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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 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
calder a. Ionian patera e seem to be linke d with the eruption of large amoun ts of maf ic 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% o f its
surface) reveals that their mean diameter of 41.0 km is close to that for calderas of Mars
(47.7 km ), is smalle r than tha t for Ve nus (~6 8 km), bu t dwarf s those fo r terres trial basa lt
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 long itude, 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 proc esses.

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 la va flow depo sits.
The International A stronomical U nion definition of pate ra
is "an irregular crater, or a 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 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-type lavaCopyright 2001 by the American Geophysical Union.
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filled impact basins; their morphologies and size-frequency
distributions are differe nt.
Paterae found o n Io have mos tly 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 o ther planets, Wood [1984, p. 8405] suggested
the definition a multi-kilometer wide, quasi-circular
depression, n ot of impact origin, form ed in volcanic te rrain
by collapse into a partially drained magma chamber. He
added that calderas occ ur in volcanic sy stems wh ich are
repeatedly active over long time periods (103 -106 years), to
distinguish them from volcanic c raters. Unfortunate ly, on Io
it is difficult to confirm that paterae form primarily by
collapse due to the draining of a sh allow magm a chambe r,
making us c autious in apply ing the term caldera to
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paterae. We describe Ionian paterae and then discuss
mechanisms for their formation.
Io is currently the mo st volcanically a ctive 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.,
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 obs ervations indica te 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 a re potentially man tled with
high-albedo material, possibly SO2 frost from nearby
eruptions [Geissler, e t al., 1999] (Plate 1). Thes e ghost
paterae did not have active lava flows associated with them
in the recent past, yet they must be young features, given

that the global ave rage age of Io s surface is < 1 million years
old [Johnson and Soderblom, 1982; Phillips, 2000]. A
volcanic bod y 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 su rface of Io may be active or dorma nt.
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 da tabase wa s created to
find global interrelations hips betwee n Ionian paterae .
Following disc ussion of data base statistics , specific
descriptions of p aterae are record ed, with referenc e to their
tectonic associations, locations on Io, and associated lava
flow features. Imp lications of the ana lyses of patera
morphologies are then addres sed, through co mparisons w ith
calderas on Earth, Mars, and Venus. Our broad base of
knowledge about calderas on these other planets allows
comparison s 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.

Figure 1. 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 pixel-1 or better (the majority of that at <2 km pixel-1 ). Boundaries a re
approximate. Voyager resolutions from Schaber [1982] and USGS Io maps.

Plate 1. A string of Ionian 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 across.

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

Category

nb

Maximumc

Mean Median

SD

Kurtosis

Skew

All

417

25 S -25 N

224

202.6

41.0

34.5

30.6

4.2

1.6

202.6

38.0

32.4

27.3

5.6

1.7

25-90 S, 25-90 N
Sub- 315-45 W

193

198.6

44.6

38.6

33.8

3.0

1.5

90

115.3

34.7

30.7

26.7

1.0

1.1

Anti- 135-225 W

135

166.0

35.9

33

22.8

8.1

2

Leading 45-135 W

99

161.6

43.7

35.5

30.5

1.7

1.1

Trailing 225-315 W 93

202.6

52.0

48.7

39.9

2.7

1.3

Atop Shield
Adjacent to Irregular/
Mountain Straight Sid es

Io
54

173

35

Earth
Ash flow

129

76.9

18.7

15.4

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

~33.2

~1.6

~1.1

N/A

N/A

N/A

a N/A indicat es 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 da tabase 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 res olution of the imag es used w as 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
(Figure 1); in this area 41 7 paterae hav e been cata logued. If
we extrapola te the numbe r of paterae on this frac tion of Io
to a number of pa terae on the total su rface 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 ha ve been cov ered, 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 pa tera was define d as the diam eter 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

Figure 2. Histogram of 4 17 Ionian patera e measure d at 3.2
km pixel-1 resolution or better ve rsus effective dia meter.
Minimum is 2.5 km, maximum is 202.6 km diameter, and
mean is 41.0 km diamete r. A peak in distributio n occurs
between 1 5 and 20 km diameter, num bers then tape r off
exponentially to higher diamete rs.

~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 b y Voyage r with
resolution of 2.0-3.2 km pixel-1 in which patera e 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 (Figure 1). 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 diameter), interspersed with fewer and larger
features, as is s een in impac t crater distributions (se e Plate 1).

Figure 3. Histogram of 417 Ionian 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.

Figure 4. Histogram of 417 Ionian paterae versus
degrees w est longitude, no rmalized 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-1 lower resolution than the majority of the
rest of the planet.
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Figure 5. Two terrestrial calde ras (top) shown next to three Ionian paterae for com parison (scale s 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) Promethe us 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 3 4.5
(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 diamete r (and fewer at diam eters
<15 km) an d then an exp onential decline in number tow ard
higher diameters.
2.2. Distribution With Latitude/Longitude
Paterae in the da tabase are ide ntified by their
locations on the basis of the latitude and longitude of the
intersection of their ax es. Most ob served patera e on Io
exist between -25 and +25 latitude; their numbe rs over a
given area are smaller poleward of this band. Figure 3 is a
graph of latitudinal bands versus numbers of Ionian paterae,

normalized to surface area covered. Equal numbers across
the histogram w ould indicate an even distribution, b ut 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 pate rae. In general, how ever,
the numbers of paterae declin e toward the po les. 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 latitude s of 44.6 km. A s with
total patera data, sta ndard deviation s for these data a re 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 distribu tion of paterae w ith
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-1 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-1 , instead of 1-2 km pixel-1 for other regions.
Howeve r, normalized da ta show defin ite peaks in pate ra
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 lead ing and trailing qua rters (43.7 and 52.0
km) of Io, than the su b-Jovian and anti-Jovian qua rters
(34.7 and 35.9 km). Hence paterae are less abundant but
larger both at high latitudes and leading and trailing
equatorial regions . Additional statistic s for this analysis are
listed in Table 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 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 elliptica l with smooth, c ontinuous m argins are
considered to be regular, as are five of the pa terae in Plate
1. The ellipticity of all paterae is dete rmined on the b asis
of the ratio of their long to short axes. Ellipticity of paterae
in this databas e ranges from 1 (equivalent axe s) to 5.73.
Seventy perc ent of paterae ha ve 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 pa terae 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 reg ion within and a round Chaa c Patera
(Figure 7). A shadow cast on the patera wall and floor
enabled ca lculation of the heig ht 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. W hile the upper, mo re
resistant layers h ave comp arably steep s lopes, the wh ole
sequence taken together (at Yuma Point, Arizona) has a
slope of only 30 . To create walls of the dimensions of

RADEB AUGH ET AL.: PATER AE ON IO

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-1 , bottom is 7-8 m pixel-1 . Grand Canyon cross section from Geologic Map of the
Grand Ca nyon, by G. B illingsly et al.
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].
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., this issue; Schenk et al. , this issue].
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 ang le images ex cept when stereo pairs are a vailable
(see Figure 10 o f 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 mounta ins or plateaus a re often oddly sha ped, with
arcuate or scalloped margins [Carr et al. , 1979], such as the
clover-shape d Gish Ba r Patera (Figure 8). This fea ture
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. Figure 9 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.
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., this issue]. Zal, Shamash,
and Mon an Paterae als o likely had a large degree of tecton ic
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 northern margin (Figure 10). 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 an d a plateau. It has a n irregular margin (w here it
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Figure 8. Slightly oblique view of Gish Bar Patera (15 N,
90 W). It is a large (106x115 km), irregular feature that
may have formed as a res ult of several sep arate caldera
collapses. M ottled lava flows cover any pree xisting walls
or floor characteristics. The caldera walls are steep;
shadows can be traced from the moun tain to the north
down into the floor. Image taken by Galileo, 500 m
pixel-1 resolution.

can be discerned), likely due to its mountain and plateau
associations. The top and bottom margins of Monan
(Figure 9) are congruent and almost appear to have been
pulled apart from each other, away from the north end of
the mountain.
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 (Figure 11) at 60-65 N, 118-126 W have
dimensions of 177.5 x 80.6 km and 149.3 x 10 3.9 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 be tween them . Creidne Patera at 52.4 S,
343.2 W is 169.9 x 78.2 km, Nus ku Patera at 64.4 S, 4.9 W
is 119.9 x 54.4 k m, and Kan e Patera at 47.8 S, 13.4 W is

Figure 9. 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 in with lava. It borders the north edge
of a mountain, a nd another large , straight-sided pate ra
borders the south end of the same mountain. Image taken
by Galileo, October 1999, 500 m pixel-1 resolution.

144.4 x 77.6 km . Compare the features in Figure 1 2, a
Voyager mosaic, w ith typical low-latitude paterae seen in
Plate 1. These high-latitude paterae often have margins that
are steeper and more circular than paterae in regions
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Figure 10. Oblique image of Zal Patera (40 N, 75 W). This is a large (198x132 km) depression surrounded on the west by
a plateau and on the south and east by mountains, with no definite northern margin. Dark flows emerge into the patera from
the west and east walls. Image taken by Galileo, February 2000, 335 m pixel-1 resolution.
flanking the equ ator, and they do not have exte nsive dark
lava flow mottling as is seen on the floors of low-latitude
paterae.
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 b eing assoc iated with low s hields. 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 that have
discernable basal scarps. It is important to keep in mind
that broad, gently s loping features a re very difficult to
detect at low phase angle. A feature described by Moore et
al. [1986] is a shield 7 5 by 90 km a t the base, with a gentle

slope, and a s ummit calde ra 5 km acros s 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.
2.6. Flows and Floor Mottling
No one type of erupted mate rial is dominant in a ll
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 re flectance <1 0% when fres h, 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 co ver the floors of patera e, for example, in
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Figure 11. Slightly oblique view of Tvashtar Ca tena and outline s of separately m easured pa terae in this vicinity. U ncertain
patera bound aries are dotted. A ctive lava flows are emerging from the base of the w alls onto the floor of the fa r western
patera. Image taken by Galileo, February 2000, 300 m pixel-1 resolution.

Chaac Patera, seem to be ponded with an inflated pahoehoe
surface texture [Keszthely i et al., this issue]. Dark, te ndrillike flows have emerged from a patera in the ce nter left in
Plate 1. Another example, Emakong, is a dark-floored
patera that measures 80 km in diameter along its longest
axis (Figure 6). 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 from its southwest margin (Figure 5d). 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-Gau tier et al., 2000].
Camaxtli Patera and a small feature to its west also
exhibit extensiv e dark flows on their floors (Plate 1).
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 a n extremely da rk 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-Gau tier et al., 2000]. Both da rk
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 ou tward from their m argins. Emako ng Patera
(Figure 6) has erupted light colored material from its east
margin into a flow field hundreds of s quare kilomete rs in
area that could possibly be composed of sulfur or sulfur
compounds [Williams et al. , this issue]. A light colored,
lobate tail over 100 km lo ng emerges from what is
possibly a small, dark patera in Plate 1 and appears to be
covered by brighter colored flows in a butterfly-shaped
pattern.
Patera floors are als o 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
(Figure 7). NIMS confirmed the presence of SO2 on the
island of Loki [Lopes-Gau tier et al., 2000]. Often there
are also coatings of yellow, orange, brown, and bright green
units, all thought to be elemental sulfur allotropes, perhaps
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Figure 12. Mosaic of south polar region. Most of these paterae are large; for example, Kane Patera in the upper left of
center is 144.4 k m long axis. M any have rou nd margins, co mpared with the paterae at low latitudes show n in Plate 1.
Images taken by Voyager, <1 km pixel-1 resolution, ~330 W to 30 W, 85 S to 50 S, ~900 km a cross.
contaminated by other materials [Schaber, 1982; Kargel et
al., 1999] (Plate 1). 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.,
1998a; Geissler e t al., 1999]. The diffuse material
surrounding the margin of Monan Patera and a great portion
of the patera floor sou th of the mountain (Figure 9) are both
red, as are the de posits from the larg e plume Pele . This
leads to the con clusion that S 2 gas is a component of the
volatiles release d upon eruption , confirmed at Pele
[Spencer e t al., 2000]. The flows and coatings of various
colors and textu res intermix to produ ce 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 a ny floor fissures, ve nts, or preexisting p atera
walls, hiding evidence of multiple stages of collapse, if any
multiple collaps es have oc curred (Figure 8).

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.
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
(Figure 5a) or in continental rift valley settings, such as the
Snake River Plain, often have calderas at their summits. The
morphology o f these volcan oes is a direct res ult 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 con clusion that thes e are also bas alt shield
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Figure 13. Caldera com plexes atop (left) O lympus M ons and (right) M auna Loa, H awaii, are sho wn at different sca les.
Both complexes are elongate and exhibit several stages of collapse. Lavas flow downhill, away from the steep, arcuate,
caldera walls. Olympus Mons image PIA 02982, courtesy of NASA/JPL/Caltech. Mauna Loa image from Compiled
Volcanolog y Data Set 2 [K aras et al., 1994].

volcanoes and calderas (Figure 13). 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 ) [Crumple r et al., 1996] that will be
addressed along with cald eras of Venu s.
The size of volc anic shields fou nd on Ma rs 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 ba se and rises 2 5 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 dia meter for Ionian pa terae of 41.0 km ), their
median is 39.0, and their mode is 20-25 km [Crumpler et
al., 1996].
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 a lmost 70 km in diameter, wh ile
Mokuaw eoweo is on ly ~6 km in diam eter [Pike and Clow,
1981]. Both ha ve arcuate m argins, steep, co herent walls
and flat floors, and several features are nested within one
another, due to m ultiple stages of c ollapse (Figure 13 ).

Tvashtar Catena and Gish Bar Patera may also be nested
caldera com plexes. Tvas htar has two s mall paterae w ithin
one large one (Figure 11), while G ish Bar could conceivably
be three separate nested calderas whose inner walls have
been cove red by varicolored lava flows (Figure 8).
At both Mauna Loa and Olympus Mons, lava flows
radiate away from the calderas. It is possible that after the
caldera collap sed, there wa s a period in eruptiv e history in
which lava may have filled the caldera entirely then
overtopped the walls and flow ed out over the s urface, a
phenome non that is rare on E arth but does oc cur in basalt
shield calderas. Emakong Patera shows extensive flows
emerging from its walls in all directions (Figure 6). 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 km 3 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 c ollapse due to the withdrawa l of magma. It is
difficult to determine the relative timing of eruptions and
collapse, especially when using only postcaldera-formation
remote sensing data.
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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 volcan oes 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 diame ter (Figure 5b); Long V alley 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 w ere initially compa red 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 1213 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 reaso n for the compa rison is the lack o f volcanic
edifices on Io aside from paterae, with the rare exception of
a few shallow shield-like features .
Io has undergo ne a significant a mount of volca nic
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 m afic to ultramafic (M g-rich) in
composition [McEwen et al., 1998b; Keszthely i et al., this
issue].
Ash flow calderas are associated with resurgence,
or postcaldera-forming eruptions. A large central resurgent
dome as w ell as several s maller rhyolite dom es are seen in
Figure 5b 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, high ly fluid, postpatera-form ing 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 a nd partially melt
crustal material: this partial melt asce nds to shallow levels
and forms batholithic masses or erupts pyroclastically. The
mantle-derived mafic magm a can later mov e upward
through solidified silicic melt and erupt, resulting in layered
or adjacent 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 volca nic pile, as it isostatic ally subsides deep into
the crust [Marsh et al. , 1991].
Because of the low gravity and much lower
atmosphe ric pressure, exp losive, silicic eruptio ns 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 ma terial, though there is n o evidence o f deposits
of felsic compo sitions to date.
One of the most intriguing possible eruption styles
for Io is the mafic as h flow. A com bination of mafic to
ultramafic magmas, high volatile content (assumed because
of the presence of large amounts of SO 2 on the surface and
in plumes), and eruption into a 10-9 bar atmosph ere could
make exp losive eruptions with mafic ma gmas com mon. 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., 1998a] and
the lava curtain a t Tvashtar [Wilson and Head, this issue].
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.
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, well-defined 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 ca lderas of Ma rs are discuss ed here with
calderas of V enus beca use there are s imilarities in their
morphologies. Arsia-type calderas have wall morphologies
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similar to those on Venus, in that the margins are not steep
and abrupt, like the Mars Oly mpus-type, b ut are gently
sloping and sag-like, with concentric fractures [Crumpler et
al., 1996]. Arsia-type calderas are larger than Olympustype calderas , and the ratio of calde ra diameter to sh ield
diameter is grea ter than that for Olym pus-type cald eras.
The best rationa le for compariso n of Ionian paterae with
those of Ven us and the A rsia-type on M ars again see ms 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; Crumple r et al., 1996; Radebaugh,
1999] (Table 1). D ata for Venus ian calderas a re 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 d o not generally ha ve gently
sloping, stepped walls and concentric fractures. In Plate 1,
however, the re are two features , one directly to the w est,
and the other to the southwest, of Camaxtli Patera that
display this morphology. Many other paterae have ringtype 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 eve ry side (Plate 1 and Figure 7).
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 sugges t 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.
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 paterae [Lopes-Gau tier et al., 1999]. Analys is
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 H atchawa P aterae (Figures 1 1 and 12),
all have steep walls and round to elliptical margins, and
they usually ha ve some a ctive lava flows in their interior,
without having their floors comple tely 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-G autier et al., 1999; Howell
et al., this issue]. Perhap s this reflects a differen ce in
lithospheric thickness [McEwen et al., 2000]. If the
lithosphere is thinn er at low latitudes, the n lava is close r to
the surface and is more readily and frequently transferred
upward through vents. It is possible, based on the
differences in pa tera sizes at differen t longitudes, that the re
is also a thinner lithosphere at the sub-Jovian and anti-Jovian
quarters of Io than a t the leading and trailing quarters. A
thicker lithosphe re requires mag ma to be transp orted in
large, buoyant batches or in smaller batches that feed large,
sublithospheric magma chambers. Only when these
chambers are periodically full might they produce highvolume, infrequent eruptions that leave partially vacant
regions over w hich paterae form .
The association of tectonically formed mountains
and volcanis m has led to the hypothesis tha t mountain
formation is partially controlled by mantle upwellings
[Turtle et al., this issue]. 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 of the patera walls, likely because the
magma moves upward along deep fractures bounding
paterae [Keszthely i et al., this issue]. Wh ile this model is
still being tested, it begins to produce a picture that links the
volcanism a nd tectonics o n Io with the dyna mics of its
interior.
The astheno spheric mod el 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 hund red kilometers, rath er than largerscale conv ection resulting in a few widely s paced ma ntle
plumes [Tackley et al. , 2001]. In addition, as thenosphe ric
heat flow patterns predicted by Ross et al. [1990] show
greatest thermal upwellings at the sub-Jovian 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 LopesGautier et al. [1999] (Figure 3). These latitudinal
distributions, separations between paterae, and longitudinal
clustering are all co nsistent with the idea that tidal heatin g is
concentrated in the upper ma ntle. 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. , this issue]) confirms the asthenos pheric
heating pattern.
It is curious that the lon gitudinal peaks in patera
number do n ot exactly coinc ide with the sub -Jovian and a ntiJovian points . The variation in long itudinal patera
distribution is significant; the peak values are double the low
values, even for data normalize d to coverage (Figure 4).
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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 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-Gau tier et al., 1999]. With more lava generation and
translation through the lithosphere, m ore magma chambers
and lava erup tions occur, lead ing to the formation o f 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 vo lcanic resurfacin g events
originate, including paterae) by Schenk et al. [this issue]
reveals similar results; there are peaks in distribution at
325 W and 165 W longitude s. Perhaps tidal m assaging is
tied with some other interior magma creation or diffusion
process that s hifts the distribution of pa terae/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., 2001].
3.5. Modes of Caldera Formation: Problems for Ionian
Paterae
Several terrestrial ca ldera formation m odels were
created based on volcano/caldera morphologies,
compositions, behaviors over time, and local conditions
surrounding differe nt caldera types . Paterae on Io are
compared with these models, and we have created some
additional models to suit the unique environment of Io.
1. Flank eruptions lead to caldera formation atop
terrestrial/Martian basalt shield volcanoes through
subsequent collapse of overlying material into the
evacuated magma c hamber [Francis , 1993] (Figure 14a ).
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. Fo r example, a da rk channel ap parently
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 w ide dark flow be gins several k ilometers
downslope from Susanoo Patera.
2. Piston-like collapse over an evacuated shallow
silicic magm a chambe r is thought to result in form ation of a

Figure 14. Models for po ssible patera form ation on Io.
(a) Flank eruption of lava from a basalt shield volcano
leads to calde ra formation. (b) Piston-like collapse occ urs
after evacuation of a silicic magma chamber [from
Lipman, 1997 ]. (c) Interaction of lava w ith volatiles in
the crust leads to plume eruptions and collapse over
empty region, (d) p aterae form with m ountains, lead ing to
magma m ovement alo ng faults. (e) Large pu ll-apart
basins ma y result from tecton ic activity; their floors are
then covered with lava. (f) Dense intrusive rocks may
founder into the magma source region, leading to surface
collapse [from W alker, 1988].
terrestrial ash flow c aldera, the dime nsions of wh ich are
similar to the magma chamber volume before eruption
[Smith and Bailey, 1968; Smith, 1979; Lipman, 1997]
(Figure 14b). Variations on the piston-like collapse model
are pieceme al, trapdoor, and ev en funnel-like colla pse, all
based on the need for down ward move ment of large am ounts
of crust into partially empty magma chambers [Lipman,
1997]. These la rge magma chambers are probably ab le to
form from coalesced pods of magma at such shallow depths
because of the density contrast in the lithosphere between
hot, buoyant, silicic magma a nd cool, more m afic 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 de pths. On Io, how ever,
depths of magma reservoirs may be controlled mostly by
pore space volume in country rock. For a pore space volume
of ~30% the neutral buoyancy zone, and depth to magma
reservoir, is ~30 k m. This zone b ecomes in creasingly
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shallow for smaller fractions of pore space [Leone and
Wilson, this issue].
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 SO 2 , in the crust, leading to a plume eruption and
subseque nt collapse of the evacuated subsurface (Fig ure
14c). 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,
this issue].
4. Tectonic influen ce in patera forma tion is
important to consider because of the irregularity in shape of
many Ionian paterae. Since m ountains and plateaus are
often associated with paterae [Turtle et al., this issue;
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. H owever, judg ing by the patera wall
morphologies, it is clear that movement of the crust along
mountain-as sociated faults w as still active during patera
formation. A rece ntly observed la va fissure eruption within
Tvashtar Catena occurred near a patera wall, several tens of
kilometers from th e base of a m ountain, and w as probably
created by m agma rising a long complica ted local faults
(Figure 14d). Eruptions like this could lead to evacuation
of a local magm a chambe r and caldera co llapse.
5. Some paterae appear to have formed as grabentype features, by the pulling apart of crustal material, such
as at Hi iaka or Monan Patera [Jaeger et al. , 2001].
Fractures in the c rust from the tecton ic activity create
magma c onduits up w hich magm a travels and the n erupts
onto floors of newly formed grabens, pull-apart basins, or
depressions from crustal subs idence (Figure 1 4e).
6. Dense magma or solidified intrusive material
that has accu mulated in the c rust can sink ba ck down into
the mantle, creating a void over which overlying crustal
material collapses [Walker, 1988]. Dikes emerge from a
deeper mag ma source region to feed erup tions, 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 ma terial would nev er founder.
This scenario is possible if we consider the up per mantle to
be a magm a ocean (eithe r locally or on a globa l scale), in
which the partially molten mantle material is less dense
than solidified or more mafic magma [Keszthely i et al.,
1999] (Figure 14f).
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, how ever, 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 mod el adequately describes the formation of all
paterae on Io. Perh aps it is neces sary to consid er a
combination of all of them in order to explain the unique
features seen on Io.

4. Summary and Conclusions
Paterae on Io are intriguing becaus e they exhibit
some cha racteristics com mon to various types of caldera s 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 G alileo and Vo yager (80% of Io s surface),
43% have irreg ular or straight margin s.
The mean diameter for all paterae on Io is 41.0 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. Th ere is a bias tow ard
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 becaus e tidal distortion is grea test along the Ju piterpointing axis of Io (0 and 180 W longitude). Asymmetries
in tidal heating, exp lained by the as thenosphe ric model,
coupled with possible nonsynchronous rotation, may be
manifest in these nonuniform patera distributions and
varying styles of volcanism. At the midlatitudes are many
long-lived, effusive hot spots, while near the poles, th ere are
larger, more wide ly spaced pa terae assoc iated with episo dic
volcanism.
We are still in the early stages of our understanding
of paterae on Io. These features may follow formation
mechanisms considered for planetary calderas, yet major
elements of p atera formation on Io remain unan swered.
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.

RADEB AUGH ET AL.: PATER AE ON IO
Acknowledgments. The authors appreciate the assistance of Paul Geissler, Eric H C hristiansen, Frank Chuang , David
Williams, and especially Ellen Stofan and Steven Anderson for
their ideas, reviews, and comments. The work of Paul Lucey and
Sheenan Morrison was key in facilitating the review p rocess and is
appreciated. Most images were processed at the Planetary Image
Research Laboratory, University of Arizona, unless otherwise stated. Thanks also go to Ga lileo spacecraft for her persistence. This
research sup ported by th e Galileo pro ject.

References
Best, M. G ., Igneous and Metamorphic Petrology, 630 pp., Blackwell Sci., Malden, Mass., 1982.
Best, M. G., E. H Ch ristiansen, and R. H. Blank Jr., Oligo cene caldera complex and calc-calkaline tuffs and lavas of the Indian
Peak volca nic field, Nev ada and U tah, Geol. Soc. Am. Bull. ,
101, 1076-1090, 1989.
Bridges, N. T., Submarine analogs to Venusian pancake domes,
Geophys. Res. Lett ., 22, 2781-2784, 1995.
Carr, M. H., and G. D. Clow, The structure of the Ionian lithosphere, NASA Tech. Memo., TM-86246, 11-13, 1984.
Carr, M. H., H. Ma sursky, R. G. Strom, and R. J. Terrile, Volcanic
features of Io , Nature, 280, 729-733, 1979.
Crumpler, L. S., J. W. Head, and J. C. Aubele, Calderas on Mars:
Characteristics, structure, and associated flank deformation, in
Volcano Instability on the Ea rth and Other Planets edited by W
J. McGu ire, A. P. Jone s, and J. Neu berg, Geol. Soc. S pec. Pub.,
110, 307-308, 1996.
Davies, A. G., L. P. Keszthelyi, D. A. Williams, C. B. Phillips, A.
S. McEwen, R. M. C. Lopes-Gautier, W. D. Smythe, L. W.
Kamp, L. A. Soderblom, and R. W. Carlson, Thermal signature,
eruption style, and eruption evolution at Pele and Pillan on Io,
J. Geophys. Res., this issue.
Francis, P. W ., Volcanoes: A Planetary Perspective, 443 pp., Oxford Univ. Press, New York 1993.
Gaskell, R. W., S. P. Synn ott, A. S. McEwen , and G. G. Schaber,
Large-scale topography of Io: Implications for internal structure and hea t transfer, Geophys. Res. Lett. , 15, 581-584, 1988.

Johnson, T. V., and L. A. Soderblom, Volcanic eruptions on Io:
Implications for surface evolution and mass loss, in Satellites of
Jupiter, edited by D. Morrison, pp. 634-646, Univ. of Ariz.
Press, Tucson, 1982.
Kargel, J. S., P. Delmelle, and D. B. Nash, Volcanogenic sulfur on
Earth and Io : Compo sition and spe ctroscopy, Icarus, 142, 249280, 1999.
Keszthelyi, L., and A. S. McEwen, Magmatic differentiation of Io,
Icarus, 130, 437-448, 1997.
Keszthelyi L., A. S. McEwen, and G. J. Taylor, Revisiting the hypothesis of a mushy glo bal magm a ocean in Io , Icarus, 141, 415419, 1999.
Keszthelyi, L., A. S. McE wen, C. Phillips, M. Milazz o, P. Geissler,
D. Williams, E. P. Turtle, J. Radebaugh, D. Simonelli, and the
Galileo SSI Team , Imaging of volcanic activity on Jupiter s
moon Io by Galileo during Galileo Europa Mission and Galileo
Millenium Mission, J. Geophys. Res., this issue.
Leone, G., and L. Wilson, Density structure of Io and the migration
of magm a through its lith osphere, J. Geophys. Res., this issue.
Lipman, P. W., Sub sidence of ash-flow calderas: relation to caldera
size and m agma-ch amber ge ometry, Bull. Volcanol., 59, 198218, 1997.
Lipman, P. W., Th e roots of ash flow calderas in w estern North
America : Window s into the tops o f granitic bath oliths, J. Geophys. Res., 89, 8801-8841, 1984.
Lopes-Gautier, R., et al., A close-up look at Io from Galileo s nearinfrared mapping spectrometer, Science, 288, 1201-1204, 2000.
Lopes-Gautier, R., et al., Active volcanism on Io: Global distribution and vari ations in activ ity, Icarus, 140, 243-264, 1999.
Marsh, B. D., B. Gunnarsson, R. Congdon, and R. Carmody, Hawaiian basalt and Icelandic rhyolite: Indicators of differentiation
and partial m elting, Geol. Rundsh., 80(2), 481-510, 1991.
McEwen, A. S., D. L. Matson, T. V. Johnson, and L. A. Soderblom,
Volcanic hot spots on Io: Correlation with low-albedo calderas,
J. Geophys. Res., 90, 12,345-12,379, 1985.

Geissler, P. E., A. S. McEwen, L. Keszthelyi, R. Lopes-Gautier, J.
Granahan, and D. P. Simonelli, Global color variations on Io,
Icarus, 140, 265-282, 1999.

McEwen, A. S., D. P. Simonelli, D. R. Senske, K. P. Klaasen, L.
Keszthelyi, T. V. Johnson, P. E. Geissler, M. H. Carr, M. J. S.
Belton, High-temperature hot spots on Io as seen by the Galileo
solid-state im aging (SSI ) experime nt, Geophys. Res. Lett ., 24,
2443-2446, 1997.

Greenburg, R., and S. J. Weidenschilling, How fast do Galilean
satellites spin?, Icarus, 58, 186-196, 1984.

McEwen, A. S., et al., Active volcanism on Io as seen by Galileo
SSI, Icarus, 135, 181-219, 1998a.

Head, J. W., L. S. Crumpler, and J. C. Aubele, Venus volcanism:
Classification of volcanic features and structures, associations,
and global d istributions fro m Mage llan data, J. Geophys. Res.,
97, 13,153-13,197, 1992.

McEwen, A . S., et al., High-temperature silicate volcanism on Jupiter s moon Io , Science, 281, 87-90, 1998b.

Howell, R. R., et al., Ground-based observations of volcanism on
Io in 1999 a nd early 200 0, J. Geophys. Res., this issue.

McEwen, A. S., et al., Galileo at Io: Results from high-resolution
imaging, Science, 288, 1193-1198, 2000.

Jackson, J.A ., (Ed.), Glossary of Geology, 4th ed., 769 pp., Am.
Geophys. Instit., Alexandria, Va., 1997.

Milazzo, M. P., P. E. Geissler, R. Greenberg, L. P. Keszthelyi, A. S.
McEwen, J. Radebaugh, and E. P. Turtle, Does Io rotate nonsynchronously? Lunar Planet. Sci. Conf. , XXXII, Abstract,
2089, 2001.

Jaeger, W., E. P. Turtle, L. P. Keszthelyi, and A. S. McEwen,
Orogenic tectonism o n Io, Lunar Planet. Sci. Conf. , XXXII, abstract, 2045, 2001.

Moore, J. M., A. S. McEwen, E. F. Albin, and R. Greeley, Topographic evidence for shield volcanism on Io, Icarus, 67, 181183, 1986.

RADEB AUGH ET AL.: PATER AE ON IO

Phillips, C. B., Voyager and G alileo SSI views of volcanic resu rfacing on Io and the search for geologic activity on Europa,
Ph.D. thesis, Univ. of Ariz., Tucson, 2000.

Turtle, E. P., et al., Mountains on Io: Hig h-resolution Galileo observations, initial in terpretations, a nd formatio n models, J. Geophys. Res., this issue.

Pike, R. J., and G. D. Clow, Revised classification of terrestrial
volcanoes and catalog of topographic dimensions, with new
results on ed ifice volum e, U.S. Geol. Surv. Open File Rep., 811038, 40 pp., 1981.

Walker, G. P. L., Three Hawaiian calderas: An origin through
loading by shallow intru sions?, J. Geophys. Res., 93, 14,77314,784, 1988.

Radebaugh, J., Terrestrial pluton and planetary caldera sizes: Implications for the origin of calderas, M.S. thesis, Brigham
Young Univ., Provo, Utah, 1999.
Ross, M. N., G. Schubert, T. Spohn, and R. W. Gaskell, Internal
structure of Io and the global distributions of its topography,
Icarus, 85, 309-325, 1990.
Schaber, G. G., The geology of Io, in Satellites of Jupiter, edited
by D. Morrison, pp. 556-597, Univ. of Ariz. Press, Tucson,
1982.
Schenk, P., H. Hargitai, R. Wilson, A. McEwen, and P. Thomas,
The mountains of Io: Global and geological perspectives from
Voyager and Galileo , J. Geophys. Res., this issue.
Smith, R. L ., Ash-flow magma tism, Geol. Soc. Am. Spec. Pap.,
180, 343-365, 1979.
Smith, R. L ., and R. A. B ailey, Resurg ent cauldron s, Geol. Soc.
Am. Mem., 116, 83-104, 1968.
Spencer, J. R., K. L. Jessup, M. A. McGrath, G. E. Ballester, and
R. Yelle, Discovery of gaseous S2 in Io s Pele plum e, Science,
288, 1208-1210, 2000.
Spera, F. J., and J. A. Crisp, Eruption v olume, periodicity, and caldera area: Relationships and inferences on development of
compositio nal zonation in silicic mag ma cham bers, J. Volcanol.
Geotherm. Res., 11, 169-187, 1981.
Tackley, P. J., G. Schubert, G. A . Glatzmaier, P. Schenk, J. T. R atcliff, and J. P. Matas, Three-dime nsional simulations of man tle
convection in Io, Icarus, 149, 79-93, 2001.

Williams, D. A., R. Greeley, R. Lopes-Gautier, and A. Davies,
Evaluation of sulfur flow em placement on Io from Galileo data
and num erical mod eling, J. Geophys. Res., this issue.
Williams, H ., Calderas an d their origin, Univ. Calif. Pub. Geol.
Sci., 25(6), 239-346, 1941.
Wilson, L., and J. W. Head, A comparison of volcanic eruption
processes o n Earth, M oon, Mars , Io, and Ven us, Nature, 302,
663-669, 1983.
Wilson, L., and J. W. Head III, Lava fountains from the 1999
Tvashtar Catena fissure eruption on Io: Implications for dike
emplacement mechanisms, eruption rates, and crustal structure,
J. Geophys. Res., this issue.
Wood, C . A., Caldera s: A planetar y perspectiv e, J. Geophys. Res.,
89, 8391-8406, 1984.

__________
W. Jaeger, L. P. Keszthelyi, A. S. McEwen, M. Milazzo,
J. Radebaugh, and E. P. Turtle, Lunar and Planetary Laboratory, 1629 E. University Blvd., Tucson, AZ 85721-0092.
(jaeger@LPL.arizona.edu, lpk@pirl.LPL.arizona.edu,
mcewen@pirl.LPL.arizona.edu, mmilazzo@pirl.LPL.arizona.edu, jani@LPL.arizona.edu, turtle@pirl.LPL.arizona.edu)

(Received October 2, 2000, revised March 14, 2001,
accepted April 27, 2001.)

