001). Its
hotspots wandered up and down the flow field during these eclipse observations (May
1997 – May 1998), indicating this field is possibly fed by insulating lava tubes
(Keszthelyi et al. 2001).
Zal. A small hotspot appears to sit on the western margin of the mountain to the
south of Zal Patera (Figs. 49, 50). Initially, I thought we had registered the images
incorrectly, since I expected to find the hotspot within Zal Patera, but checking the image
against the placement of Camaxtli (see below) and Gish Bar (see above) hotspots ensured
this was the best location for the hotspot. On close inspection of visible images of the Zal
region, I found that the western margin of the mountain at the location of the hotspot has
diffuse, red deposits, a strong indicator that elemental sulfur, and therefore recently active
volcanism, is present (McEwen et al. 1998b).
Acala. This active flow field is seen as a bright hotspot in several eclipse
observations (Fig. 50). It is the source of a plume, and has been active since Voyager.
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Camaxtli. This patera and another large feature northwest of Zal Patera mark a
region of high thermal output during the E15 observation (Fig. 50). Both were seen to
have dark pyroclastic deposits around them in other observations, similar to the region
around Pillan after the C9 outburst eruption, but on a smaller scale.
Many other small hotspots can be seen in the G8 and C10 observations, near the
trailing hemisphere. The repetition in their locations from G8 to C10 lends credence to
these being actual hotspots, and not noise. Many of these small hotspots can be
correlated with small, dark paterae. The clustering of these hotspots near the sub-Jovian
point (Lopes-Gautier et al. 1999) is similar to the clustering of paterae in this same
general region (Chapter 1), and may be the result of positioning along the direction of
greatest tidal massaging and heating (Tackley et al. 2001; Chapter 1).

5.4. Conclusions
Correlating global Galileo eclipse images with underlying geography has yielded
interesting information about the changes in locations and activity levels of hightemperature hotspots over the course of these global eclipse observations. The locations
of the hottest areas within flow fields were more precisely determined, such as at Gish
Bar, Loki, Amirani, Marduk, and Isum. Many active hotspots, such as Zal and Marduk,
occurred in locations associated with diffuse red deposits likely related to ephemeral
short-chain sulfur. This relationship has been observed at other volcanically active
regions on Io (McEwen et al. 1998b).
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Some hotspots maintained consistently bright emissions over the course of the
eclipse observations, such as Pele, Marduk, Janus, and Kanehekili. Others, such as Gish
Bar, Pillan, and Camaxtli were active during some observations and dormant during
others. This indicates some volcanic centers have long-lived, steady eruptions, perhaps
typical of lava lakes connected to their sources, while others erupt in bursts of energy and
then quiet down, perhaps while magma chambers are being recharged.
The cluster of small hotspots near the sub-Jovian point is likely related to tidal
heating that is concentrated in this location. Most of the hotspots in this cluster are
confined to small paterae; this corroborates the work in Chapter 2 that found that 79% of
all hotspot eruptions occur within paterae (see also Chapters 1, 2 and Lopes et al. 2004).
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CHAPTER 6. MODEL FOR PATERA FORMATION

Summary. The following model for patera formation on Io is an application of analytical
treatments of convection within Io’s asthenosphere and transport of magma through its
lithosphere. I find, based on numerical model results (Tackley et al., 2001; Tackley
2001; Ross et al. 1990) that rapid convection (convection velocity V = 100 – 5000 m yr-1)
of ultramafic, low-viscosity material (109-1012 Pa s) occurs within an asthenosphere of
~100 km thickness. Magma collects in a ~1 km thick lens below the lithosphere which is
~30 km thick, cold, mafic to ultramafic, and viscous (1019 Pa s). Magma rises from the
lens of source material at the base of the lithosphere in one of two main ways, either as
diapirs or through dikes. Diapiric rise may only occur for sufficiently large diapirs (20
km – 40 km diameter, >5 km thickness) and if the lithosphere becomes thermally
softened around the diapir. Magma may rise readily through Io’s lithosphere through
dikes, given the fluidity of fully molten, ultramafic magma and the dense, brittle nature of
the lithosphere. For sufficient density contrast, a dike can span the height of the
lithosphere (Wilson and Head, 2001). Magma reaches zones of neutral buoyancy and
forms magma chambers that feed eruptions. Near-surface magma chambers lead to the
collapse of overlying materials and patera formation, either through evacuation of the
chamber due to eruptions or by consuming overlying materials (Keszthelyi et al. 2004).
Lateral spread of magma chambers leads to enlargement of paterae. As long as magma
pathways to the source region in the asthenosphere remain open, magma chambers
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receive a regular influx of new mafic to ultramafic material. Thus, volcanic centers
within paterae, active in the form of either lava lakes or lava flows, maintain activity over
long time periods.

6.1. Introduction
In this chapter, I outline one possible model for patera formation. This model
incorporates results from the previous chapters in this thesis and draws upon some
existing models of terrestrial caldera and ionian patera formation. The proposed
formation of a patera occurs in several steps; these are listed below in chronological
order, with accompanying rationale.
Initially, I consider the movement of hot material through Io’s asthenosphere and
the rise of magma through the lithosphere in order to understand how the eruption of lava
on Io’s surface is related to patera formation. This is done through an analytical study
that is outlined below. Aspects of this are both informed by and compared with the
analytical studies of others (Marsh 1982; Turcotte and Schubert 2002) and numerical
models, such as by Ross et al. (1990), Tackley et al. (2001), and Tackley (2001).

6.2. Model Steps

I. Internal heating and convection lead to transport of hot material to the base of the
lithosphere.
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Here I seek a formulation of the style and vigor of convection that occurs in Io’s
interior and how this relates to magma concentration at the base of Io’s lithosphere. To
this end, I apply a steady-state boundary layer theory (Turcotte and Schubert, 2002) to a
fluid layer heated from within (due to friction related to tidal forces) and cooled from
above. The layer in which convection occurs is a 100 km thick asthenosphere that
overlies a thicker (~700 km) and more viscous mantle and lies below a thin (~30 km),
cold, highly viscous lithosphere (Fig. 51). The dimensions and properties used in this
study are based primarily on an Fe-FeS core model of Io by Segatz et al. (1988) and
Anderson et al. (1996) and results of numerical modeling by Ross et al. (1990), Tackley
et al. (2001) and Tackley (2001) (Table 7).
I choose asthenospheric heating and convection for this model because numerical
models by Tackley et al. (2001) and Tackley (2001) show this type of convection
produces the pattern of distribution of volcanic centers that we observe (Carr et al. 1998;
Lopes-Gautier et al. 1999; Schenk et al. 2001; Radebaugh et al. 2001). This model is
limited to a very large Prandtl number so that we can neglect the inertia terms in the
momentum equation used in the formulation of the steady-state boundary layer theory.
Since a high Prandtl number indicates that momentum is transferred more rapidly than
heat within a system, this is a reasonable approximation for mantle convection on Io, as
on the Earth (Turcotte and Schubert, 2002).
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Table 7. Parameters for Io
Parameter

Symbol

Value

Units

Reference

b

100

km

1, 2, 3

Asthenosphere:
Thickness
Density

ρ

Viscosity

-3

3270
9

12

kg m

1, 2, 3
1, 2, 3, 4, 5

νasth

10 – 10

Pa s

a

30

km

Lithosphere:
Thickness
2

Density – no void space/SO

Density – sub-surface, 10% void

ρ

3370

6, 7, 8
-3

2, 9

-3

kg m

ρ

2730

kg m

2, 9

νlith

1018 – 1019

Pa s

2, 3

Density

ρ

3170

kg m-3

1, 2, 3

Viscosity

νasth

109 – 1012

Pa s

1, 2, 3, 4, 5

2

space, 15% SO frost
Viscosity
Diapir – 40% partial melt

-1

Gravitational acceleration

g

1.8

ms

1, 4

Thermal diffusivity

κ

10-6

m2 s-1

1, 4

-1

1, 4

-5

Thermal expansivity

α

3x10

K

Heat capacity

cp

1200

J kg-1 K-1
-9

1, 4
1, 4

Average tidal dissipation

Q

1.4023x10

W kg

Latent heat of fusion

L

400

kJ kg-1

1
5

1, 4

-1

Segatz et al. 1988; 2Ross et al. 1990; 3Tackley et al. 2001 and Tackley 2001; 4Anderson et al. 1996;

Webb and Stevenson 1987; 6Nash 1986; 7Carr et al. 1998; 8Jaeger et al. 2003; 9Leone and Wilson 2001
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Figure 51. Cross section of Io's lithosphere and asthenosphere. Heating within the asthenosphere
generates convection cells of spacing approximately equal to the asthenospheric thickness. Hot
material rises and cold material sinks near the boundaries between cells.

Flow is divided into cells of width λ/2, where λ represents the horizontal
wavelength of convection (Turcotte and Schubert 2002). Convection happens via
rotation within each cell, and adjacent cells rotate in opposite directions, so that warm
material meets and rises at the boundary between two cells, and cold material similarly
meets and sinks (Fig. 51). I follow the Turcotte and Schubert (2002) formulation of
convection, which includes steady state heat production within the cells, consideration of
the downward gravitational force on the plume compared with its upward buoyancy
force, and shear stress on the cell boundaries. I incorporate the approximations made in
their model that allow for an analytical solution. I use the following approximation
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λ
=1
2b

€

(9)

where b is the thickness of the asthenosphere, 100 km, as stated above, and I choose a
spacing of convective rise λ to be ~200 km, which coincides with an approximate spacing
of volcanic centers at the sub- and anti-jovian equatorial regions. This approximation also
leads to a minimization of the dimensionless temperature ratio θ, which compares the
temperature difference across the layer with convection to that with conduction. This
leads to an approximation for the horizontal velocity

uo = 0.354

€

κ 1/ 2
RaH
b

(10)

where thermal diffusivity κ is taken to be 10-6 m2 s-1, and RaH is the Rayleigh number for
pure internal heating, a measure of the vigor of convection. The dimensionless Rayleigh
number is given by

RaH =

ρgαQb 5
ν asth c Pκ 2

(11)

where parameters are listed below with accompanying rationale and are found in Table 7

€

(modified from the Fe-FeS core model of Io by Segatz et al. (1988) and Anderson et al.
(1996)).
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The assumed density of Io’s asthenosphere ρ is 3270 kg m-3 for ultramafic (Mgrich) rock with 25% partial melt (assuming bulk density results from a combination of the
volume densities of solid and liquid; the actual situation is more complicated). This is
close to the Segatz et al. (1988), Ross et al. (1990) and Tackley et al. (2001) model
values, and correlates with observations of compositions and temperatures on Io’s surface
(McEwen et al. 1998a; Geissler et al. 1999). R. Ghail (discussed in Leone and Wilson
2001) performed tests on an ultramafic rock and found the density to be 3360 kg m-3 over
a range of pressures, so this sample starting density was used for this model. The melt
fraction of 25% is used because it is required to produce the asthenospheric viscosity
values used here and in the models of Tackley et al. (2001), and to lead to the
temperatures and flow morphologies viewed at Io’s surface (Carr et al. 1998; McEwen et
al. 1998a; Williams et al. 2001a; Keszthelyi et al. 2004). Lower melt fractions lead to
differentiation of materials and evolution of magma to more silicic compositions, and we
do not see evidence for this on Io’s surface (Keszthelyi and McEwen 1997; McEwen et
al. 1998b; Keszthelyi et al. 2004).
Values for gravitational acceleration g, thermal expansivity α, heat capacity cp,
and average tidal dissipation Q are in Table 7 and follow from the Fe-FeS core model of
Io by Segatz et al. (1988) and Anderson et al. (1996). Radiogenic heating is ignored
because tidal dissipation is 2.5 orders of magnitude higher than radiogenic (Tackley et al.
2001).
Viscosity in the asthenosphere νasth was modeled by Segatz et al. (1988), Ross et
al. (1990) and Tackley et al. (2001) to be 109 – 1012 Pa s (and suggested by Webb and
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Stevenson (1987) to be >108 Pa s). Since RaH is strongly dependent on νasth, the entire
range is considered in order to obtain end member solutions for RaH. This asthenospheric
viscosity value is considerably lower than that modeled for Io’s mantle (1017 Pa s) and for
the Earth’s mantle (1019 Pa s), because in this model Io’s asthenosphere is considered to
be a hot, fluid slurry that includes some partial melt. The asthenosphere’s viscosity
depends upon melt fraction, interconnectivity of melt, temperature, and volatile
percentage, none of which are specified in this work but whose effects are included in the
viscosity range (e.g. Best and Christiansen, 2001). Substituting the above values into Eq.
11 yields RaH = 2.02x1015 for νasth = 109 Pa s and RaH = 2.02x1012 for νasth = 1012 Pa s, both
numbers indicating vigorous convection. Substituting those numbers into Eq. 2 yields u0
between 158.8 m yr-1 and 5.0 km yr-1 (Table 2). To conserve fluid within cells, the
relationship between horizontal velocity and vertical velocity is

v0 =

€

2u0b
λ

(12)

which yields the same values for v0 as for u0. Table 8 shows the values for horizontal
and vertical velocity for different values of the viscosity and Rayleigh number. It is clear
that transport velocities of Io’s asthenospheric materials are extremely high. By
comparison, the horizontal velocity of the Earth’s mantle is several centimeters per year
(manifest in the speeds of plate motion).
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Table 8. Asthenospheric convection velocities based on viscosity and Rayleigh number
Viscosity

Rayleigh Number

Velocity u0 = v0

νasth Pa s

RaH

m s-1

1012

2.02x1012

5.03x10-6

11

13

-5

502

-5

1588

-4

5020

10

10

10

9

10

2.02x10

14

2.02x10

15

2.02x10

m yr-1

1.59x10
5.03x10
1.59x10

158.8

It is interesting to compare these results with those of numerical models of
convection in Io’s asthenosphere by Tackley et al. (2001) and Tackley (2001). They
incorporate horizontally varying volumetric heating and a high RaH , although for model
limitations they use RaH =1010, which is not as high as some values discussed above.
They find that these conditions, with other parameters also used in the above calculations,
result in a mean flow in the asthenosphere with some superimposed small-scale
instabilities. The “snapshots” of convection shown in Plate 1 and Plate 4 of Tackley
(2001) reveal that above RaH =109 it is difficult to distinguish separate convection cells.
Rather, there appear to be small downward-convecting fingers of cold material with a
rather uniform distribution of hot material. They find convection velocities from 50 to
5600 m yr-1, when their numerical results are scaled up to include RaH as high as 1014.
These values are similar to our analytical results reported in Table 8.
One point of concern in having melt fractions higher than a few percent in the
asthenosphere is that separation of melt and crystals may occur, a process that would lead
to differentiation of materials within the asthenosphere (Tonks and Melosh 1990;
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Solomatov and Stevenson, 1993). Since Io is thermally and volcanically highly active,
conditions that led to differentiation of magmas and evolution to more silicic
compositions on the Earth, it was expected that evolved lavas would exist on Io’s surface,
yet we did not find evidence for this (Keszthelyi and McEwen 1997; McEwen et al.
1998b; Keszthelyi et al. 2004). However, the high convection velocities achieved in this
model may impede diffusion of melt away from crystals. Keszthelyi et al. (2004)
calculated that for crystals of 1 mm size in a 50% partial melt, magma migration
velocities are ~10-6 m s-1, just below our lowest convection velocities (Table 8).
Therefore, vigorous convection may maintain intermixing within the crystal-melt slurry
and prevent settling of crystals and evolution of magmas away from primary
compositions.
The rapid transport of hot, buoyant, partially molten, asthenospheric material to
the base of the lithosphere leads to effective transport of that material through the
lithosphere. This occurs by one of several possible processes that are outlined below in
Section II.

II. Rising magma makes its way through the lithosphere, either as a diapir, through a
dike, or in successive magma chambers.

Each of these modes of magma rise through the lithosphere is described in detail,
referring to Fig. 52. Io’s lithosphere (or crust, the two are considered identical in this
treatment) is modeled to be on average 30 km thick, cold, due to rapid burial from
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resurfacing, and highly fractured from rapid subsidence and tidal action (Carr et al. 1979;
O’Reilly and Davies 1981; Schenk and Bulmer 1998; Jaeger et al. 2003). It is considered
to be composed of mafic to ultramafic silicates interbedded with S-rich volatiles (Schaber
1982; Spencer et al. 2000b) and some fraction of pore space due to vesicles and
pyroclastic deposits (Leone and Wilson, 2001).

Figure 52. Three modes of magma ascent through the lithosphere are illustrated. All begin with a
lens of material at the top of a rising, hot, convection plume in the asthenosphere. The diapir in
scenario a) is shown with a thermal aureole surrounding it. The magma chambers in scenario c) are
connected by dikes in this illustration, but could also have been created by ascent of diapirs or
packets or magma.
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Diapiric Rise
First, I consider the rise of a diapir of material from the asthenosphere through the
lithosphere. This can be modeled as Stokes’ flow of buoyant material, modified to
include some thermal considerations. Marsh (1979) related the size of a diapir to the
viscosity contrast between the diapir and the host rock and the vertical thickness of the
source. This relationship is

1/ 4

ν 
d = h lith 
ν asth 

€

(5)

where d is the diapir diameter, h is the source thickness, νlith is the viscosity of the
lithosphere, and νasth is the viscosity of the diapir. This diapir has a melt fraction of 40%
(compared with the asthenospheric value of 25%) because it has a density (3170 kg m-3)
sufficient to initiate buoyant rise through the lithosphere. The 40% partial melt diapir is
modeled with the same viscosity range as the 25% melt asthenosphere (Table 7),
although in reality a rock with 40% partial melt will have a viscosity ~2 orders of
magnitude lower than a rock of similar composition and 25% partial melt (Best and
Christiansen 2001). This assumption will suffice, since the viscosity range of the
asthenosphere and diapirs is wide enough to accommodate these differences. To find the
necessary thickness of the source, values for the diapir diameter d are selected from 5 km
to 40 km. This range is chosen because the modal patera diameter from Chapter 1, Fig. 8
falls within these values. Thus, it is assumed that diapirs of these sizes rise through the

179
lithosphere and lead directly to the formation of paterae of similar sizes. Many terrestrial
calderas have sizes and underlying magma bodies that reach these dimensions, but it is
unclear whether magma bodies of this size rise through the crust as diapirs. It is thought,
based on exposed pluton sizes, that in many cases smaller magma bodies rise through the
crust and then coalesce at higher levels (e.g., Marsh 1982).
Table 7 shows a range of viscosities for both the asthenosphere and the
lithosphere. For diapir diameter d = 40 km, a viscosity ratio in Eq. 5 of 105 – 107 (the
smaller end of the ratio range results from a locally thermally softened lithosphere,
discussed below) yields a source thickness h between 500 m and 2 km. For d ≤ 20 km,
the source h must be ≤ 1 km to maintain a viscosity contrast of at least 105. Thus, I
envision a lens (not necessarily globally continuous) of hot, partially molten
asthenospheric material of thickness approximately 1 km, depending on diapir size, at the
base of the lithosphere, transported there by the convection described in Section I.
The diapir forms from the lens of asthenospheric material at the base of the
lithosphere, then rises through the lithosphere, according to Stokes’ flow, with velocity

V=

€

Δρgd 2
f2
6Aν lith (1+ 0.5Pe1/ 2 ) 2

(14)

where the density difference Δρ between the deep lithosphere and the diapiric material is
approximately 200 kg m-3 (Table 7), and A is an empirical value that depends on the
lithospheric-diapiric viscosity contrast. The value of A = 10 is chosen because it
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correlates with our viscosity variation of 5-7 orders of magnitude (Marsh 1982). The
parameters f and Pe are described below.
This equation for Stokes’ flow is modified to include some thermal considerations
(Marsh 1982). The ascent velocity of the diapir is strongly dependent on the wall rock
viscosity and the thickness of the softened layer around the diapir. This in turn depends
on the width of the thermal aureole about the diapir, or zone in which temperatures are
elevated enough to alter the rock properties. The width of the thermal aureole, given by
the denominator of the second half of Eq. 14, is inversely proportional to the ascent
velocity. Here the Peclét number Pe is used, a pure number that is a measure of the heat
transfer by convection to that by conduction. It is directly related to the Nusselt number,
which is defined to include all the thermo-mechanical effects of heat transfer from the
body (Marsh 1982). The Peclét number is given by

Pe =

€

Vd
2κ

(15)

and is directly proportional to velocity V and body size d, but is inversely proportional to
the thermal diffusivity κ. The thickness of the softened layer around the diapir, which
controls its ascent speed, is a fraction f of the thermal aureole thickness (see Eq. 14).
This fraction is dependent on the temperature of the magma relative to that of the wall
rock, and on other characteristics, such as heat of fusion and viscosity as a function of
melt content. Since the latter aspect of rock melting is not well understood, the fraction f
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is given as a parameter with value 0.1, indicating that 10% of the thermal aureole makes
up the softened layer (Marsh 1982).
The parameters in Eq. 15 for Pe were inserted into Eq. 14, creating a 4th order
polynomial function of the rise velocity V; this was plotted to obtain graphical solutions
for V. These solutions (Table 9) depend upon diapir size d and lithospheric viscosity νlith
Rise velocities V highlighted in Table 9 are close to terrestrial diapiric rise
velocities (Marsh 1982). It is apparent that ascent velocity V is strongly dependent on

νlith, and reasonable values for V are obtained only for νlith ≤1014 Pa s. Note that for large
diapir size d, viscosity νlith is greater for the same velocity V (Table 9; Fig. 53).

Table 9. Diapiric rise velocity as a function of diapir diameter and wall rock viscosity
Time to rise through 30
d (km, diapir diam.)

νlith (Pa s, viscosity)

40

10

5

-1

ms

cm yr

yr

1019

7x10-12

0.02

1.4x108

1014

2x10-7

63

4,800

12

-6

10
20

km lithosphere

V (rise velocity)
-1

19

1x10

-12

3200

950

10

3x10

9.5x10

1014

1x10-8

32

1012

1x10-7

320

19

-13

-3

3.2x108
95,000
9,500

-3

10

6x10

2x10

1.6x109

1014

5x10-9

16

190,000

12

-8

10

7x10

220

13,600

1019

1x10-13

3x10-4

9.5x109

1014

3x10-9

9.5

317,000

12

-8

158

19,000

10

5x10
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Figure 53. Diapiric rise velocity is plotted against wall rock viscosity for varying diapiric diameters.
Rise velocity value of 10-8 m s-1 (reasonable value in Table 9 obtained from modified Stokes’ flow, Eq.
14) is highlighted. Note the strong dependence of rise velocity on wall rock viscosity. An order of
magnitude increase in velocity can be achieved either by increasing the diapir size from 5 km to 40
km diameter or by decreasing the wall rock viscosity by an order of magnitude.

Cooling of diapir
It is important to determine whether a diapir can rise at these velocities through
Io’s cold crust to feed an active lava flow before solidifying. I consider the Turcotte and
Schubert (2002) formulation of the cooling of a sill of magma. This model only
addresses cooling from the top and bottom, not from the sides of the magma body.
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Therefore, I only consider bodies with an aspect ratio width:height of 4:1 or greater
(arbitrarily selected but uniformly applied) so that the approximation yields cautiously
useful results. They find a relationship between the latent heat of fusion L, the heat
capacity c (Table 7), the temperature difference between the magma and wall rock, and a
constant η to be

L π
= η function
c(Tm − Tr )

€

(16)

where the magma temperature Tm is ~1800 K, typical of ultramafic lavas (Williams et al.
2001a), and the temperature of the wall rock Tr is ~100 K from surface temperature
measurements by PPR (Spencer et al. 2000a) and inferences of the lithospheric
temperature (Carr et al. 1998). Eq. 16 is a transcendental equation wherein the right hand
side is a function containing η. This can be plotted to find the value of η, which is then
used in the following relationship to find cooling time tc for a sill of thickness s

s2
tc =
4κη 2

€

(17)

where the value for thermal diffusivity κ can be found in Table 7. For sill thicknesses s
of 10 km, 5 km, and 1 km, the cooling times tc are 1.53 myr, 328,000 yr, and 15,300 yr.
The sill thickness s of 10 km requires a diapir size d of 40 km in order to meet our stated
aspect ratio requirements. Even so, there is probably some cooling from the sides that
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leads to a slight decrease in the time to cooling. The cooling time value of 1.53 myr (or
somewhat less) is well within the range of safety for rise without solidification; a diapir
rising with a velocity V of 30 cm yr-1 would take nearly 100,000 years to rise through the
lithosphere (Table 9). Even a sill of thickness s of 5 km, corresponding to a diapir size d
of 20 km or greater, leads to an achievable cooling time tc of over 300,000 years. A sill
of thickness s of 1 km, however, cools much too quickly for the diapiric ascent rates
shown in Table 9. Thus, for diapiric rise to occur, it is necessary that the diapir be
sufficiently large (d = 20 to 40 km) and that the wall rock be thermally softened around
the rising material.
It is also possible for diapirs to successively ascend one after another, utilizing the
open and thermally softened pathways. This process would enable several small diapirs
to deliver the same volume of partial melt to the upper lithosphere as one large one. In
this case, if succeeding bodies are half the size of the initial body, they can ascend about
25 times faster (Marsh 1982).

Magma flux and resurfacing rates
It is possible to determine whether diapirs of these sizes and rise rates can deliver
the magma volumes, expected from heat flux values, to the surface. A relationship was
established between Io’s global heat flow, estimated at ~2 W m2 (Matson et al. 1981;
Sinton 1981; Johnson et al. 1984; McEwen et al. 1996; Spencer et al. 2000a; McEwen et
al. 2004; Rathbun et al. 2004; Veeder et al. 2004), and resurfacing rate by Reynolds et al.
(1980). This heat flow value corresponds to a resurfacing rate of 1.06 – 0.55 cm y-1
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(range due to basaltic vs. ultramafic composition; McEwen et al. 2004), which yields a
global volume of 2.29 – 4.42 x 1011 m3 yr-1. A 40 km diameter diapir rising at 60 cm yr-1
(Table 9) can deliver 7.5 x 108 m3 yr-1 of magma to the surface. Based on numbers of
observed hotspots on Io, it is estimated that there are ~160 active volcanic centers, most
of which are within paterae (Lopes et al. 2004). Assuming that a 40 km diameter diapir
rises at 60 cm yr-1 beneath each active volcanic center, this scenario yields 1.2 x 1011 m3
yr-1, one-half to one-fourth the volume needed to correlate with the resurfacing rate. This
also assumes a large diapir size; recall that it is possible for diapirs of 20 km diameter to
ascend through Io’s lithosphere, so the total magma delivery in the case of mixed diapir
sizes is lower.
Thus, the fluxes determined from diapiric volumes and velocities may not fully
account for the volumetric flux on Io’s surface. I assume one or a combination of the
following is true: 1) diapiric rise rates are higher than calculated above, 2) there are more
volcanic centers beneath which there are diapirs, although they do not exhibit current
activity, 3) or magma is also delivered to the surface via dikes. There is currently no way
to test the first explanation; the second case is likely, since there are close to 500 paterae
on Io, nearly 85% of which have dark materials on their floors indicating recent activity
(Chapter 1), and the third explanation is also likely and is explained in detail below in
“Rise via Dikes”.
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Zone of Neutral Buoyancy
In this model, diapirs will only ascend as long as they are more buoyant than the
surrounding material. Therefore, I more strictly define the properties of the lithosphere
so that I can find the zone of neutral buoyancy of the diapirs. At the beginning of this
section, the lithosphere was described as 30 km thick, cold, and comprised of mafic to
ultramafic silicates interbedded with S-rich volatiles and some fraction of pore space near
the surface. Leone and Wilson (2001) modeled the lithosphere as containing silicates,
SO2 frost, and void space, and they varied the relative amounts of these to obtain bulk
densities of the lithosphere at various depths. Their silicate portion is modeled as solid
ultramafic rock with a density of 3360 kg m-3 obtained by averaging over several
kilometers depth (similar in composition to harzburgite, described in Section I). This
composition requires that a high degree of partial melt be delivered to the upper
lithosphere and surface, so that mantle material can be deposited there without much
differentiation. This is achieved if the diapirs maintain 40% partial melt proportion at
least locally within the asthenosphere, as is hypothesized in Section I.
Through utilization of the Leone and Wilson (2001) model lithosphere, which
includes proportions of 75% silicates, 15% SO2 frost (from plume eruptions and
condensation on the surface), and 10% void space (from pyroclastic eruptions and
vesicular lavas), I find that diapirs can rise to ~12 km below the surface (Fig. 3 of Leone
and Wilson 2001). This depth is decreased by reducing the percentage of void space or
SO2 frost or by increasing the percentage of partial melt in the diapir (e.g., an 80% partial
melt diapir rises to 2 km depth). The Leone and Wilson (2001) model with proportions
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of <10% void space and <10% SO2 frost allows the diapir in this model to rise all the way
to the surface. Implications of this are discussed in Section III b.
The depth of 12 km is just over half the distance upward through the lithosphere,
so the magma must rise the rest of the way to the surface by other means. Perhaps the
diapir rises to this neutral buoyancy level, stops, then the partial melt segregates out,
forming a second diapir of lower density that rises to just below the surface. A model
that brings the diapir to within a couple of kilometers of the surface is appealing, since
paterae have a distinctive surface morphology; they are roughly “magma chamber
shaped”, i.e., round to elongate. This is discussed in more detail in Section III. A second
means of transporting molten material the rest of the way to the surface is movement
through dikes; this is discussed below.

Rise Via Dikes
Magma that is mafic to ultramafic in composition often ascends to the surface via
dikes, on Earth and likely on other planets (e.g., Best and Christiansen, 2001; Scott et al.
2002; Ernst et al. 2001). This is because the viscosity of mafic to ultramafic magma is
low, leading readily to rapid and even turbulent flow; yet magma density is often high
compared with surrounding rocks, making it difficult for buoyancy-driven rise. Thus,
fast-moving magma utilizes or creates (using magma chamber overpressure) cracks of
appropriate width in the lithosphere and rises rapidly before being quenched by cool,
surrounding rock (Shaw 1980; Wada 1995). Io’s lithosphere is dense and likely highly
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fractured due to tidal action, as evidenced by the tectonically built mountains, so magma
probably utilizes these cracks to reach the surface (Turtle et al. 2001).
There is observational evidence that magma rises on Io via dikes. The eruption of
Tvashtar Catena in November 1999 was manifest in a 25 km long, 1 km high curtain of
lava (McEwen et al 2000; Milazzo et al. in press). This fissure eruption was modeled by
Wilson and Head (2001), who stated that magma can rise through a dike as long as the
magma driving pressure can exceed the external compressive stress, a condition that is
reliant in part on the presence of volatiles in the magma. They find the following
relationship between the driving pressure K, density contrast Δρ, and dike half length A:

2

 K 3
A =

 gΔρ 

€

(18)

For a density contrast Δρ ~ 200 kg m-3, the same value used above for diapiric rise, they
find a dike length 2A of almost 9 km and width 1.3 m. However, the Leone and Wilson
(2001) model of the lithosphere indicates that country rock density decreases toward the
surface because of pore space and SO2 density. This leads to a smaller driving pressure
needed for magma rise or a greater dike length (Eq. 18). For Δρ = 25 kg m-3 the dike
length 2A is 34 km, greater than the height of the lithosphere.
It is challenging to maintain an open crack over the vertical extent of the
lithosphere for extended time periods because openings quickly become sealed up from
the bottom due to overburden pressure (Weertman 1971). This is applicable to Io,
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because it is thought that there are substantial lithospheric compressive stresses related to
burial and subsidence from volcanism (O’Reilly and Davies 1981; Schenk and Bulmer
1998; Turtle et al. 2001; Jaeger et al. 2003). In addition, magma rising in thin dikes
surrounded by cold material freezes quickly, so magma ascent rates must be high.
Wilson and Head (2001) assume turbulent magma motion and find ascent velocities at
the Tvashtar fissure eruption to be 2 – 6 m s-1. This leads to eruption rates of about 7 m3
s-1 m-1. These ascent velocities are much higher than those for diapiric rise; recall that for
a 40% partial melt diapir of diameter 40 km and locally softened lithosphere, rise
velocities are less than 50 cm y-1. Magma rise via dikes across the height of the
lithosphere would allow for more immediate removal of hot, rapidly convecting material
from the asthenosphere. This magma would be acquired from the mini reservoirs at the
base of the lithosphere that were developed in the “diapiric rise” section above because
ascent velocities through dikes exceed asthenospheric convection velocities by 4 orders
of magnitude (Table 8).

Magma Chambers and Dikes
A final mode of magma transport, basically a combination of the first two
discussed, is the ascent of magma to form a magma chamber at the neutral buoyancy
zone, then final ascent to the surface through dikes. A magma chamber is formed by rise
and arrest of a diapir, in which case the neutral buoyancy zone is at 12 km depth for a
40% partial melt diapir (see above, and Leone and Wilson (2001)). Alternatively, the
magma chamber is formed and fed by the ascent of molten material through dikes, in
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which case the neutral buoyancy zone is at most several kilometers below the surface (for
>80% partial melt, see above). The second model is interesting because it provides a
more continuous connection to the magma source region in the asthenosphere via
utilization and reactivation of dike-like magma pathways (only repeatedly successive
diapirs could achieve the same source connectivity). The model thus provides the ability
to feed eruption centers indefinitely. In the following section is a discussion about
magma chamber capacities and magma supply rates.

III. Magma finds a high-level zone of neutral buoyancy. Then it does one of two
things:
a. Spreads laterally to form a small chamber of 5-40 km in diameter, a few
kilometers below the surface.
b. Erupts in a lava flow field.

As mentioned in Section II, bodies of >80% partial melt reach neutral buoyancy
within 2 km of the surface. Thus, if diapirs with lower melt percentages rise and pause at
the mid-level of the lithosphere, then fully molten diapirs or dikes must rise from these
parent diapirs to feed high-level chambers. However, bodies of such a high degree partial
melt may not remain diapiric in shape; magmas may fully segregate, rise via dikes, and
reach the zone of neutral buoyancy at 2 km.
The chamber size range in III (a) is determined by the modal patera diameter from
Chapter 1, Fig. 8, so it is also the size range of typical paterae. The model assumes that
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the high-level magma chamber leads directly to formation of a patera of similar size. The
size range is also the same as was considered for the diapirs modeled in Section II.
Perhaps, in some cases, the neutral buoyancy zone is at the surface (for certain
conditions in the Leone and Wilson (2001) lithospheric model, see Section II). This
would lead to the eruption of lava directly onto the surface without formation of a highlevel magma chamber, as is suggested by III (b). There are some situations in which
large lava flows occur within depressions, such as Sobo Fluctus, in the Chaac-Camaxtli
region (Chapter 1, Fig. 8). Williams et al. (2002) discussed that the existence of this lava
flow in a line of paterae could be the result of topography. Sobo Fluctus is contained
within a depression, while the surrounding paterae all sit atop small rises. The neutral
buoyancy zone may be at the surface at the location of Sobo Fluctus, yet this level is
found just below the surface, within small rises, at the locations of surrounding paterae.
Thus, magma chambers the sizes of the paterae may exist just below the surface, while
such a chamber may have never formed below Sobo Fluctus.

IV. The overlying crust, thermally weakened by the underlying magma chamber,
collapses.

For terrestrial calderas, collapse of overlying crust often happens when some
amount of magma has evacuated the chamber, either through eruption or withdrawal into
the source region (Clough et al. 1909; Bacon 1983; Francis 1993). The same could be
true on Io. In addition, the presence of hot magma within fractured and volatile-rich crust
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may trigger stoping, the consumption of overlying blocks, into the chamber, leading to
“piecemeal” collapse. This is developed in the Keszthelyi et al. (2004) model, discussed
in detail in Section V.
The steep walls, flat floors, and roughly circular shapes of many paterae on Io are
evidence that collapse has occurred during their formation. However, the collapse
process has unique morphological manifestations on Io. On Earth, Mars, and Venus,
collapse over large magma chambers leads to sloped or stepped walls (e.g., Crumpler et
al., 1996) while on Io, collapse leads to steep, often nearly vertical walls (see Chapter 1,
Fig. 13). This is similar to the morphology of basalt shield calderas on Earth, which are
typically smaller than terrestrial silica-rich calderas and ionian paterae. Some martian,
steep-walled, basalt shield calderas have similar dimensions to those on Io, however.
Thus, the steep margins of Io’s paterae could be related to Io’s crustal composition,
which is modeled here and in other recent work as mafic to ultramafic, as opposed to
silica-rich.
In addition, the margins are often straight, angular, or highly irregular. How can a
roughly spherical magma chamber be manifest as such an angular feature at the surface?
First, the magma chambers themselves could be non-spherical. Io’s crust could be so
highly fractured from tidal action and mountain building that magma pathways to the
surface are tortuous. Magma flows into regions most accessible, and these areas could be
highly irregular in shape. Eventually, after the initial patera collapse, the chamber may
evolve to a subround shape by consuming surrounding crustal materials. Second, and
most importantly, collapse will not necessarily reflect the underlying chamber shape.
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Faulting that leads to patera margin formation will likely occur at preexisting zones of
weakness, such as along fractures.
This stage in the model (collapse over an underlying chamber) was discussed
through the proposition of several possible models in Chapter 1, Fig. 20 (reproduced here
as Fig. 54). The typical case I have presented above is best represented as a combination
of Fig. 54a and 54b, collapse over a magma chamber in basalt shield-type materials. It
does not eliminate the viability of the other models, as they represent possible special
cases, such as formation adjacent to a mountain (54d), tectonic spreading leading to
patera collapse (54e), the involvement of volatiles in patera formation (54c), and collapse
due to sinking of intrusive materials (54f).
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Figure 54. Models for patera formation from Chapter 1, Fig. 20. a) Collapse of shield due to magma
eruption, b) collapse over large, shallow magma chamber like ash-flow caldera, c) volatile expulsion
leading to collapse of weakened material, d) formation related to mountain, e) tectonic spreading of
region leading to collapse depression, f) dense materials sink into crust, leading to subsidence (from
Walker 1988).

V. The small patera (5-40 km diameter) that formed by collapse over its magma
chamber evolves in one, or a combination, of three ways:
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a. Lava emerges at the patera margins and flows across the patera floor, and
the magma chamber grows and evolves laterally, leading to enlargement
of the patera.
b. Lava fills the patera (sometimes to overflowing) and continues to erupt as
a lava lake connected to its source
c. No eruptions occur, magma supply shuts off, and the patera becomes
dormant

Figure 55. Cross section of a patera formed by block collapse that left a high-standing center (left),
with lava flows spread across the floor. If this patera is small (5 – 40 km diameter), it may evolve, by
high magma flux rates and continued consuming of crustal blocks, to a lava lake within a patera
(right). These eruptions are both fed by magma chambers a few kilometers below the surface. Patera
on the left may grow to several hundred km diameter, but feature on the right is typically 5 – 40 km
diameter.
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All three scenarios in this section are described below and illustrated in Fig. 55.

Expanding Paterae
Once a patera has formed, magma from the underlying chamber reaches the
surface at the patera floor. Lava erupts into the patera in multiple, overlapping, lava
flows. If the magma flux through the chamber is high, lava continues to reach the patera
floor and eventually fills the patera, leading to a lava lake (addressed below). A lower
magma flux rate leads to lateral spread of the magma chamber below the surface. This
lateral spreading leads to continued collapse of materials into the enlarging source region.
There are many paterae that are large, thermally active, and have overlapping flows on
their floors. Features such as Tupan (Fig. 56), Gish Bar, Camaxtli, and Shamshu Paterae
have multiple active, or recently active, lava flows of various colors and in different
stages of cooling on their floors. This idea of enlargement of a smaller preexisting patera
through the lateral spreading of its underlying magma chamber is taken primarily from a
model by Keszthelyi et al. (2004). Here, a large sill of magma causes the formation of a
patera, because large amounts of volatile-rich crustal materials calve off, or stope, into
the growing patera, leaving irregular and steep margins (Figs. 55 and 56). Crustal
volatiles are incorporated into the rising and erupting magma, leading to explosive
volcanism, plume eruptions, and pyroclastic deposition. This model adequately
addresses the role of volatiles in patera formation on Io, made important by the presence
of volatiles in high percentages in the near-surface lithosphere.
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Figure 56. Tupan Patera, a large (80 km long axis), irregular, volcano-tectonic depression. Walls are
~1 km high from shadow measurements, and the central block is cold (from NIMS observations) and
slightly elevated above the darker surrounding lava flows, which are warm, especially on the east
(from NIMS). Volatile-rich material may be oozing onto the floor at the base of the walls, and a
bathtub ring of dark deposits may mark the high stand of a lava lake or lava pond. From Galileo,
Oct. 2001, PIA02599.

In some cases, the large sill may form before a small patera forms, leading to the
formation of a large patera from the outset. There is some evidence this has occurred.
Both Tupan Patera (Fig. 56) and Loki Patera (Chapter 1, Fig. 11) have large, light colored
“islands” of cold material that are similar to their surroundings. These islands are
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surrounded by dark (active) flows that are resting in depressions. Perhaps large sills
formed under these regions into which overlying material collapsed (or was incorporated
through the stoping process described above from the Keszthelyi et al. (2004) model), but
the central regions remained high. This indicates that, in some cases, coherent crustal
blocks on Io resist deformation due to collapse. This observation is supported by the
Keszthelyi et al. (2004) model if material is removed from the sides or bottom of the
block, leading to collapse and patera formation around the block.

Lava Lakes
When lava reaches the surface, if the magma chamber is sufficiently shallow and
the eruption rate is high enough, a connection can be maintained between this eruption
and the magma source region. If the eruption occurs within a patera, lava fills this closed
basin, forming a lava lake (strictly defined as exposed liquid lava that overlies and
maintains a connection to its source, see Harris et al. 1999). There are at least several
paterae that are likely actively erupting lava lakes (e.g. Lopes et al. 2004). Pele Patera
was discussed in detail in Chapter 4 to be a highly confined, actively erupting, lava lake.
There is little evidence for lava extending away from Pele Patera (with the exception of
the E14 observation, as discussed in Chapter 5), and yet there is continuous, high, thermal
output and a nearly continuous plume of volatiles associated with it. Therefore, there
must be a steady influx into Pele of hot material that then becomes recycled into the
source region, reheated, and reerupted (see Chapter 4). The same eruption style may also
occur at Janus Patera, as discussed in Chapter 5, and possibly Radegast (which perhaps
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was more active in the past) and many other small, dark, nearly round features that
occasionally show up as hotspots, but do not now exhibit the current, sustained, thermal
output of Pele.

Magma Supply Rates
It is important to determine whether the magma sources within this model can
supply the major eruptions we have observed on Io. I analyze two eruptions in particular,
the Nov. 1999 Tvashtar lava curtain eruption (Milazzo et al., in press; McEwen et al.,
2000; Keszthelyi et al. 2001), with an estimated eruption rate of 2 x 104 – 2 x 105 m3 s-1
(Wilson and Head 2001), and the July 1998 observation of Pele Patera, with an estimated
eruption rate of 248 – 341 m3 s-1 (Davies et al. 2001), compared with about 7 m3 s-1 for a
1973 eruption at Erta ‘Ale lava lake in Ethiopia (Harris et al., 1999).
I find the holding capacities of cylindrical magma chambers of various diameters
d, ranging from 5 km to 40 km, and various thicknesses h, ranging from 1 km to 15 km.
These magma chamber volumes are compared with the eruption rates mentioned above to
determine the length of time a chamber can feed such an eruption. It is assumed, when
using these values, that the entire magma chamber is emptied to sustain the eruption for
the time periods reported. Most terrestrial eruptions, however, empty a smaller
percentage of the magma chamber.
The Tvashtar fountain eruption occurred within and adjacent to several large
paterae. Thus, it is assumed that the magma chamber is large (if the magma chamber size
has influenced the patera size). For a chamber with diameter d of 40 km and thickness h
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between 5 km and 15 km, the Nov. 1999 eruption could persist for 1 year – 30 years.
Within 9 months, the Tvashtar eruption had changed to being dormant just after a large
plume eruption (Milazzo et al. in press). Thus, a magma chamber of that capacity is
more than adequate to feed this eruption and other eruptions observed closely spaced in
time. A magma chamber of diameter d of 5 – 10 km and thickness h of 1 km, roughly the
size of the magma chamber beneath the Rabaul caldera, Papua New Guinea (Mori et al.
1989), would feed this eruption for less than five days.
Pele Patera is a 10 x 20 km depression with a sizable rift on its southern margin
(Chapter 4, Fig. 33). A magma chamber of diameter d of 20 km and height h of 5 km
could supply the Pele eruption for over 150 years (if eruption rates, which are quite
consistent, match those of the July 1998 eruption). A chamber of size d of 5 km and h of
1 km could sustain this eruption for only 2 years. Pele may have been erupting nearly
continuously since the Voyager flyby of 1979, with a possible partial hiatus during the
time between Voyager and Galileo’s arrival (1995; McEwen et al. 1998b). Therefore, the
magma chamber must be closer to the first size in order to feed this eruption, unless the
chamber is continually replenished by fresh magma from the source region in the
asthenosphere.

Dormant Paterae
There are many paterae across Io’s surface that have floors as pale as the
surrounding plains. These have been interpreted as once-active paterae whose floors
have since been covered by SO2 frost. Many of these regions could be dormant, awaiting
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recharge of their magma source regions and revival of eruptive activity. Most blanketed
paterae have probably once had eruptions associated with them, as evidenced by lava
flows at paterae in various stages of paling to the color of surrounding plains. However,
the possibility must be considered that some pale paterae have never had eruptions within
them. This scenario is only possible if magma has escaped the magma chamber without
emerging at the patera. In some locations, eruptions can be seen some tens of kilometers
away from paterae, such as at Culann and Prometheus. In other cases, magma may have
withdrawn from the chamber into the source region, leading to collapse and patera
formation without eruptions.

VI. Magma supply shuts off to the patera (either permanently or temporarily), it cools
down, and becomes covered by plume materials.

It is obvious that there have been eruptions at many paterae because there are
radiating lava flows or mottled floors. Eventually, paterae become light in color due to a
cessation of volcanic activity, subsequent deposition of plume material ejected from other
volcanoes, and atmospheric condensation of SO2. Williams et al. (2002) described an age
progression across the paterae in the Chaac-Camaxtli region as a function of amount of
covering of lava flows by plume materials. Materials with the lowest albedo are usually
the hottest, and therefore most recently emplaced (McEwen et al. 1985), and they
gradually cool and lighten with age. For example, Chapter 1, Fig. 8 shows that Chaac
Patera is a dark green color, and shows some evidence of weak thermal emission. The

202
central patera in the Chaac-Camaxtli region, Ababinili Patera, has distinct flow margins
and a small area of thermal activity on its margin, but its lava flows are orange in color
and cool. It is likely that they were not emplaced orange, but rather that they were
emplaced dark and then were covered by some amount of plume material, more than has
been deposited at Chaac. Williams et al. (2002) therefore determined that the last
eruptions at Ababinili were older than those at Chaac.

6.3. Discussion and Conclusions
This model describes a means of patera formation by addressing the feasibility of
the style of magma transport at each step. It begins by considering convection in the
asthenosphere and movement of hot material to the base of the lithosphere. This model,
consistent with numerical models, finds high asthenospheric convection speeds, both in
vertical and horizontal directions. Horizontal convection speeds in the Earth’s mantle are
manifest as plate motions. Is there evidence for a similar kind of movement of Io’s
lithosphere due to asthenospheric convection? Conclusive evidence for plate tectonics, in
the form of global or regional mountain belts or spreading centers, has not been found on
Io. However, there are several chains of volcanoes located around Io. One is the ChaacCamaxtli volcanic chain, located near the equator from 130° W to 160° W longitude,
over about 850 km. Some of the volcanoes in this chain lie along a straight line that
bends in the middle section, similar to what is seen in the Hawaii-Emperor seamount
chain, which is a result of plate motion over a stationary hotspot. If the Chaac-Camaxtli
section of Io’s lithosphere was transported across a hotspot by asthenospheric motions,
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we might expect there to be a gradation in amount of volcanic activity, as on the
Hawaiian islands. However, there is a seemingly random range in activity across the
volcanic chain, indicating that magma is supplied to many different areas in the region.
Another volcanic chain on Io is Tvashtar Catena, a high-latitude chain with several
adjoining or nested paterae. Recent eruptions point to the magma source moving to the
northwest, but exceptions to this pattern have been observed. Therefore, the fact that
volcanoes sometimes form chains or linear traces may be better explained by subsurface
tectonism, and not necessarily by plate motions related to convection within the
asthenosphere. Thus, evidence for “plate tectonics” on Io is weak or absent. One way to
reconcile the high convection speeds in the asthenosphere with lack of surface expression
is to consider that the relative difference in viscosity between the asthenosphere and
lithosphere is so great that frictional forces are not strong enough to initiate substantial
motion of the lithosphere.
The most likely mode of magma transportation to Io’s surface is through dikes,
given the magma composition and rigidity of the lithosphere. It is possible for magma to
rise through Io’s lithosphere in diapirs, as long as the diapir is sufficiently large and the
lithosphere becomes thermally softened around the diapir (Fig. 52). This mode of
magma transport leads to a lifetime for the volcanic center of at most several million
years before the supply is exhausted or cools. Another way to create long-lived volcanic
centers is to maintain a connection to the source region in the asthenosphere. Perhaps a
pathway is opened to allow magma to rise via dikes or diapirs to some mid-crustal neutral
buoyancy level, then magma is transported to a high-level zone of neutral buoyancy by
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dikes. As long as the magma pathways through the lithosphere remain accessible, a
continuous influx of new material could occur at the mid- and high-level magma
chambers. This process also helps maintain the primitive compositions of the magmas by
overcoming fractional crystallization and crystal settling. The claim that volcanic centers
on Io are long-lived is based on observations during a geologically small time frame of
just 25 years, over the Voyager-Galileo eras; however, almost no morphological changes
were observed at paterae over this time frame, so a model that assumes long-lived
volcanic centers should be considered.
A large, high-level magma chamber would lead to the morphologies of paterae
that are observed, with round to subangular margins. However, it may be possible for
paterae to form without shallow magma chambers. If dikes rise from a deeper magma
chamber in a ring shape, if they exploit preexisting zones of weakness, or if dense
intrusives sink into the source region (Walker, 1988; Fig. 54f), paterae may collapse
without large, underlying chambers.
Whether lava erupts in a flow field or spreads laterally to form a magma chamber
and patera may depend on topography. Flow fields seem to occur in depressions, in some
cases. Better topographic and gravity information would help us understand the
dependence of eruption styles on elevation, on a regional and global scale, and to
determine the Ionian geoid or “ioid”. Comparison of local elevation and the ioid would
help determine the relative importance of buoyancy-driven vs. pressure-driven eruptions
on Io.
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This model of patera formation is for a “typical” patera, one that forms alone, in
plains, away from mountains. However, many paterae formed adjacent to mountains, a
couple formed on broad shields, and others may have properties that preclude them from
being included in the strict outline of this model. These variations on the model are
illustrated in Chapter 1, Fig. 20 (reproduced here as Fig. 54). For example, Hi’iaka and
Monan Paterae were likely influenced by tectonics in their formation, based on their
margins and association with surrounding mountain blocks (Fig. 54d, e). Tvashtar and
Gish Bar Paterae show evidence of multiple, nested collapse, as happens at basalt shield
calderas. Some very large paterae with low walls formed adjacent to mountains, such as
Zal and Tohil Paterae (Fig. 54d). Many paterae have associated plume eruptions, so
paterae could form in conjunction with subsurface volatile interactions (Fig. 54c). The
chemistry of the Pele plume indicates its volatiles are juvenile (incorporated at the
asthenospheric magma source region) (Zolotov and Fegley 2000), while Tupan Patera
shows morphologic evidence of thermally mobilized volatiles oozing from crustal layers
at the base of the patera margin onto its floor. Other paterae may form by sinking of
dense materials into the source region (54f).
It should be noted that we have never seen a patera form, nor have we seen one
enlarge. Galileo revealed no new paterae after the 15-year intervening time since
Voyager. Many changes in color and activity of paterae were observed, even over the
course of the Galileo tour (Geissler et al. 1999; Phillips et al. 2000). It appears that
paterae, once formed, are relatively long-lived centers that wax and wane in activity.
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CHAPTER 7. CONCLUSIONS
Knowledge of the formation and evolution of paterae on Io, a field of study that
has only existed since Voyager 1 flew past Jupiter in 1979, has been informed by the
work in this thesis in the following main ways:
Paterae are likely created by collapse over high-level magma chambers formed by
the rise of magma directly from Io’s interior, perhaps from a high-temperature, lowviscosity asthenosphere. This magma rises through Io’s cold, dense lithosphere via
diapirs, if they are sufficiently large and if the lithosphere can be softened, or via dikes.
Magma must rise by either of these means rapidly and efficiently from Io’s interior to
avoid differentiation and evolution of materials. Evolved, silica-rich products are not
observed on Io’s surface; rather, temperature measurements, in this thesis and other work,
and flow morphologies indicate Io’s primary lava compositions are mafic to ultramafic
silicates.
Paterae are similar to calderas on the Earth and other planets in some ways, yet
they are unique. They have steep walls and flat floors, and often have irregular margins.
Over 10% of all paterae are adjacent to mountains, but close to 40% of all mountains
have one or more paterae adjacent to them, indicating that there may be some
unidentified process that leads to the formation of paterae preferentially close to
mountains.
Eruptions within paterae produce tremendous amounts of thermal energy and
continue, in some cases, over at least tens of years. Despite high thermal outputs and
estimated magma flux rates at patera eruptions, associated lava flows remain primarily
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confined to the paterae. It appears that active, fountaining, lava lakes exist within at least
one and probably more paterae. Many paterae have the morphological appearance of
having been recently filled with lava, having smooth, dark crusts, while others, primarily
those >100 km diameter, show evidence of multiple, overlapping lava flows of different
colors on their floors. All paterae are intimately tied to their magma source regions and
thus Io’s interior; one piece of evidence for this connection is the preferential distribution
of paterae at the sub- and anti-Jovian equatorial regions, perhaps the surface expression
of high thermal activity along zones of greatest tidal massaging.
Despite the knowledge gained in these areas of research on Io’s paterae, many
outstanding questions still exist for Io. These include such fundamental puzzles as, what
is the primary composition of Io’s lavas? Is there a magma ocean under Io’s crust, and if
so, how is this connected to the paterae? What is the structure of the lithosphere, and
how does this control the formation and evolution of mountains and paterae? How
similar to Earth’s hot past is Io’s current state, and can we consider it a laboratory for
early planetary processes?
Researchers will continue to search data from the Voyager, Galileo, and Cassini
spacecraft missions, in addition to monitoring Io from the ground, so that answers to
these questions can be approached. Ultimately, we need to have detailed information
about Io’s topography and composition to really begin to understand Io, so we await the
return of spacecraft to the Jupiter system. Meanwhile, Io will continue to have
unbelievable eruptions of beauty and color without us there to watch.
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