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14.1 INTRODUCTION

Io, the innermost of the four large satellites discovered by
Galileo Galilei in 1610, has a mean radius (1821.6 km) and
bulk density (3.53 g cm™3) comparable to the Moon (An-
derson et al. 2001). However, long before the Voyager space-
craft encounters in 1979, Earth-based observations revealed
that Jo is very different from the Moon: it has an unusual
spectral reflectance, anomalous thermal properties, and is
surrounded by immense clouds of ions and neutral atoms
(Nash et al. 1986).

Following closely on the discovery of a thermal “out-
burst” (Witteborn et al. 1979) and the theoretical predic-
tion of intense tidal heating (Peale et al. 1979), Voyager
spacecraft observations revealed a world peppered by active
volcanoes (Smith et al. 1979). Figures 14.1, 14.2 and 14.3
(Plates 7, 8, 9) show a global image and examples of geolog-
ical features on Io. A map of Io is shown in Appendix 1 and
Plate 16. Many Voyager-era investigators, with the most no-
table exception of Carr (1986), thought that Io’s active vol-
canism was dominated by sulfurous eruptions rather than
the silicate volcanism that was common in the inner so-
lar system. Voyager lacked the ability to detect the high
temperatures (greater than ~800 K) that could distinguish
molten or recently molten silicates from molten sulfur or sul-
fur compounds, but subsequent telescopic and Galileo obser-
vations have shown that the volcanism on Io is dominated by
high-temperature events, very likely eruptions of silicate lava
(see reviews by Spencer and Schneider 1996, McEwen et al.
2000b, Davies 2001). Some temperature measurements have
been even higher than the hottest terrestrial basaltic erup-
tions and suggest especially Mg-rich compositions (McEwen

et al. 1998b, Lopes et al. 2001a, Davies et al. 2001).

Gravity measurements from tracking of the Galileo

spacecraft indicate that Io has a large iron or iron/iron sul-
fide core, comprising ~20% of the satellite’s mass (Anderson
et al. 2001, Chapter 13), confirming the prediction of Con-
solmagno (1981) and the hydrostatic shape measurements
of Gaskell et al. (1988). Io, however, lacks a strong intrin-
sic magnetic field, suggesting little core convection (Chap-
ter 21). Io’s bulk composition may be close to that of the
L and LL chondrites (Kuskov and Kronrod 2000). Sulfur-
rich materials, especially SOz, cover most of the surface.
The atmospheric pressure is ~107° bar, but varies spa-
tially and temporally, perhaps influenced by volcanic activ-
ity (Chapter 19). Physical and orbital data are summarized
in Appendix 2.

The importance of tidal heating in powering Io’s en-
hanced heat flow and active volcanism is widely accepted
(Chapter 13). All plausible non-tidal heat sources are about
two orders of magnitude less energetic than the power out-
put of To. The basic tidal-heating mechanism involves de-
formation of Io into a triaxial ellipsoid by Jupiter’s grav-
itational field (Greenberg 1982). Because Io’s orbit is ec-
centric, forced by orbital resonances among Io, Europa, and
Ganymede (Laplace 1805), the satellite undergoes a periodic
deformation. Segatz et al. (1985) have shown that Io’s or-
bital eccentricity, combined with reasonable parameters for
its mantle rheology, can produce energy-dissipation rates as
high as 3 x 10'® W, well above Io’s current output. However,
the transfer of orbital energy from Jupiter to Io is a conse-
quence of the bulge raised on Jupiter by Io, and the rate
of such transfer depends inversely on Jupiter’s dissipation
factor (Qg). This value is poorly known, but giving Q; the
lowest possible value averaged over 4.5 x 10° years results
in an upper limit to Io’s average energy dissipation rate of
~4 x 1012 W (Peale 1999). Io’s power output over the past
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Figure 14.1. Full-disk color mosaic of Io’s anti-Jovian hemisphere acquired by Galileo in orbit C21, with insets showing high-resolution
images of Tupan Patera from orbit C31 (lower right) and Culaan Patera from orbit 125 (lower left). All images are near true-color, buf,
enhance the red colors becanse the 756-un filler data was used in place of the red filter. Global image is 1.4 knvpixel, Culann was imaged
al 200 m/pixel, and Topan at 135 m/pixel. North is to the top in all images. At the time of going to press a colour version of this figure was
available for download from hitp://www.cambridge.org/9780521035453.
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Figure 14.2. Collage of color images of Io. (a) Near-true color Galileo SSI images of Io from orbit G29 at a resolution of 10 km/pixel. Note
the prominent red rings from the Pele and Tvashtar plumes. (b) Comparison of Tvashtar Catena as seen by Galileo SSI in orbits 125 and 127.
125 image has red lava drawn in as inferred from the position of bleeding pixels and colorized using C21 data. 127 image is true color except
over the glowing lava which was made visible by overlaying data from SSI's three infrared filters on to the visible image. (¢) Galileo SSI
view of Prometheus Patera and surroundings from orbit 127. Mosaic is at 170 m/pixel and true-color with north to the top. (d) Galileo SSI
near-true color view of the Amirani flow field from orbit 127. Center of image contains color data at 170 m/pixel, upper and lower parts of
the flow field were imaged at 170 m/pixel only in the green filter, and the entire 127 data set was merged with the 1.4 km/pixel C21 global
color data for context. (€) Galileo SSI views of tall high latitude plumes on Io from orbit I31. Pair of false-color eclipse images on the left
are at 18 km/pixel and used the violet filter. Near-true color images on the right are at 19 km/pixel and use the violet, green, and 756-nm
filters. (f) Galileo SSI view of the Chaac-Camaxtli region at 180-185 m/pixel from orbit 127. 127 data was collected in the clear filter then
merged with the 1.4 km/pixel C21 global color data. At the time of going to press a colour version of this figure was available for download
from http://www.cambridge.org/9780521035453.
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Figure 14.3. Collage of color images of Io. (a) Galileo SSI nighttime 1 pm brightness image of Pele Patera from orbit I32. Image is at 60 m/pixel.
(b) Galileo PPR nighttime temperature map of Loki Patera and surroundings from orbit 124. (c) Galileo NIMS nighttime brightness temperature
maps of Loki Patera from orbit I132. Upper map is at 2.5 microns and lower map is at 4.4 microns. (d) PPR nighttime temperature map of a
hemisphere of Io using data from orbits 125 and 127. A = Amaterasu, D = Daedalus, L = Loki, P = Pillan, Pe = Pele, M = Marduk, B = Babbar. At
the time of going to press a colour version of this figure was available for download from http:/www.cambridge.org/9780521035453.

20 years (~10'* W, as described below) exceeds this upper
limit.

The mechanism of heat dissipation is intimately tied
to Io’s internal structure. The initial model suggested by
Peale et al. (1979) - i.e., “runaway” melting of the interior
leading to tidal energy dissipation within a thin (8-18 km)
elastic lithosphere — seems inconsistent with the presence
of mountains more than 10 km high (Smith et al. 1979).
Furthermore, it is now clear that most or nearly all of Io’s
tidally generated heat is transferred to the surface via sili-
cate magma, not conduction through the lithosphere.

Previous review papers about Io’s surface and litho-
sphere were published before the Galileo mission (Nash et al.
1986, McEwen et al. 1989, Spencer and Schneider 1996), or
written prior to the acquisition of high-resolution Galileo ob-
servations (McEwen et al. 2000b) or the latest flybys (Davies
2001). In this short review we will focus on new results
and synthesis from the close Galileo flybys in 1999-2002
(Table 1) and other recent results.

The success of Galileo’s close encounters with Io was
limited by the damaging effects of Jupiter’s intense radia-
tion environment on the spacecraft electronics (Erickson et
al. 2000). There were six close flybys late in the mission (Ta-
ble 1); orbits are denoted as “I24” for an Io flyby on Galileo’s
24th orbit, etc. Many of the observations planned for orbits
125 and 133 were lost when problems caused the spacecraft
to enter “safe mode.” In addition, parts of the Ultraviolet
Spectrometer (UVS) and the Near Infrared Mapping Spec-

trometer (NIMS) were damaged prior to 124. Close-up NIMS
observations of Io were possible at only a dozen wavelengths
(Lopes-Gautier et al. 2000). The Solid State Imager (SSI)
was first degraded only in summation mode (used exten-
sively in 124; see Keszthelyi et al. 2001) and later experi-
enced other problems, which eliminated most images from
I31. Although the Photopolarimeter-Radiometer (PPR) ex-
perienced difficulties early in the mission, it was trouble-free
during the close Io flybys (Spencer et al. 2000b, Rathbun et
al. 2002). The valiant efforts of the Galileo engineers led to
workarounds for many problems, and two flybys (I27 and
132) were highly successful.

14.2 COMPOSITION OF 10°’S SURFACE,
CRUST, AND MANTLE

14.2.1 Surface Composition

The uppermost layer of Io’s surface is largely coated by
volatile compounds, most likely the result of volcanic gas
release. Spectroscopy of the surface is dominated by these
“painted on” coatings and the measurements are more di-
agnostic of the volatile components than of the bulk com-
position of the crust. Nevertheless, the current volatile in-
ventory is an important constraint on models for the evolu-



Table 14.1. Close flybys of Io by the Galileo spacecraft.
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Flyby Date Observation Difficulties Major Results
Jo Dec 1995 No remote sensing of Io. Fields and particles results (see Chapters 21—
27).
124 Oct 1999 Most SSI images scrambled, but many were First close look at Io’s surface and hot spots.
reconstructed.
125 Nov 1999 Close-approach sequence lost due to space- Tvashtar Catena curtain of lava; regional
craft safing, but good medium-resolution data  temperature maps.
obtained.
127 Feb 2000 None -~ fully successful. Many new results on lava flows, mountains,
paterae, and heat flow.
I31 Aug 2001 Most SSI images lost, good data from PPR, Evidence for four major new plume eruptions
NIMS, and fields and particles instruments. in north polar region.
132 Oct 2001 None — fully successful. Many new results, including absence of intrin-
sic magnetic field.
133 Jan 2002 All To observations (except PPR nightside) PPR temperature maps.

lost due to spacecraft safing.

tion of Io’s interior and volcanic processes. In spite of much
improved data collected since the Voyager era, SO; is still
the only compound that has been definitively identified on
To’s surface, and elemental sulfur is still suspected to be a
major component (Nash et al. 1986). Extensive coverage of
the surface by SO, and its numerous and strong absorp-
tion bands in the infrared make detection straightforward
compared with other possible compounds. Evidence of other
volatile compounds is provided by the following:

(i) The identification of neutral and ionized SO2, SO, S,
0, Na, Cl, and K in the Io torus and neutral clouds (Chapter
23);

(ii) The variety of surface colors and spectral shapes at
ultraviolet—visible wavelengths that match sulfur allotropes
(e.g., Soderblom et al. 1980, Moses and Nash 1991);

(iii) The detection of S; in the Pele plume (Spencer et al.
2000b);

(iv) The detection of absorptions in the infrared that can-
not be attributed to SOz (e.g., Salama et al. 1990, Carlson
et al. 1997, Schmitt et al. 2002); and

(v) The detection of hydrogen (Frank and Patterson
1999) and hydrogen sulfide (Russell and Kivelson 2001) in
Io’s exosphere.

Sulfur Diozide

The global distribution of SOz on Io’s surface results from
volcanic venting of gaseous SO into the plumes and at-
mosphere. SO, is subsequently deposited on to the colder
surfaces as frost. Some SO, frost sublimates when exposed
to sunlight, supplying additional SOz to the atmosphere,
but nighttime temperatures probably cause SO2 to condense
back on to the surface (e.g., Ingersoll 1989, Chapter 19).
Measurements by Voyager’s Infrared Interferometric Spec-
trometer (IRIS) (Pearl et al. 1979) provided the first direct
detection of gaseous SOz from one of Io’s volcanic plumes
(Loki). Detection of sulfur dioxide frost on Io’s surface was
provided by ground-based 4-micron spectroscopy (Smythe
et al. 1979, Fanale et al. 1979). Before Galileo’s arrival at
Jupiter, the distribution of SO; on Io’s surface was mapped
using ultraviolet and visible reflectance measurements (Nash
et al. 1980, Nelson et al. 1980, McEwen et al. 1988, Sartoretti

et al. 1994) and using infrared spectroscopy (Howell et al.
1984). These studies resulted in some conflicting views on
the SO, distribution and abundance.

Initial NIMS results for Io’s anti-jovian hemisphere
showed that SO2 frost is present almost everywhere on the
surface, but larger grain sizes are found near the equatorial
regions (Carlson et al. 1997, Appendix 1). The only areas
lacking SO2 are those in the vicinity of hot spots, where
surface temperatures are sufficient to vaporize or prevent
condensation of SO3. Douté et al. (2001a) showed that SO,
is most prevalent in several large areas at middle latitudes.
Extended areas depleted in SO are also found, especially
in the longitude range 270-320 degrees. The regions with
abundant SO (surface coverage >60%) show a longitudinal
correlation with plumes located close to the equator.

Douté et al. (2001a) proposed that most of the SO-
gas from the plumes (located mainly in the equatorial re-
gions) flows towards colder surfaces at higher latitudes. A
small fraction of the SO» settles on to cold equatorial re-
gions. The spectral signature of SOz in the equatorial re-
gions is significantly stronger, consistent with larger grain
sizes. Sunlight causes condensed SO frost at low latitudes
to undergo slow metamorphism and sublimation, creating
deposits with large effective grain sizes. SOz deposits at
medium and high latitudes may be optically thin (Simonelli
et al. 1997, Geissler et al. 2001). The weaker SOz spec-
tral signature at medium and high latitudes may be due to
rapid radiolytic destruction of condensed SO2, leaving resid-
ual SO, deposits over darker radiolytic products (Wong and
Johnson 1996, Carlson et al. 2001, Chapter 20).

Galileo’s close flybys of Io provided the opportunity to
study the distribution and physical properties of SO; at
small spatial scales and close to hot spots and plumes. A
bright white area inside Baldur Patera (Figure 14.2f) cor-
responds to a 90% to 100% concentration of SOz {Lopes et
al. 2001a). Higher concentrations of SOz do not necessar-
ily correspond to bright white surfaces seen at low phase
angles. High-resolution observations of the Prometheus hot
spot and plume site by NIMS showed an SO» plume deposi-
tion ring (Lopes-Gautier et al. 2000, Doutéet al. 2002) that
extends beyond the bright white ring seen in visible low
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phase images (but matching that seen at moderate phase
angles; Geissler et al. 2001).

Elemental Sulfur

Sulfur as a free element is thought to be common on Io’s sur-
face. To’s full-disk reflectance spectrum cannot be explained
by SO alone, and requires the addition of a material like
elemental sulfur that absorbs in UV and blue light but is
highly reflective and featureless in the near-IR (Fanale et al.
1982). Although some researchers have argued against the
presence of elemental sulfur on Io (Young 1984, Hapke 1989),
experimental work by Moses and Nash (1991) supported the
presence of metastable sulfur allotropes on the surface. In
particular, they argued that polymeric sulfur is probably
very stable at Io surface conditions and, once formed, can
persist indefinitely. More recently, Kargel et al. (1999) ar-
gued that impure sulfur of volcanic origin has spectral prop-
erties consistent with much of Io’s surface and is more likely
to be present than pure elemental sulfur.

The best evidence for elemental sulfur on Io comes from
the direct detection of gaseous Sz in the Pele plume by the
Hubble Space Telescope (HST) (Spencer et al. 2000a). The
Pele plume deposits are bright red; Spencer et al. suggested
that red S3 and S4 molecules are produced by polymeraliza-
tion of Sy. Red deposits (Plates 7, 8, 9) are commonly asso-
ciated with active volcanoes and appear to fade with time
if volcanic activity wanes (Spencer et al. 1997a, McEwen et
al. 1998a, Geissler et al. 1999). The spectral properties of
these deposits are consistent with short metastable sulfur
chains (e.g., Sz, S4) mixed with elemental sulfur or other
sulfurous materials. With time, S3/Ss4 further polymerizes
into the more stable cyclooctal Sg, turning the color of the
deposits from red to pale yellow. By analogy with Pele and
an association with vent structures, other red deposits are
interpreted to be indicators of S, venting. Some red deposits
(e.g., near Culann, Figure 14.1 and Plate 7) show enhanced
concentrations of SO2 (Lopes-Gautier et al. 2000). Spencer
et al. (2000a) observed that SOz was more abundant than
S2 in the Pele plume, and one possibility is that SOs con-
denses on Sg solid nuclei and they are deposited together in
an intimate mixture.

Two other spectral units on Io may be composed of
sulfur in some form:

(i) Greenish materials are seen on Io; they have a negative
spectral slope from 0.7 to 1.5 pm (Geissler et al. 1999, Lopes
et al. 2001a) that is not characteristic of pure sulfur or SO»
compounds. The green color is restricted to dark patches
(probably the crusted surfaces of recent lava flows and lava
lakes}, and red materials deposited on recent lavas have later
turned green (Keszthelyi et al. 2001), so the green color may
be due to contamination or alteration of the red material by
the warm silicate lavas.

(ii) There is a broad absorption feature of unknown origin
in the 1-1.3 um region of Io’s spectrum (Pollack et al. 1978,
Carlson et al. 1997). NIMS data show an anti-correlation be-
tween this absorption and recent lavas that are either dark
or greenish at visible wavelengths (Lopes et al. 2001a). The
spectral feature does correspond to dark polar regions (Carl-
son et al. 2001). Suggestions for its origin include sulfur—iron
compounds such as pyrite (Kargel et al. 1999); short-chain

sulfur allotropes or sulfanes, produced in the radiolysis of
SO2 (Carlson et al. 2001); and sulfur contaminated by trace
elements (Douté et al. 2001b).

Other Compounds

A few absorption features have been attributed to com-
pounds other than SO., including H2S (Nash and Howell
1989), SO3 (Nelson and Smythe 1986, Khanna et al. 1995),
and H2O and H»S frozen in SO2 (Salama et al. 1990). Salama
et al. reported weak absorption features at 3.85 pm and
3.91um (H2S) and 2.97 pm and 3.15 um (HzO). The 3.15
pm feature was confirmed in NIMS spectra by Carlson et
al. (1997), who interpreted this feature as possibly caused
by the O-H stretch transition, implying hydrated minerals,
hydroxides, or possibly water. When seen at higher spatial
resolution the band at 2.97 um is well modeled by pure
80; ice (Coustenis et al. 2002). Shirley et al. (2001) iden-
tified a broad absorption from 3.0-3.4 um and suggested
that it might be related to hydrogen-bearing species, in-
cluding H>O. Chlorine compounds Cl2SOs or CISO2, mixed
with SO, have been suggested by Schmitt and Rodriguez
(2002) as explanations for an absorption band at 3.92 um
(likely the same band detected by Salama et al. 1990, at
3.91 um).

Hydrogen-bearing species, particularly H2O, are ma-
jor constituents of terrestrial volcanic gasses. However, To
is thought to have lost nearly all of its hydrogen because
of its highly evolved state (Zolotov and Fegley 1999). The
detection of hydrogen pickup ions by Galileo’s plasma ana-
lyzer (Frank and Patterson 1999) led to the interpretation
that Io may provide a flux of hydrogen from the surface to
the atmosphere, as hydrogen escapes rapidly to space. It is
also possible that the source of the hydrogen is the jovian
magnetosphere, not Io. Thermochemical equilibrium calcu-
lations by Zolotov and Fegley showed that HoO is likely to
be the dominant hydrogen-bearing gas, followed by H»S, HS,
H>, NaOH, KOH, and HCI. Dissociation of volcanic H,O by
photolysis and radiolysis could produce the atomic hydro-
gen observed (Johnson 1990, Johnson and Quickenden 1997,
Chapter 20).

14.2.2 Composition of Io’s Crust and Mantle

Io’s bulk density and moment of inertia and the chemistry
of the solar system indicate that the satellite’s mantle and
lithosphere are composed of silicates (Chapter 13). Many
previous workers have assumed that Io has a crust (i.e., a re-
gion of lower-density petrology differentiated from a higher-
density mantle), which may or may not correspond to the
lithosphere (i.e., a rigid outer shell, irrespective of its compo-
sition). Provided that Io’s crust is composed primarily of a
thick stack of lavas (e.g., Carr et al. 1998), it may be possible
to determine the dominant composition of Io’s upper crust
from the compositions of the lavas exposed on the surface.
Bright, sulfurous materials cover most of Io, except on
relatively small areas where the dark and recent silicate lavas
are exposed. Since NIMS was damaged prior to the 124 en-
counter, observations resolving the dark lavas at high spec-
tral resolution have not been possible. Only SSI (with six
color band passes) has fully resolved the dark lavas, detect-
ing an absorption feature at ~0.9 um (Geissler et al. 1999).
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Figure 14.4. Global map showing locations of features named in the text. Lines show path of Galileo over Io during the last 3 close
flybys (orbits 131, 132, and 133); “X” mark locations of closest approach.

This color signature is consistent with relatively iron-poor
orthopyroxenes — i.e., Fe/Mg-rich silicate minerals common
in terrestrial mafic and ultramafic lavas. Mg-rich composi-
tions are consistent with the very high eruption tempera-
tures measured on Io and with a prediction of magnesium-
rich pyroxenes in Io’s mantle (Keszthelyi et al. 1999).

Nearly all of the low-albedo lavas observed through SSI
near-IR filters have the 0.9 micron absorption, suggesting
that lavas with Mg-rich orthopyroxene are common, and
that the entire crust may have a mafic or ultramafic com-
position. The high temperatures detected at a number of
Tonian eruptions are consistent with Mg-rich lava composi-
tions. In addition, the very low slopes of lava flows (Schenk
et al. 1997, 2003) and lack of steep-sided volcanoes are in-
consistent with viscous lavas. Siliceous lavas are expected
to be highly viscous, whereas mafic lavas are usually very
fluid, unless rich in crystals. These observations are diffi-
cult to reconcile with the low-density alkalic and siliceous
crust expected to result from repeated partial melting in a
solid mantle (Keszthelyi and McEwen 1997) and requires
that the crust is somehow efficiently recycled back into the
mantle (Carr et al. 1998).

14.3 ACTIVE VOLCANISM OF IO

Voyager and Galileo images have revealed many active
plumes, lava flows, and volcano—tectonic depressions called
paterae (see Figures 14.1 through 14.5). Infrared observa-
tions have revealed many hot spots, all closely correspond-
ing to dark areas that are probably largely free of sulfurous
coatings (McEwen et al. 1997). Shield volcanoes or strato-
cones like those on Earth are rare. Nearby mountains appear

to be tectonic structures rather than volcanoes, with a few
exceptions. Only a few shield-like cones have been directly
observed (e.g., Zamama, Figure 14.5), although radially-
oriented flow fields suggest the presence of low shields with
very shallow slopes (Schenk et al. 2003).

14.3.1 Silicate Volcanism

Galileo and telescopic observations of Io have revealed a
wide range of eruption rates, eruption styles, thermal char-
acteristics, and lava morphologies (e.g., Spencer et al. 1997b,
Davies 2001; Keszthelyi et al. 2001, Lopes et al. 2001a). Most
high-temperature hot spots occur on patera floors. There are
also a number of large active lava flow fields (flucti) such
as Amirani-Maui, Culann, and Prometheus (Figures 14.1,
14.2). The very largest dark flow field, Lei Kung Fluctus
(Figure 14.3), must have been emplaced in recent decades
because it remains a large low-temperature thermal anomaly
(Spencer et al. 2000b). Despite the variations in Ionian vol-
canism, some broad generalizations can be drawn. The ma-
jority of Ionian eruptions can be placed into one of three
classes: “Promethean” and “Pillanian” after type examples
seen by Galileo (Keszthelyi et al. 2001), and lava lakes.

Prome’thecm Volcanism

These volcanic centers have long-lived, compound flow
fields fed by insulated lava tubes or sheets. Examples of
Promethean eruptions include the activity at Prometheus,
Culann, Zamama, and Amirani (Figures 14.1 and 14.2); all
are “persistent” hot spots as defined by Lopes-Gautier et al.
(1999). Analysis of low-resolution NIMS data for persistent
hot spots yielded a mass eruption rate of ~43 km?® /yr and
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New plume source

Emakong

Figure 14.5. Active volcanic centers: Zamama, Gish-Bar Patera, Emakong Patera, Hi’iaka Patera and Mons, and new I31 plume source.
The Gish-Bar image and the large mosaic were obtained on orbit I32. The Emakong and Hi’iaka images are from orbit 125. The two
large dark regions in Gish-Bar resulted from eruptions sometime from July to October of 1999 (lower right) and between October 1999

and October 2001 (upper left).

a global resurfacing estimate of 0.1 cm/year (Davies et al.
2000). Images of the flow fields from different Galileo orbits
have allowed minimum resurfacing rates to be estimated at
Prometheus and Amirani. The active region of the ~100-
km-long Prometheus flow field (Figure 14.2¢) showed about
0.5 km?/day of new lava exposed and old lava covered while
5 km?/day of new lava was seen at the ~300-km-long Ami-
rani flow field (Figure 14.2d, McEwen et al. 2000a, Keszthe-
lyi et al. 2001). Evidence for insulating lava transport comes
not only from the morphology of the lavas, but also from the
spatial distribution of thermal emission along the length of
the flow fields (Lopes et al. 2001a). The lengths of the flows
can be hundreds of kilometers and the morphology of the
flows is suggestive of pahoehoe (low-viscosity lava textured
like rope). Eruptions seem to be able to continue for at least
20 years (McEwen et al. 1998a). Lava temperatures obtained
to date are consistent with basaltic compositions (Lopes-
Gautier et al. 2000), but ultramafic compositions cannot be
excluded because remote measurements provide only mini-
mum temperatures for the liquid, especially for this style of
volcanism.

Pillanian Volcanism

Pillanian eruptions share several key characteristics: a short-
lived intense episode with high-temperature, fissure-fed
eruptions producing both plumes with extensive pyroclastic
deposits and rapidly emplaced lava flows with open channels
or sheets. Examples of Pillanian eruptions are Pillan (Davies
et al. 2001, Williams et al. 2001a), Tvashtar (McEwen et al.
2000a), Surt (Marchis et al. 2002), and the intense new hot
spot and plume discovered during orbit I31 (Lopes et al.
2001b; see Figure 14.5). In each of these cases, the plume
deposits were several hundred kilometers in diameter and
composed of white, yellow, red, and/or dark gray materi-
als. (The initial Tvashtar deposits seen in Galileo’s orbit
125 were only about 60 km in diameter, and the larger
plume and its red deposits were discovered more than a year
later.) These types of eruptions often correspond with the
“outbursts” seen by ground-based telescopic observers (e.g.,
Stansberry et al. 1997, Howell et al. 2001, Marchis et al.
2002). However, many outbursts occur from eruptions that
do not produce discernable pyroclastic deposits, such as that
at Gish-Bar Patera (Figure 14.5). To date, the highest lava
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Figure 14.6. Four views of Tohil Mons. Most mountains are not prominent in low phase angle observations; image (a), combining
low resolution context imaging from orbit 121 and medium resolution images from 127, reveals bright and dark patterns, some of which
correspond to topographic ridges. Low-sun 132 images of Tohil Mons (b) reveal a complex structure consisting of a low, ridged plateau
to the east and rugged lineated plateau to the northwest, separated by a complex set of amphitheatres and ridges. (c) is an elevation
model derived from stereo analysis by Schenk et al. (2001), showing a maximum relief of ~9 km occurs along the central ridge complex.
A high resolution (~50 meters/pixel) image swath (d) was obtained along the central section. These images show flow-like morphologies,
tentatively interpreted as additional evidence for slope failure on Io.

temperatures have been observed from Pillanian/outburst
activity (e.g., Veeder et al. 1994, Stansberry et al. 1997,
McEwen et al. 1998b, Davies et al. 2001, Marchis et al. 2002)
with the exception of Pele. These vigorous eruptions expose
large amounts of liquid lava, providing a better opportunity
to remotely estimate lava temperatures than at Promethean
eruptions. It is possible that a Pillanian phase could switch
to a Promethean style of eruption or vice versa; Pillan itself
has been a persistent hot spot before and after the summer

of 1997 event (Lopes-Gautier et al. 1999; Davies et al. 2001).

Pele, Loki, and Other Potential Lava Lakes

A third class of eruptions fit neither the Pillanian or
Promethean categories. These volcanic centers are paterae
that contain hot spots and dark lava, and may contain active
(convecting) lava lakes. Pele and Loki are the best-studied
examples and demonstrate two very different styles of ac-
tivity that are both consistent with active lava lakes. These
two persistent volcanic centers have little else in common
other than being the first sites of active volcanism on Io to
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be discovered from Voyager observations (Morabito et al
1979).

The 186 x 221 km Loki Patera (Figure 14.2b,c) is one
of the largest patera on Io while Pele Patera is a bit smaller
than average at 19 x 29 km. Loki is the most thermally
energetic hot spot on Lo with modeled eruption rates ~10*
m? s7! while Pele has modeled eruption rates of only ~300
m® s7! (Davies et al. 2001). Pele is at the center of a long-
lived, ~1400-km-diameter red plume deposit. There was no
plume associated with Loki Patera during Galileo’s moni-
toring. There were two active plumes north of Loki Patera
in 1979 but these were probably due to active lava flows out-
side Loki Patera. There are no recent lava flows extending
outside of either Loki or Pele Patera (but see Emakong Pa-
tera in Figure 14.5 for a possible lava lake that filled up and
overflowed the patera). Galileo detected very high temper-
atures within Pele Patera (Lopes et al. 2001a, Radebaugh
et al. 2002). In contrast, temperatures above about 1000 K
have not so far been detected at Loki, except perhaps for the
poorly located 1990 outburst with a model temperature of
1225 K (Veeder et al. 1994, Davies 1996). Despite all these
differences, both paterae are thought to contain active lava
lakes.

Voyager data analysis led to the suggestion that the
Pele hot spot is a silicate lava lake (Howell 1997) and that
Loki houses a sulfur lake, maintained liquid by underlying
hot silicates (Lunine and Stevenson 1985). The tempera-
tures detected at Loki since 1985 are too high for sulfur,
but ground-based and Galileo results lend new support to
the hypothesis that both these paterae contain silicate lava
lakes. Analysis of Galileo observations from September 1996
through May 1999 showed that Pele exhibits a nearly con-
stant thermal output, with thermal emission spectra con-
sistent with an active lava lake (Davies et al. 2001). Dur-
ing the 124, 127, and 132 Galileo flybys, SSI imaged Pele in
darkness, showing glowing patterns interpreted as the active
fountaining and margins of a lava lake (McEwen et al. 2000a,
Radebaugh et al. 2002). Zolotov and Fegley (2000) modeled
the temperature and oxidation state of Pele’s magma and
exsolved gas based on HST observations of gas chemistry;
their results are consistent with Mg-rich lavas.

Loki is the hot spot most easily monitored from Earth.
Voyager images showed a dark patera floor surrounding a
bright “island” or plateau. Observations of Loki during the
Galileo flybys (Lopes-Gautier et al. 2000, Spencer et al.
2000b) showed that the dark floor is covered by warm mate-
rial, while the “island” is cold (Figure 14.3b). The dark ma-
terial was interpreted as either the cooled crust of a lava lake
or cooling flows covering a caldera floor. Ground-based data,
on Loki’s activity obtained over several years showed pat-
terns of infrared brightening and fading with a roughly 540-
day period, which Rathbun et al. (2002) interpreted as the
surface of a periodically overturning lava lake. PPR data ob-
tained during 124 and 127 (Spencer et al. 2000b) and NIMS
data obtained during 132 (Figure 14.3c) are consistent with
this model (Lopes et al. 2002). The hottest areas observed
by NIMS are located on the southwest corner of the pa-
tera, where Rathbun et al (2002) suggested the crust first
founders and the resurfacing wave starts. Immediately to the
east of this area NIMS shows a colder region, probably the
oldest crust resulting from the previous resurfacing wave.

Thus the interpreted style of activity of the Pele and

Loki lava lakes differ substantially, with the resurfacing at
Loki happening quasi-periodically over a huge area and with
great heat flow, while at Pele the resurfacing appears to
be more continuous and spatially confined, and is associ-
ated with a giant plume rich in SOz and short-chain sulfur
(Spencer et al. 2000a). It is not yet known what processes
control the different behaviors of these (possible) lava lakes.
It is plausible that Pele has a continuous cycling of fresh
magma into the lake while Loki is losing heat in a more pas-
sive manner. The overturning of lava crust at Loki might be
inevitable as the surface cools and becomes denser than the
underlying liquid.

There may be many more lava lakes on Io, in various
stages of activity, such as Tupan Patera (Figure 14.1), Gish-
Bar and Emakong Paterae (Figure 14.5), the patera cut
into Tohil Mons (Figure 14.6), and the small dark patera
shown in Figure 14.7. Many paterae have floors that are dark
and there are persistent hot spots (but without sufficient
energy for periodicity to have been detected via ground-
based monitoring). SSI images showed no large-scale surface
changes following several thermal enhancements observed
from Earth, consistent with overturning lava lakes or topo-
graphically confined lava flows. However, lava flows are most
likely propelled to the surface by expanding volatiles, and
should produce abundant pyroclastics in the near-vacuum
environment of To. The lack of plume deposits is consistent
with degassed lava in lava lakes. A combination of overturn-
ing lava lakes and new lava flows on patera floors is also
possible. If a significant fraction of Io’s heat flow is due to
lava lakes (Loki alone supplies ~15-20%), then the plains
covering ~90% of the surface must have a resurfacing rate
significantly below the global average, which in turn affects
the thermal gradient and structure of the lithosphere.

14.3.2 Plumes

Some of the most dramatic phenomena on Io are the active
volcanic plumes. Nine eruption plumes were observed dur-
ing the Voyager I and 2 encounters (Strom and Schneider
1982). Galileo has observed a total of 12 plumes, four of
which appear related to Voyager-era plumes, so there are
a total of 17 volcanic centers with observed plumes. New
ring-shaped surface deposits suggest that other plumes have
been active as well. Many of the plumes are 50-150 km tall,
active for years or decades, deposit bright white material,
and are associated with Promethean volcanism. Several of
these “Prometheus-type” plumes show signs of lateral mi-
grations over time of up to 100 km, associated with advance
of the lava flows (McEwen et al. 1998a). Pele’s plume is very
different from Prometheus-type plumes, as it is very faint at
visible wavelengths, up to 460 km high, and deposits bright
red material. The existence of many much smaller plumes
was hypothesized from Voyager observations of small, dif-
fuse, bright streaks radial to Pele (Lee and Thomas 1980),
but Galileo has not confirmed this prediction.

The dominant volatiles driving explosive volcanism on
Earth, H;O and CO3, seem to be highly depleted on Io.
There is preliminary evidence for small quantities of H, but
C has not been detected, even in Jupiter’s magnetosphere
near Io. In contrast, SO, is ubiquitous over the surface and is
widely believed to be the dominant atmospheric component
(McGrath et al. Chapter 19). Hence, volatiles such as SO,
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Figure 14.7. Sapping terrain near Tvashtar Catena. Image is from orbit 125 with a resolution of 185 m/pixel and taken through the

clear filter.

and sulfur probably drive the explosive volcanism (Kieffer
1982).

Galileo has revealed much about the geologic associa-
tions of the plumes. The Prometheus-type plumes generally
form over the distal ends of extensive flow fields (McEwen et
al. 1998a). These plumes do not mark the vent for the sili-
cate lavas and seem to be the result of the hot lavas volatiliz-
ing the SO;-rich substrate (Kieffer et al 2000, Milazzo et al.
2001). The chemistry of Prometheus-type plumes should not
be used to model conditions in Io’s interior (cf. Zolotov and
Fegley 1999). In contrast, bright red material deposited by
plumes such as Pele mark the location of primary vents for
silicate lavas, as inferred from high-resolution images and
temperature maps. High-resolution images have shown that
plume vent regions include lava flows, lava lakes, and fis-
sures, but we have yet to identify an actual vent construct.

The very late orbits of Galileo (G29-132) revealed a
surprise: four large active plumes in the north polar region,
confirming the existence of a class of “Pele-type” plumes
with red deposits (McEwen and Soderblom 1983) and re-
vealing a new very large plume with bright white deposits.
When Voyager 2 imaged lo four months after Voyager 1
there were two new 1200-km diameter red plume deposits
(Surt and Aten), similar to the deposits of Pele. These two
new plume vents were at relatively high latitudes (45° N
and 48°S) whereas the others were more equatorial. From
the joint Galileo—Cassini observations within a few days of
1 January 2001 we were surprised to see a giant new plume
(~400 km high) over Tvashtar Catena (63° N) with UV color
properties and a 1200-km diameter red plume deposit, both
properties very similar to those of Pele (Porco et al. 2003).
In the I31 flyby (August 2001) Galileo flew through the re-
gion occupied by the Tvashtar plume seven months earlier.
Imaging did not detect a plume, but SO2 may have been de-
tected by the plasma science experiment (Frank et al. 2001).
However, the SSI images did reveal a giant (~500 km high)
bright plume over the location of a new hot spot detected by
NIMS (41° N, 133° W) where no plume had been previously
detected, and with a bright white plume deposit (Figure

14.2¢). This is reminiscent of a short-lived stage of one of
the Loki plumes in 1979, when it reached a height of ~400
km (McEwen et al. 1989). The 131 images also revealed a
new red ring (1000 km diameter) surrounding Dazhbog Pa-
tera (55° N, 302° W) and color/albedo changes suggesting
new activity at Surt (Figure 14.2¢). An IR outburst with a
1470 K temperature was detected at Surt six months earlier
(Marchis et al. 2002). Surt, Aten, Tvashtar, and Dazhbog
form a class of short-lived Pele-like plumes at high latitudes,
but Pele itself is unique because the plume and associated
hot spot are very long-lived, active throughout the Galileo
era (1996-2001).

Possible thermodynamic conditions for Ionian plumes
were described by Kieffer (1982). These conditions range
from unusually cold to unusually warm as compared to ter-
restrial volcanism. The coldest reasonable volcanism on Io
resembles geyser volcanism on the Earth (liquid SO2, tem-
peratures below the liquidus of sulfur, 393 K). Liquid SO,
in a shallow reservoir begins ascending due to buoyancy, and
starts boiling at higher levels in the crust. As it erupts, a
plume of vapor and ice-condensate forms as the fluid emerges
into the cold, low-pressure atmosphere of Io. At slightly
higher temperatures on the liquidus of sulfur, the SO2 boils
in the reservoir and upon ascent. This fluid also forms a mix-
ture of vapor and ice in the plume. Finally, either SO2 or
S can exist in superheated vapor states whose temperature
is determined by the proximity of silicate magma. Temper-
atures as high as 2000 K may be present. We would expect
such plumes to entrain silicate pyroclastics, consistent with
the dark deposits seen around Pele, Pillan, Tvashtar, and
other locations.

All-vapor plumes are possible and would be difficult to
detect via scattered light; they have been called “stealth
plumes” (Johnson et al 1995). The best candidate for a
“stealth” SO gas plume detectable only from excited emis-
sions in eclipse was seen over Acala Fluctus (McEwen et al.
1998a). Tvashtar may have had a stealth plume during 131,
with SO; detected by the plasma wave experiment (Frank
et al. 2001), while no plume was visible to SSI.
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Early models for volcanism on Io (Cook et al. 1979,
Kieffer 1982, Strom and Schneider 1982) considered trans-
formation of thermal energy to velocity to plume height.
These models suggested that some plume shapes — those
that are relatively symmetric umbrellas, such as Prometheus
— could be explained by ballistic-trajectory models (Strom
and Schneider 1982, Glaze and Baloga 2000), whereas others
probably reflected complex pressure conditions and /or vent
geometries. More recently, numerical models of the plume

dynamics have been initiated (Zhang et al. 2002, Smythe -

et al. 2002). Several phenomena revealed by the simulations
were not apparent in the earlier models. For example, erup-
tions with low (1%) volatile content can form pyroclastic
flows (Smythe et al. 2002). This raises the possibility that
some of the layered plains seen around paterae on Io may
be ignimbrites (welded ash flows).

14.3.3 Sulfur Flows

The suggestion that sulfur volcanism may be widespread on
To stemmed from Voyager-era observations showing surface
colors suggestive of various sulfur allotropes (reviewed by
Nash et al. 1986). Later observations revealed widespread
volcanism at temperatures too high to be consistent with
sulfur, but secondary sulfur flows (driven by silicate mag-
matism) may be common. Galileo images show that several
percent of Io’s surface is covered by especially bright flows
that are relatively young (superimposed over their surround-
ings; see Figures 14.1, 14.2f). There do appear to be older
silicate flows with patchy sulfurous fumarolic deposits such
as Lei Kung Fluctus {Geissler et al. 1999), but the bright
young flows have a distinctive appearance and could be com-
posed of sulfur (Williams et al. 2002).

Sulfur as secondary volcanism — that is, melting and
re-mobilization of sulfur deposits by the injection of hot
silicates from below — is a process that occurs on Earth.
A particularly good example is the Mauna Loa sulfur flow
(Skinner 1970, Greeley et al. 1984). Skinner proposed that
fumarolic sulfur deposits that had accumulated on the flank
of a cone were mobilized by the heat generated by the 1950
eruption of Mauna Loa. Galileo data has shown that most
dark areas within calderas are associated with silicate vol-
canism (e.g., McEwen et al. 1997, Geissler et al. 1999,
Lopes-Gautier et al. 1999) but bright deposits on paterae
floors remain candidate sites of secondary sulfur volcanism.
Ra Patera flows were proposed to be sulfur on the basis
of Voyager image colors (Pieri et al. 1984), and subsequent
eruptions at Ra in the early 1990s — without the detection
of a hot spot — were also consistent with sulfur volcanism
(Spencer et al. 1997a). Another candidate site is Emakong
Patera (Figure 14.5), where high-resolution images show
dark, sinuous lava channels or tubes feeding bright, white to
yellow flows on areas surrounding the patera. Williams et al.
(2001b) proposed that these are sulfur flows and showed on
the basis of numerical modeling that the flows could have
been emplaced in a turbulent regime, consistent with predic-
tions by Sagan (1979) and Fink et al. (1983). Repeated ob-
servations of Emakong Patera by NIMS consistently showed
temperatures below 400 K, thus leaving open the question
of whether the erupting material is silicate or sulfur (Lopes

et al. 2002). The bright white deposits inside Baldur Patera
(Figure 14.2f) and elsewhere may be examples of SOz flows
(Smythe et al. 2001).

14.4 RESURFACING RATE AND AGE OF THE
SURFACE AND LITHOSPHERE

In spite of high-resolution imaging by Galileo, there is not a
single convincing example of an impact crater on lo. There
are circular craters, but without ejecta blankets, central
peaks, or other morphologies typical of fresh impact craters,
so it seems likely that these craters are of endogenic origin.
Assuming a lunar impact rate and size—frequency distribu-
tion, Johnson and Soderblom (1982) showed that all craters
are easily erased in 10° years with a resurfacing rate >0.1
cm yr_l.

These estimates can be updated with newer informa-
tion. Resurfacing of Io (by mass and volume) is probably
dominated by lava flows (Phillips 2000). Reynolds et al.
(1980) showed that the global heat flow can be equated to a
resurfacing rate by lavas. The best estimate of heat flow (~2
W m™2, see below) leads to a global average resurfacing rate
of 1.06 cm yr~! by basalt or 0.55 cm yr~! by Commondale
komatiites, which Williams et al. (2000) considered the best
terrestrial analog for high temperature Mg-rich lavas on Io.

The work of Zahnle et al. (2003) indicates that a 20-km
or larger crater should form on Io every ~3 Myr on aver-
age. We expect the combined Voyager—Galileo imaging of To
is sufficient to identify the impact origin of a 20-km crater
over at least 80% of Io’s surface (imaged at 3.2 km/pixel or
better). A half-buried crater may or may not be distinguish-
able from the many paterae on Io, so let’s assume 3/4 burial
is needed to hide the impact origin of a crater. Assuming
a depth:diameter ratio for complex craters like the Moon of
1.3:10 (Pike 1980), about 2 km of fill would be needed to dis-
guise the origin of a 20-km crater. The lack of visible 20-km
diameter impact craters indicates >0.05 cm yr™! of resurfac-
ing, if the Zahnle et al. (2003) flux is correct. At the current
0.55-1.06 cm yr~! globally averaged lava resurfacing rate,
189000-364 000 years are required to disguise all 20-km im-
pact craters. Alternatively, if large impacts stimulate local
volcanic activity, they may be disguised much more rapidly.
If the lithosphere is 50 km thick, then it represents 4.7 to
9.1 x 10°® years of volcanic activity (if the resurfacing rate
has been constant and spatially uniform), and there should
be ~2 impact craters 20 km in diameter or larger buried
somewhere in the lithosphere.

What can we say about the variation of resurfacing
rates on Io? Based on color/albedo changes (McEwen et al.
1998a, Geissler et al. 1999b, Phillips 2000) it seems likely
that the upper few mm are modified on timescales of cen-
turies or less, but the lava resurfacing rate is more impor-
tant for understanding the lithosphere. On the timescale of
a few years, the resurfacing by lava is highly concentrated
on to a few percent of the surface (Phillips 2000). A key
issue is whether or not resurfacing is globally uniform over
timescales comparable to the age of the lithosphere (a few
Myr). Galileo returned much higher-resolution images than
Voyager, and with a lunar-like size—frequency distribution
we would expect several hundred times as many craters to
be resolvable at 100 m/pixel than at 1 km/pixel resolution.



However, small craters on Europa suggest fewer small pri-
mary impactors than expected from assuming that primaries
dominate the size-frequency distribution at the Moon (Bier-
haus et al. 2001). If we assume that the number of craters
from 20 to 2 km diameter is proportional to D™2, then we
should expect a crater 2 km diameter or larger every 27 000
years, or every 270000 years over 10% of Io’s surface. Galileo
has imaged ~10% of Io’s surface at better than 0.5 km/pixel,
sufficient to identify a 2-km crater. The fact that no impact
craters have been detected suggests that regions of Io with
<0.07 cm yr~! resurfacing by lava over timescales of 10°
years are uncommon. See Chapter 18 for age estimates for
To based on slightly different assumptions, but with similar
results.

14.5 TECTONISM AND MASS WASTING
14.5.1 Paterae

The most common structures on lo are paterae, quasi-
circular to polygonal depressions, often associated with es-
pecially bright, dark, or colorful deposits (see Figures 14.2,
14.3, 14.5). At least 400 paterae have been mapped, with an
average size of ~40 km diameter and peak sizes >200 km;
they are up to 3 km deep (Radebaugh et al. 2001). They
are usually assumed to be volcanic calderas, which form
by collapse over shallow magma chambers following par-
tial evacuation. In some ways they resemble large basaltic
calderas, which form over shield volcanoes. However, the
angular shapes and alignments of many paterae (Williams
et al. 2002; Figure 14.2f) suggest strong structural control,
and most paterae lie on flat plains, with no hint of a shield
volcano. Some may not be volcanic calderas in the terres-
trial sense but rather structural depressions that were sub-
sequently exploited by magma (e.g., Gish-Bar and Hi’iaka
paterae, Figure 14.5). But many paterae are centered on
extensive flow fields and are probably primarily volcanic
structures, and shallow magma chambers are expected to
be common in Io’s lithosphere (Leone and Wilson 2001).
Perhaps the best terrestrial analog is the volcano-tectonic
depression, defined as a caldera-like topographic low that
has both volcanic and regional tectonic elements; the extent
to which each process has played a role in the formation of
the feature is variable (Jackson 1997).

14.5.2 Mountains

The other major structural landforms on lo are the promi-
nent mountains towering over the flat volcanic plains (Fig-
ures 14.5, 14.6). Voyager and Galileo observations provide
a near-global inventory of mountains (~85% of the surface).
At least 115 mountains covering ~3% of the surface have
now been identified and characterized (Carr et al. 1998,
Schenk et al. 2001, Jaeger et al. 2003). (We define a moun-
tain as a steep-sided landform rising more than ~1 km
above the plains.) Mountains average ~6 km in elevation
and range from a few 10s to more than 500 km at their
bases. The highest mountain, southern Boosaule Montes,
rises ~17 km; the next highest is 13 km high. Most moun-
tains rise abruptly from the plains, but many are partly or
completely surrounded by debris aprons, plateaus, and lay-
ered plains. Mountains come in a variety of shapes, from
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flat tabular mesas to sharp angular peaks to asymmetric
flatirons to complex rugged massifs.

Dense surface striations are common on mountains.
Examples include orthogonal sets of striations on Haemus
Montes, and lengthwise oriented striations on Tohil Mons
(Figure 14.6). High-resolution Galileo views do not reveal
if striations are exposed layering or closely spaced fracture
planes. Parallel ridges also mark the surfaces of some moun-
tains. Ridges can be oriented down-slope, or across the dom-
inant slope direction (Schenk and Bulmer 1998, Turtle et
al. 2001, Moore et al. 2001). Landslides are common, and
mountains generally appear unstable and short-lived, which
requires that they be uplifted at a rate comparable to that of
their destruction and burial by lava flows. Average mountain
uplift rates must exceed the globally averaged resurfacing
rate.

The origin(s) of mountains were widely debated post-
Voyager as they do not appear to be volcanoes and they
do not form any global tectonic pattern. Various exten-
sional and compressional models have been proposed to ex-
plain mountain formation (Turtle et al. 2001, Schenk et al.
2001). Compressional uplift probably dominates because the
asymmetric shapes suggest the uplift and rotation of crustal
blocks (Smith et al. 1979, Schenk and Bulmer 1998, Carr et
al. 1998) and because extension is unlikely to uplift blocks of
crust by 10-17 km. Schenk and Bulmer (1998) linked moun-
tain formation directly to the high rate of volcanic resur-
facing and implied radially directed recycling of the crust.
The radially descending crust shrinks in radius and volume,
throwing it into compression, which must be relieved either
ductily (i.e., by folding and shortening) or brittly (i.e., by
thrust faulting). Since the resurfacing rate is fast compared
with the rate of heat conduction, the lithosphere is expected
to be cold and brittle (O’Reilly and Davies 1980), so thrust
faulting probably dominates. Schenk and Bulmer further
suggested that local controls, such as preexisting faults or
crustal anisotropies, are needed to explain the apparently
random distribution of mountains. Turtle et al. (2001) quan-
titatively tested several mountain formation models and also
found that local triggering mechanisms, such as mantle up-
welling or downwelling, are required to explain the mountain
distribution.

In a variation on the compressive theme, McKinnon et
al. (2001) proposed that Io’s crust is inherently unstable if
volcanism on Io is episodic on regional scales. By the heat
pipe model of O’Reilly and Davies (1980) (see also Mon-
nereau and Dubuffet 2002), most of Io’s heat is lost through
volcanic conduits and the crust is relatively cold due to rapid
vertical recycling. A slow-down in volcanism would lead to
increased heating of the base of the crust and the associ-
ated thermal expansion could increase horizontal compres-
sive loads sufficiently to fracture the crust and trigger thrust
faulting. Jaeger et al. (2003) estimated the stresses based on
these two compressional models and concluded that while
both are significant, radial subsidence would dominate if the
crust is thicker than ~10 km. The thermal expansion could
be a significant contributor to compressive stresses only if a
major drop in resurfacing rate is sustained for nearly 100 000
years.
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14.5.3 Paterae and Mountains: Distributions and
Relationships

The absence of any obvious global tectonic pattern among
either volcanoes or mountains on Io suggests that any sur-
face expression of internal dynamics (i.e., convection) must
be subtle. Indeed, the global inventory of mountains re-
veals modest nonuniformities in their relative areal density
(Schenk et al. 2001), with the greatest frequency of mountain
occurrence in two large antipodal regions near the equator
at 65° W and 265° W. A similar bimodal pattern is also ev-
ident in the global distribution of volcanic centers (Schenk
et al. 2001) and paterae (Radebaugh et al. 2001) but off-
set roughly 90° in longitude, and thus anti-correlated from
mountainous regions. These broadly defined centers are off-
set roughly 30° east of the current tidal axes.

The bimodal distribution pattern for volcanic centers
matches the expected pattern of heat flow from astheno-
spheric tidal heating (Ross et al. 1990) and the internal
convection pattern within Io’s mantle predicted from 3-D
simulations (Tackley et al. 2001). However, the regional anti-
correlation of mountains and volcanic centers is counterin-
tuitive if volcanic resurfacing causes mountain formation.
Several hypotheses to explain the regional pattern were pre-
sented by Schenk et al. (2001): (i) Mountains are shorter-
lived in regions of more active resurfacing due to more rapid
burial or collapse. (ii) Tall (and longer-lived) mountains form
less frequently in regions of higher heat flow and a thinner
lithosphere. (iii) An additional stress mechanism is superim-
posed on the global compressive stresses. Three possibilities
have been suggested in case (iii): (1) stresses induced on
the lower crust by rising and downwelling mantle convec-
tion plumes, (2) nonsynchronous rotation of Io’s lithosphere
with respect to the interior (Schenk et al. 2001, Radebaugh
et al. 2001), and (3) the model of McKinnon et al. (2001).
These mechanisms could reduce compressional stresses near
the anti- and sub-jovian regions, enhancing volcanism and
discouraging mountain formation.

Despite the global scale anti-correlation, individual
mountains and volcanoes appear structurally linked in many
cases (Figures 14.5, 14.6). Paterae have been identified on or
near the flanks of numerous mountains (~40%) and there is
a statistically significant spatial association between moun-
tains and volcanic centers (Turtle et al. 2001, Jaeger et al.
2003). Some mountains directly connect and form appar-
ent structural links between two paterae. Some mountains
may have formed along faults radiating from volcanic centers
(Schenk and Bulmer 1998). Mountains could also form over
small-scale mantle upwellings, consistent with the isolated
occurrence of mountains (Jaeger et al. 2003). Several moun-
tains show evidence of axial rifting possibly due to uplift-
related extension. Fault-bounded mountains could provide
ready conduits for migrating lavas in the upper crust. If
the global subsidence model for mountain formation is cor-
rect, it may be difficult for magmas to ascend to the sur-
face through the compressively stressed lower crust. The
formation of thrust faults may locally relieve compressive
stresses, sufficient for magmas to ascend. The resulting vol-
canism may then contribute to the ultimate destruction of
the original mountain, for example at Tohil Mons(Schenk
et al. 2001; Figure 14.6). On the other hand, the majority of

mountains are not located near obvious volcanic centers, and
their formation may be independent of nearby volcanism.

14.5.4 Mass Wasting

As befits a planet with locally high relief, Io exhibits sev-
eral styles of mass wasting. Slumping of km-scale blocks
and large-scale landslides have been noted in several cases
(Schenk and Bulmer 1998, Moore et al. 2001), leading to
suggestions of failure along weak horizons within the crust.
Incoherent slump deposits are found along the flanks of nu-
merous mountains (McEwen et al. 2000a, Turtle et al. 2001),
suggesting simple slope failure. Parallel ridges on moun-
tains (e.g., Hi’iaka Mons, Figure 14.5) have been attributed
to down-slope flow or creep of surface layers. Very high-
resolution images from 132 show evidence of terracing along
the edges of at least one of these tabular plains, indicating
the undermining of scarps and subsequent slope failure of
the upper layers. Curvilinear scarps 100s of km long (Fig-
ures 14.5, 14.6), forming large isolated tabular plains up to 1
km high, are generally interpreted as due to extensive scarp
retreat, and in higher resolution images, these scarps can ap-
pear to be “choked” by debris. McCauley et al. (1979) pro-
posed that local venting of SOz could explain the scarp re-
treat and diffuse bright deposits along many scarps, and this
remains an attractive model given the ubiquity of SO, and
hot spots as confirmed by Galileo. Several other mass wast-
ing mechanisms can be envisioned, including plastic flow of
interstitial volatiles, sublimation degradation, or disaggre-
gation from chemical decomposition (Moore et al. 2001).

14.6 I10’S HEAT FLOW

To is unique among solid bodies in the solar system in that
its heat flow is so high that it can be determined by re-
mote sensing of surface temperatures. Understanding Io’s
heat flow is important for constraining tidal heating mod-
els (see Chapter 13), and for probing Io’s interior structure.
The discrete volcanic hot spots account for most of the heat
flow, but conducted heat from extensive cooling lava flows
may also be significant (Stevenson and McNamara 1988). At
these longer wavelengths, however, thermal emission from
the non-volcanic regions, which are warmed by sunlight, and
from absorbed sunlight re-radiated by the hot spots them-
selves, are also important. This “passive” component must
be removed to isolate the hot spot contribution.
Disk-integrated ground-based observations of Io’s ther-
mal emission provide uniform longitudinal coverage and a
long time base, allowing study of the spatial and temporal
variability of the heat flow. Models of the passive compo-
nent can be constrained by wavelength-dependent changes
in Io’s thermal emission during Jupiter eclipses (Sinton and
Kaminski 1988, Veeder et al. 1994). Very rapid initial cooling
indicates extensive surface coverage by an extremely insu-
lating, porous, material, such as pyroclastic deposits, that is
best modeled as having relatively low albedo. Cooling dur-
ing the remainder of the eclipse is much slower, due to a
combination of a higher thermal inertia, higher-albedo pas-
sive component, and emission from volcanic hot spots. As
pointed out by Veeder et al. (1994), low-temperature hot



spots will be warmed significantly by the Sun, and thus will
also cool at night.

Synthesizing their 10 years of ground-based 5-20 mi-
cron photometry of Io, Veeder et al. (1994) obtained the
most comprehensive picture so far of Io’s heat flow and its
variability. In addition to eclipse cooling, they constrained
passive temperatures using Voyager estimates of Io’s bolo-
metric albedo (Simonelli and Veverka 1988) and Voyager
infrared observations of Io’s nightside temperature (Pearl
and Sinton 1982, McEwen et al. 1996). They concluded that
much of To’s heat flow was radiated from large areas at T' <
200 K, little warmer than the passively-heated surface, and
that Io’s average heat flow is more than 2.5 W m™2, with
only modest temporal or spatial variability. They considered
their estimate to be a lower limit because the ground-based
data are not very sensitive to radiation from high-latitude
anomalies, and because they did not include the possible
contribution from heat conducted through Io’s lithosphere.
However, it is possible that rapid downward motion of the
crustal materials due to resurfacing (O’Reilly and Davies
1981, Carr et al. 1998) minimizes heat conduction through
the lithosphere.

Voyager IRIS observations of Io (Pearl and Sinton 1982,
McEwen et al. 1996), covering the 5-50 micron region, pro-
vide an independent measure of heat flow. Here the typical
spatial resolution of a few 100 km is sufficient to resolve indi-
vidual hot spots, and good spectral resolution allows some
separation of passive and endogenic radiation within each
field of view, by fitting multiple blackbodies to each spec-
trum and assuming that the lowest-temperature contribu-
tion is passive. However, the data do not provide globally ho-
mogeneous coverage. Extrapolating from the Jupiter-facing
hemisphere, where coverage is best, and assuming that Loki,
which radiates more heat than any other Io hot spot, is
unique, McEwen et al. (1996) estimated a minimum global
heat flow of 1.85 W m™2, with likely additional contribu-
tions from conducted heat and widespread low-temperature
hot spots. )

Endogenic emission is more readily separated from pas-
sive emission at night, when the passive component is min-
imized. Voyager IRIS obtained sporadic nighttime coverage
of Io, but the first hemispheric maps of broadband nighttime
emission came from Galileo PPR (Spencer et al. 2000b).
Nighttime temperatures away from the obvious hot spots are
near 95 K, and are remarkably independent of both latitude
and local time. Making the assumption that at low latitudes
this temperature is entirely due to passive emission, that the
passive component temperature varies as cos!/ 4(latitude),
and that all emission at higher temperatures is endogenic,
Spencer et al. (2000b) estimated global heat flow to be 1.7
W m™2, again assuming that Loki was unique. The lack of
fall-off in temperature with latitude would then imply excess
endogenic emission at high latitudes.

Matson et al. (2001) explored the possibility that the
uniform nighttime background temperatures were instead
due entirely to endogenic heat, with negligible contribution
from re-radiated sunlight, and derived a very large upper
limit to To’s heat flow of 13.5 W m™2. Spencer et al. (2002a)
noted, however, that such a large heat flow is readily ruled
out by using heat balance considerations. They subtracted
the total power of sunlight absorbed by Io (estimated using
new bolometric albedo maps by Simonelli et al. 2001), from
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To’s total radiated power, estimated using disk-integrated
Voyager IRIS spectra of the day and night hemispheres,
supplemented by ground-based observations of Io’s daytime
emission from Veeder et al. (1994) and PPR observations of
Io’s nighttime emission from Spencer et al. (2000b). Assum-
ing that Io’s emission depends only on phase angle, they ob-
tained a total heat flow of 2.2 + 0.9 W m™2. Accounting for
the likely lower emission at high latitudes than at the equa-
tor, and refining error estimates reduces the estimated heat
flow to 2.1 £ 0.7 W m ™2 (J.R. Spencer et al. manuscript in
preparation; Figure 14.8). (This result is remarkably similar
to the very first estimate of Io’s heat flow of 2 =1 W m™2 by
Matson et al. 1981). Though this technique is not precise, as
it involves subtraction of similar-sized quantities known with
limited accuracy, it is robust in that the answer does not de-
pend on assumptions about the temperature of the thermal
anomalies or how the emission in any particular observa-
tion is divided between endogenic and passive components.
It also accounts for any heat that is conducted through the
lithosphere, and thus provides an actual estimate of, rather
than a lower limit to, Io’s heat flow. This heat flow estimate
is consistent with previous lower limits to the heat flow (i.e.,
that from hot spots), and indicates that hot spots account
for most of Io’s heat flow. Thus, the thermal observations
support the O’Reilly and Davies (1980) model for volcanic
heat advection through a cold lithosphere.

Several lines of evidence indicate that Io’s current heat
flow and tidal heating rate exceed the long-term equilib-
rium value. First, Io’s current heat flow is about twice as
large as the upper limit of ~0.8 W m™2 expected for steady-
state tidal heating models over 4.5 Ga (Peale 1999); the dis-
crepancy can no longer be considered potentially resolvable
from uncertainties in the heat flow estimate, as suggested by
Showman and Malhotra (1999). If the theoretical estimates
of steady-state heat flow are correct, then Io’s heat flow has
varied over time due to its orbital evolution. Second, recent
secular orbital accelerations suggest that Io is now spiral-
ing slowly inward, losing more energy from internal dissipa-
tion than it gains from Jupiter’s tidal torque (Aksnes and
Franklin 2001). Third, if Io’s thermal history varies strongly
with time, then the absence of core convection driving a
self-sustained magnetic field requires that the mantle be rel-
atively hot (Wienbruch and Spohn 1995). The time-variable
thermal/orbital interaction has implications for the geologic
histories and futures of Europa and Ganymede as well as Io.

14.7 DISCUSSION: THE LITHOSPHERE AND
MANTLE OF IO

Post-Voyager models of Io’s crust had a rugged differentiated
silicate crust mostly covered by layers of silicate and sulfur
(molten at depth), and showed the mountains to be ancient
protuberances of the silicate subcrust (Schaber 1982, Kief-
fer 1982, Nash et al. 1986). An updated vision of Io’s crust
and lithosphere (Figure 14.9) is a layered stack of mafic lava
flows, interbedded with smaller amounts of silicate and sul-
furous pyroclastics, sulfur flows, and volatile species such as
SO5. The mechanical lithosphere in this case corresponds
very closely to the crust, which may have relatively minor
compositional distinctions from the mantle (i.e., compared
with Earth). This lithosphere may be broken into slabs no
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smaller than a few hundred kilometers judging by the typical
dimensions of the massifs. Occasional lithospheric blocks are
upthrust along deep-rooted thrust faults to form mountains.
Punctuating this broken layered stack are hundreds of vol-
canic conduits or magma chambers, some of which may feed
dikes or sills intruded along existing faults, along horizontal
bedding planes or elsewhere. This lithosphere is relatively
cold and isothermal (O’Reilly and Davies 1980, Carr et al.
1998) except near the base where the thermal gradient must
be very steep. The thermal gradient may also be steep under
caldera floors, if they reside over shallow magma chambers.

There is still no consensus on the average thickness of
Io’s lithosphere, except that it must exceed ~15 km. Carr
et al. (1998) gave an example where the depth of isostatic
compensation would be ~90 km, but wrote “The mountains
may, however, be uncompensated and partially supported by
a thick rigid lithosphere. Even so, it is difficult to see how
10 km high mountains could be supported by a mechani-
cal lithosphere that is less than 30 km thick, particularly
since there is no evidence of moats having formed around
the mountains as a result of flexure of the lithosphere...”
McKinnon et al. (2001) presented a crustal chaos hypothe-
sis and wrote “Mountain lengths range from ~50 to >400
km, and the crustal thickness is probably some sizeable frac-
tion of this, perhaps as great as 25-100 km.” Jaeger et al.
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Figure 14.9. Cartoon of Io’s crust. The Ionian crust is thought to
be dominated by layers of mafic silicate lava flows with thin beds
of sulfurous and silicate pyroclastic deposits. A sulfur dioxide-
rich coating blankets most of the surface away from hot spots.
Prometheus-type plumes are generally caused by lavas advancing
over this volatile blanket. Plumes of primary volcanic gas are most
visible at UV wavelengths and are not illustrated here. Mountains
are formed by deep thrust faults and the crust is underlain by a
zone with significant melting, perhaps a magma ocean.



(2003) conclude that a minimum lithospheric thickness of
14 km is required to provide sufficient compressive stress
to explain the existing mountains, and Schenk et al. (2001)
pointed out that the lithosphere must be at least as thick as
the tallest mountains (13-17 km) if they are thrusted blocks.
The lithosphere may vary in thickness; perhaps it is thicker
in regions where mountains are concentrated (Schenk et al.
2001) and in the polar regions (McEwen et al. 2000a).

The cold subsiding lithosphere model, combined with
new observational data, has important implications for the
chemical composition of the crust and the physical state
of the mantle of Io. The predicted temperature profile
requires that the crust/mantle boundary and the litho-
sphere/asthenosphere boundary coincide to within a few
kilometers. If To is predominantly solid, then the lava seen
at the surface must originate in a partially molten mantle.
These lavas are subjected to repeated episodes of partial
melting when they are buried to the depth of the zone of
melting. Fach episode of partial melting will chemically dis-
til the rocks, producing a buoyant liquid enriched in incom-
patible elements (e.g., Na, K, Si, H) and a dense solid residue
enriched in compatible elements (e.g., Mg). If Io underwent
the current level of volcanic activity for even a fraction of
the age of the solar system, the entire silicate portion of Io
should have gone through hundreds of episodes of partial
melting. This would produce extreme differentiation of the
rock types through the crust and mantle. While processes
such as assimilation of wall rocks during ascent of magma
would cause some mixing, one would expect Io to have a
wide variety of silicate lava types. Furthermore, the compo-
sitions should be dominated by the most easily melted (i.e.,
lowest melting temperature) lavas (Keszthelyi and McEwen
1997). It would be difficult for dense mafic melts from the
mantle to rise through the low-density crust and reach the
surface.

Instead, the observations of temperatures, colors, and
landforms suggest that Ionian volcanism is dominated by
mafic lavas. This requires that the crust be very efficiently
mixed back into the mantle to erase the distillation effects
of partial melting (Carr et al. 1998). The simplest way to
achieve this level of mixing is if the top of the mantle is
molten, leading to rapid and efficient mechanical and chem-
ical mixing. Since such mixing must take place across the
globe of Io, it suggests a global layer of melt (Keszthelyi et
al. 1999). Theoretical studies have shown that there cannot
be a global layer of pure liquid magma under the Ionian
lithosphere because this would not produce the observed
tidal heat flux (e.g., Schubert et al. 1981, Ojakangas and
Stevenson 1986). However, a crystal-rich magma ocean is
allowed by these studies. Using a petrologic model (Ghiorso
and Sack 1995) and a dry chondritic bulk composition for
To, the magma ocean is predicted to go from ~60% melt at
the base of the lithosphere to only ~5% melt at the core—
mantle boundary (Keszthelyi et al. 1999). A magma ocean
is not required to remove Io’s heat (Moore 2001) but may
be required to prevent the formation of a low-density crust
that would be a significant barrier to mafic volcanism.

The observations to date are all consistent with the idea
of a partially crystalline global magma ocean, but may not
discriminate this model from rapid solid-state convection
(Schubert et al. Chapter 13). As predicted by the magma
ocean model (Spohn 1997), Io has no intrinsic magnetic field
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(Kivelson et al. Chapter 21). The high temperature of the
magma ocean would lead to a stably stratified liquid iron
core within Io. However, the lack of magnetic field is not
proof of a magma ocean within Io.

The distribution of volcanism on the surface of Io pro-
vides some additional, inconclusive, clues about the state
of the interior. Segatz et al. (1988) calculated that if tidal
heating is predominantly at the base of the mantle, heat gen-
eration should be concentrated at the poles. Conversely, if
heat is mostly generated at the top of the mantle, heat flow
will be highest along the equator. The distribution of persis-
tent hot spots (Lopes-Gautier et al. 1999), volcanic centers
(Schenk et al. 2001) and paterae (Radebaugh et al. 2001)
are concentrated in a manner consistent with tidal heating
mostly in the upper mantle. However, the more sporadic but
highly energetic volcanic eruptions seen at high latitudes and
the higher than expected background temperatures require
either some heat generation deep within Io’s mantle or some
mechanism for lateral heat transport within the mantle. A
partially molten magma ocean as hypothesized by Keszthe-
lyi et al. (1999) could fit these observations, but so could a
vigorously convecting solid mantle (Tackley et al. 2001).

14.8 FUTURE EXPLORATION

Though our understanding of Io has increased greatly in
the past decade, there is much more we can learn from this
dynamic world. We can witness large-scale volcanic and tec-
tonic processes on Io that inform us about ancient and mod-
ern processes on the terrestrial planets. Perhaps we could di-
rectly observe the formation and/or destruction of landforms
such as mountains and paterae. Many important questions
lack complete answers.

e What was the coupled orbital evolution of Io-Europa-
Ganymede and how has it affected the thermal evolution of
all three worlds?

e Are tidal heating and core convection periodic?

e Does o have a magma ocean?

e What are the mantle convection patterns within lo and
how does that influence the volcanism and tectonism?

o What is the composition of the crust, and is the crust
equivalent to the lithosphere?

e How uniform is the resurfacing over time periods im-
portant to the tectonism (~10%-10° years)?

e What are the timescales for formation and destruction
of mountains and paterae?

e Are there identifiable impact craters on lo?

¢ What is the composition of the silicate lavas?

e Are the high temperatures due to Mg-rich lava com-
positions, some other composition, or some mechanism for
“superheating” the lava?

e How common are lava temperatures too hot for normal
(not superheated) basalt?

e How common are lava lakes, how do they work, and
how much do they influence heat loss?

e Is Io’s current heat flow typical or anomalous?

e Why are the styles of volcanism different in the polar
regions?

o Is the polar heat flow higher or lower than average?

o What are the mechanisms of faulting and tectonics?
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e Are there topographic bulges due to mantle plumes and
lithospheric thinning?

e Why are mountains and paterae often associated with
each other on local scales?

e Why are they anti-correlated on hemispheric scales?

e What is the inventory and distribution of crustal
volatiles and how do they affect the geologic processes?

e Are sulfur or SO, flows common?

e How do the volatiles affect mass wasting, sapping, and
other processes of landscape modification?

e What are the mechanisms driving the various types of
plumes?

e What are the sources of sodium, potassium and chlorine
escaping from Io?

e Can the volcanic gasses help us to better understand
the chemistry of Io’s crust and mantle?

There is much we can still learn about Io via observa-
tions from the Earth’s surface or near-Earth space. The Hub-
ble Space Telescope, and the new class of 8-meter telescopes
when coupled with adaptive optics techniques (Marchis et
al. 2001), can resolve 100-km scale features, allowing loca-
tion and characterization of volcanic eruptions and studies
of compositional changes. The composition and spatial dis-
tribution of Io’s atmosphere, and its response to volcanism,
can be studied at millimeter wavelengths, in the infrared at
20 microns, and from HST in the ultraviolet. A decade or
so from now, the next generation of space telescopes with
improved spatial resolution and sensitivity is expected to
provide many new opportunities for Io studies.

Many advances in our understanding, however, must
await a return to Io by a spacecraft with more capable in-
strumentation and much higher data return capability than
Galileo. Io’s intrinsic interest as the only place beyond Earth
where we can watch large-scale geology in action, and its po-
tential to teach us about the fundamental process of tidal
heating, makes a return to Io a high priority. A jovicentric
orbiter with many Io flybys is probably the most practical
mission concept in the near term. Radiation-hard electron-
ics currently under development could allow a spacecraft to
survive more than 50 Io flybys, sufficient to sample a wide
range of eruptions and other dynamic phenomena. A func-
tioning high-gain antenna and modern high-capacity data
recorders would enable 10°-10° times greater data return
per flyby than Galileo, providing significant coverage at the
high spatial, spectral, and temporal resolutions needed to
understand dynamic processes. Improved topographic map-
ping at all scales, especially globally, is needed to test models
for the dissipation of tidal heating, internal convection, and
tectonics. Penetrators might be practical, allowing seismic
studies of the interior; this is the best way to confirm or re-
fute the magma ocean hypothesis. Io studies could be readily
combined with studies of the jovian magnetosphere or the
other Galilean satellites.

For a detailed discussion of options for future Io explo-
ration, see Spencer et al. (2002b). We look forward to future
exploration of lo, and to continued progress in our under-
standing of one of the most spectacular places in the solar
system.
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