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Paterae on Io: A new type of volcanic caldera?
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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 fea-
tures on lo. Paterae on o are unique, yetin some aspectsthey resemble calderas known
and studied on Earth, Mars, and Venus. They have steep walls, flat floors, and arcuate mar-
gins and sometimes exhibit nesting, all typical of terrestrial and Martian basalt shield calde-
ras. 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 o 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 data-
base of 417 paterae on Io measured from images with <3.2 km pixel" 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 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 longi-
tude, 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 forma-
tion of terrestrial calderas, yet their unusual characteristics may require new models with a

greater role for tectonic processes.

1. Introduction

Jupiter s moon lo is a body replete with amazing
geologic features, such as giantlava 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 A stronomical Union definition of patera
is "an irregular crater, ora complex one with scalloped
edges" (Planetary Nomenclature home page,
http:/wwwflag. wr.usgs.gov/USGSFlag/Space/nomen/nome
n.html, 2000). This definition does not make assumptions
about formation mechanism or whether or not paterae have
a volcanic orany other genetic association, except that they
lack the obvious characteristics of well-preserved impact
craters. lonian paterae do not appear to be lunar-type lava-
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filled impact basins; their morphologies and size-frequency
distributions are different.

Paterae found on lo 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, p. 8405] 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 sy stems which are
repeatedly active over long time periods (10°-10° years), to
distinguish them from volcanic craters. Unfortunately, on Io
it is difficult to confimm that paterae form primarily by
collapse due to the draining of a shallow magma chamber,
making us cautious in applying the term caldera to
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paterae. We describe Ionian paterae and then discuss
mechanisms for their formation.

To is currently the mo st volcanically active body in
the solar system, and itis possible to watch changes
associated with many of its over 400 paterae. We have
observed colorand albedo changes at Pillan, Prometheus,
and many other paterae over 20 years [McEwen et al.,
1998a]. 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.

Thermal observations indicate that most or all
dark areas on lo are currently, or were very recently, active
[McEwen et al., 1985, 1997]. The majority of paterae on Io
(83% of those measured at <3.2km pixel’ resolution) have
floors that are partially or completely dark (nomal
reflectance <0.4), but many are potentially mantled with
high-albedo material, possibly SO, frost from nearby
eruptions [Geissler, et al., 1999] (Plate 1). These ghost
paterae did not have active lava flows associated with them
in the recent past, yetthey 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 lo may be active or dormant.

First we discuss observations of the appearance and
behavior of paterae on lo, derived from images obtained by
Galileo and Voyager spacecraft. We compiled anew
database recording information for all paterae on o imaged
at <3.2 km pixel" resolution. This database was created to
find global interrelations hips between lonian 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 addres sed, through comparisons w ith
calderas on Earth, Mars, and Venus. Our broad base of
knowledge about calderas on these other planets allows
comparisons with paterae of lo, 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 1. Map of locations of lonian 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 pixel” or

better (the majority of that at <2 km pixel™). Boundaries are

approximate. Voyager resolutions from Schaber [1982] and USGS Io maps.
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Plate 1. A string of lonian paterae; there are 12 shown in this image, ranging from <5 km to over 90 km long axis
(Chassc 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. Image taken by Galileo SSI February 2000 at 200 m/pixel resolution; image covers 130 W to 160 W
longitude, 10 N latitude, 850 km acraoss.



Table 1. Summary of Statistical Analyses of Patera/Caldera Diameters and Distributionsa

Category nb  Maximumc Mean Median SD Kurtosis Skew  Adjacentto Irregular/  Atop Shield
Mountain  Straight Sid es

lo

All 417 202.6 410 345 30.6 4.2 1.6 54 173 35

25S-25N 224 202.6 380 324 27.3 5.6 17

25-90 S,25-90 N 193 198.6 446  38.6 33.8 3.0 15

Sub- 315-45 W 90 115.3 347 307 26.7 1.0 1.1

Anti- 135-225 W 135 166.0 35.9 33 22.8 8.1 2

Leading 45135 W 99 161.6 437 355 30.5 1.7 11

Trailing 225-315 W 93 202.6 52.0 48.7 39.9 2.7 1.3
Earth

Ash flow 129 76.9 18.7 154 12.4 6.3 2.2 N/A N/A 0

Basalt shield 43 18.5 6.6 5.3 4.9 -0.1 0.9 0 N/A 43
Mars 37 145.0 47.7 39 35.8 0.3 0.9 0 7 36
Venusd 88 ~200 ~68 ~70 ~332 ~1.6 ~1.1 N/A N/A N/A

a N/A indicates not available.

b Number of paterae/calderas.

c All diameters given in km.

d Venus stati stics approx imate; data incomplete.
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2. Catalog of Io Paterae

A new database of lonian paterae records their
sizes, distributions with latitude and longitude,
morphological characteristics, proximity to mountains,
straightness or iregularity of margins, and presence atop
shields. The resolution of the images used was restricted to
3.2 km pixel’, althoughit is 12 km pixel" for most
regions. Information was obtained from both Galileo and
Voyager spacecraft missions as they have best imaged
different hemispheres ofthe moon. Approximately 80% of
the moon s surface has been imaged at this resolution
(Figure 1); in this area 417 paterae have been catalogued. If
we extrapolate the number of paterae on this fraction of lo
to a number of paterae on the total surface area, we estimate
that close to 500 paterae cover the surface of lo (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.

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
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Figure 2. Histogram of 417 Ionian paterae measured at 3.2
km pixel” resolution or better versus effective diameter.
Minimum is 2.5 km, maximum is 202.6 km diameter, and
mean is 41.0 km diameter. A peak in distribution occurs
between 15 and 20 km diameter, numbers then taper off
exponentially to higher diameters.

~1 to 2 km pixel', 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” in which paterae were
measured. Voyageralso imaged half of the south polar
region, from ~240 W to 20 W and ~60 S to 90 S, at <1 km
pixel” (Figure 1). Several regions have high resolution
Galileo images that overlap the ~2 km pixel ' images, most
commonly at ~200 m pixel”, but up to~7 m pixel”, 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 diameter), interspersed with fewer and larger
features, as is seen in impact crater distributions (see Plate 1).
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Figure 3. Histogram of417 lonian paterae versus degrees
latitude, normalized to area covered. Greater numbers of
paterae are found at equator-flanking latitudes, between
25 S and 25 N, than poleward of these latitudes.
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Figure 4. Histogram of 417 Ionian paterae versus
degrees west longitude, normalized to area covered.
Peaks in distribution occur at approximately 150 W and
330 W. The region from 200 W to 270 W and above
30 N (~25% of area measured at these longitudes) is at
1.2 km pixel' lower resolution than the majority of the
rest of the planet.
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Figure 5. Two terrestrial calderas (top) shown next to three lonian 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.

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
(Figure 2 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 diam eters
<15 km) and then an exponential decline in number tow ard
higher diameters.

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 lo
exist between -25 and +25 latitude; their numbers over a
given area are smaller poleward of this band. Figure 3 is a
graph of latitudinal bands versus numbers of lonian paterae,

normalized to 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, how ever,
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 polew ard 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.)

There is also an uneven distribution of paterae with
longitude. Figure 4 shows longitudinal bands versus number
of paterae normalized to surface area covered. There is a
gap in moderate resolution coverage (better than 3 km per pixel)
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Figure 6. 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, November 1999, 150

m pixel” resolution.

between 40 W and 70 W longitude, and the region north
of 30 from 200 W to 270 W is at a reso lution of 2.0-3.2
km pixel”, instead of 1-2 km pixel’ 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.

2.3 Association Between Paterae and Tectonic Features

The planform shapes of Tonian paterae range from
round to extremely angular. Of417 paterae measured at <2
km pixel” resolution, 42% have iregular margins or
straight sides that terminate at sharp corners. Five of the
paterae in Plate 1 are classified as irregular, or having
oddly curved, sharply bent, or straight-sided margins, based
on visual interpretation of images. Tupan, Prometheus,
Loki (Figures 5c, 5d, and 5e) and Emakong (Figure 6)

Paterae are all examples of features with straight margins
ending at sharp corners. All paterae that are round,
subround, or elliptical with smooth, ¢ ontinuous margins are
considered to be regular, as are five of the paterae in Plate
1. The 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.

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 ") obtained by Galileo in February 2000 during the 127
orbit show the region within and around Chaac Patera
(Figure 7). 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 ofthe Grand Canyon,
Arizona, is ~1.5 km rim to river. W hile the upper, more
resistant layers have comparably steep slopes, the whole
sequence taken together (at Yuma Point, Arizona) has a
slope of only 30 . To create walls of the dimensions of
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Figure 7. Chaac Patera and a cross-section of its wall shown with the Grand Canyon for comparison. Io images by Galileo,
February 2000, top image is 200 m pixel”, bottom is 7-8 m pixel'. Grand Canyon cross section from Geologic Map of the

Grand Canyon, by G. Billingsly et al.

Chaac Patera requires a tremendous amount of movement
within the upper lithosphere of [o. 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].

Paterae on o are sometimes adjacent to
mountains. Mountains on o are not volcanic in origin, but
they appear to instead be tilted crustal blocks or stepped
plateaus [Turtle et al., this issue; Schenk et al., this issue].
Of 417 paterae catalogued at<3.2 km pixel”, 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 ex cept when stereo pairs are available
(see Figure 10 of Turtle et al., this issue). 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 (Figure 8). 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 adeep, flat floor. Figure 9 shows
Monan Patera and another pateraat the north and south ends,
respectively, of an elongate mountain. Monan has
apparently formed around the mountain, creating an unusual
worm-shaped depression.

We conclude that >40% of paterae show strong
influences of regional tectonics. At high resolution (200-300
m pixel"), 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., this issue]. Zal, Shamash,
and Monan Paterae also likely had a large degree of tectonic
influence on their formation. Zal is an extremely large (197
km long axis), low feature which is bordered by plateaus on
the east and west and a mountain to the south, with no
definite northem margin (Figure 10). Dark lavas flow from
fractures near the base ofthe 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




































