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and product phases were examined with a 200-kV 
JEOL-2010 TEM. 

8. Electron microprobe analysis of the recovered samples 
revealed that small iron-rich grains (less than 10 pm) 
with olivine stoichiometry exist within the reaction rim 
especially near the surface. The Mg/(Mg + Fe) ratios in 
these iron-rich grains range from about 81 to 85. This 
suggests that the iron-rich grains are ringwoodite, and 
the transformation occurred in the coexisting field of 
wadsleyite and ringwoodite at lower temperature be- 
fore the desired value was reached. 
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10. FTlR measurements were carried out in air. Thickness 
of the sample was 80 to 140 pm, and aperture size 
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Water content of wadsleyite was estimated from the 
integration of the infrared spectra using the calibra- 
tion by Paterson [M. 5. Paterson. Bull. Mineral. 105. 
20 (1982)l. 
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High-Temperature Silicate 
Volcanism on Jupiter's Moon lo 

A. S. McEwen,* L. Keszthelyi, J. R. Spencer, C. Schubert, 
D. L. Matson, R. Lopes-Cautier, K. P. Klaasen, T. V. Johnson, 
J. W. Head, P. Ceissler, S. Fagents, A. C. Davies, M. H. Carr, 

H. H. Breneman, M. J. S. Belton 

Infrared wavelength observations of lo by the Galileo spacecraft show that at 
least 12 different vents are erupting lavas that are probably hotter than the 
highest temperature basaltic eruptions on Earth today. In at least one case, the 
eruption near Pillan Patera, two independent instruments on Galileo show that 
the lava temperature must have exceeded 1700 kelvin and may have reached 
2000 kelvin. The most likely explanation is that these lavas are ultramafic 
(magnesium-rich) silicates, and this idea is supported by the tentative identi- 
fication of magnesium-rich orthopyroxene in lava flows associated with these 
high-temperature hot spots. 

After the Voyager spacecraft flybys of the and Galileo observations have shown that 
Jupiter system in 1979, many investigators such high-temperature hot spots are actually 
thought that the active volcanism on 10 was common on 10 (4, 5). Thirty locations with 
dominated by sulfur-rich lavas, although sil- 
icate magmas at depth may have initially 
melted these lavas (1). The highest tempera- 
tures estimated from Voyager were -650 K 
(2) ,  consistent with sulfur volcanism, but 
Voyager could not detect small areas at high- 
er temperatures because of limitations in sen- 
sitivity and wavelength coverage. Ground- 
based telescopic observations in 1986 provid- 
ed observations of a temperature exceeding 
900 K, suggesting at least occasional erup- 
tions of silicate lavas (3). Recent Earth-based 
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temperatures higher than 700 K were identi- 
fied during the Galileo tour in 1996 to 1997; 
most of these probably include areas with 
temperatures higher than 1000 K (6). These 
temperatures are well above the boiling point 
for elemental S in a near vacuum (7), so 
silicate eruptions are now thought to be a 
fundamental part of 10's active volcanism (8). 

We report principally on observations of 
10 in eclipse (in Jupiter's shadow; see Fig. 1) 
by the Galileo Solid State Imaging (SSI) 
experiment (9). SSI has observed 10 during 
11 eclipses in the first 11 orbits, including 
observations through the broadband clear fil- 
ter and six color filters with effective wave- 
lengths from 0.42 to 0.99 pm. These images 
revealed (i) small bright spots in the clear and 
1MC (-0.99 pm) bandpasses that are due to 
high-temperature hot spots and (ii) faint dif- 
fuse glows due to electronic excitation of 
gases around the limb and near active vents in 
the clear and visible bandpasses (5, 6, 10). 
The actual area of each hot spot (typically 

Fig. 1. 551 image showing lo in eclipse (PICNOs C910025-26). Image is color coded with blue- 
yellow-red representing increasing brightness. This image is a "raw" spacecraft frame, with no 
processing other than color coding and labels, to illustrate several characteristics of the data. The 
left-hand image was acquired through the 1MC bandpass and the right-hand image is dominated 
by the clear-filter exposure (plus 1MC exposure). The scale is 14.6 kmlpixel, but each hot spot is 
smeared over an area about nine pixels in diameter. Temperature-area modeling (Table 2) indicates 
that the actual hot areas are much smaller than the pixels. Diffuse glows from electronic excitation 
of gases highlight lo's limb and active plumes such as Marduk in the clear-filter image. Small bright 
pixels and clusters of pixels are noise from radiation hits. The horizontal line between Pillan 
positions is due to 1MC exposure during scan platform motion. The bright vertical lines are due to 
column blemishes, and the blockiness at low brightness levels is due to data compression (9). 
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<0.01 lun2) is much smaller than the 11- to 
33-km size of each pichlre element (pixel), 
but the hot spot signal is sineared over areas 
ranging from 3 to 29 pixels long because of 
spacecraft motion during the 0 27- to 25.6-s 
exposures (Fig. 1). 

To estimate temperatures. we used the 
ratio of the intensities of the clear (0.4 to 1.05 
pm) and 1MC (0.968 to 1.05 ym) bandpass 
images. Such pairs of images were acquired 
during five eclipses (Table 1). The band- 
passes have broad and complex spectral re- 
sponses, so we cannot determine radiance at 
any particular wavelength. Instead, we used 
our laowledge of the calibration of the SSI 
instruGent (9) to calculate its response (in 
electrons per pixel) as a function of black- 
body temperature for each bandpass. The ra- 
tio of clear and 1MC intensities is a function 
of temperature (Fig. 2). The intensities of 
each hot spot and their calculated areas and 
temperatures are listed in Table 2. The de- 
tailed calculations and error estimates are 
available on the World Wide Web (11). 

The uncertainties listed in Table 2 come 
from several sources. The eclipse images are 
generally noisy (Fig. 1) because of the intense 
radiation environment near Jupiter and the 
long exposure times and high gain states of 
the images. The most intense radiation "hits" 
are usually easily recognized because they 
form bright pixels or streaks without the 
smear pattern of the hot spots and stars. and 
these noise spikes are removed or avoided in 
the measurements. Nonthennal emissions 
also contribute to the SSI clear-filter images. 
We saw diffuse glows at the limb and over 

supported by several arguments. First. we 
saw the diffuse glows. but not the hot spots, 
in the eclipse images acquired through three 
short-wavelength color filters in orbit G7. 
suggesting that diffuse glows are not. at least 
in these cases, associated directly with bright 
areas we interpret to be hot spots. Second, 
there is evidence for temperatures > 1500 K 
from observations at wavelengths longer than 
1 ym, such as telescopic observations (IZ), 
and Galileo's Near Infrared Mapping Spec- 
trometer (NIMS) (13. 14). These tempera- 
tures are based on obsenrations acquired over 
wavelengths from 0.7 to 5.0 pm. so they do 
not appear to be due to unusual emissions at 
a few discrete wavelengths. Third, the bright 
spots seen in eclipse occur near feahlres 
known to be volcanically active from obser- 
vations of plumes and surface changes (5, 6). 
Fourth, there is a one-to-one correspondence 
between hot spots and low-albedo materials. 
which often have morpl~ologies consistent 
with lava flows (5, 6). Nevertheless, noise 
may be a substantial source of error to tem- 
perahlre estimates on faint spots. The error on 
the mean intensity for each spot is given in 
Table 2. Minimum and maximum tempera- 
hlres were derived from la errors with the 

Table 1. SSI eclipse images used for temperature 
PICNO, picture number. 

error propagation on a ratio (15). except in 
the special case of Pillan in C9. 

The most impressive and convincing 
high-temperature eruption was near Pillan 
Patera in orbit C9 (Fig. 1). The C9 eclipse 
observation experienced some complications, 
which hlmed out to be fortuitous for the 
temperature estimation. The image was an 
on-chip mosaic. in which the 1MC and clear 
exposures were acquired on the same frame. 
However, an error in the sequencing com- 
mands resulted in movement of the scan plat- 
form fiom the 1MC position to the clear 
position during the 1MC exposure. As a re- 
sult. instead of a 25.6-s 1MC image on the 
left-hand side of the frame and a 6.4-s clear 
image on the right, we acquired a 13.8-s 1MC 
image on the left. 4 s of 1MC exposure while 
moving between positions, and 7.75 s of 
1MC exposure at the clear position. followed 
by the 6.4-s clear exposure. A horizontal line 
connecting the Pillan hot spot images resulted 
from the 4-s 1MC exposure while moving. 
To estimate the clear intensities. \ye had to 
first subtract the 1MC intensity added to the 
clear-filter image. Pillan is the brightest hot 
spot on the disk and is saturated in both the 
1MC and clear 1MC images. Ordinarily 

measurements. Dates are given as monthldaylyear. 

Orbit Date 
Exposure Scale 

Bandpass time(s) (kmlpixel) 

C 7 4/03/97 C710013 CLR 2.13 33.2 
G710011 1 MC 6.4 33.2 

C8 5/06/97 C810003 CLR 6.4 18.6 " 
plumes. because of materials above the sur- C810001 1 MC 6.4 18.6 
face. Although these diffuse glows are often C9 6/28/97 C910026 CLR 6.4* 14.6 

C910025 1 MC 13.85 14.6 an order of magnitude fainter than the hot C1O 9/19/97 C1010045 CLR 6.4 11.4 
spots and are much more extended, it is pos- C1010046 1 MC 25.6 11.4 
sible. in principle, that gas concentrated over EI I 1 1/08/97 E l  110027 CLR 6.4 13.8 
vents contributes substantiallv to the intensi- E l  110025 1 MC 25.6 13.8 ~~ - ~~ - a  

ties. Nonthermal processes such as lightning 1 1/08/97 E 11 10028 CLR 0.27 13.8 
in plumes might also occur. However, our E l  110026 1 MC 2.13 13.8 

thermal interpretation of these emissions is *Sequence error resulted in  exposure through 1MC for 7.75 s on top  of clear (CLR) image in  C9. 

Fig. 3. Three-temper- 
ature f i t  t o  NIMS l5  I d 

Fig. 2. CLear/lMC ratio of intensities versus 
blackbody temperature for the SSI ca mera. 

88 3 JULY 1998 VOL 281 SCIENCE www.sciencemag.org 

spectrum of Pillan and 
Pele hot spots in orbit 
C9. Three blackbody 2 

curves are shown: % 
dashed curve for 544- 2 l o  
km2 area at 475 K, < 
dash-dot 17.6-km2 area curve at 975 for 2 2 1,) c T y  - ,  , - - 
K, and dash-dot-dot- 3 I!," I - * 
dot curve for 0.11- 2 ,, - _  
km2 area at 1825 K. : 5 . - 
The smooth solid 4 
curve is the sum of 
the three blackbody 
curves, and the aster- 
isks mark the NIMS 

,/ ! ' Y ! 

> - - -  - -  I -, 
,l - - - 

.-- data points. o ~ 

1 2 3 1 5 
'~tTavelength (.-mi 



R E P O R T S  

such sahlration would preclude accurate mea- dividing by exposure time yield a ni ini~nu~n 
surelnent of the intensities. However. we intensity of 0.38 X 106 electrons:s, and a 
xere able to measure the lhlC illtensity from lnaxiillu~ll intensity is 0.96 X 106 electrons:~ 
the uilsahirated horizontal line at 24.7 t 3.66 tluough the clear filter. The iniilin~uill and 
electrons:~. In the clear image: the pixels are 1naximu11l clear/lMC ratios (including add- 
not just sahlrated; but tn-o colu~nils are ing and subtracting the potential lh lC error 
'.bleeding." Bleeding occurs when a pixel due to noise) are 13.4 and 45.4. correspond- 
exceeds fill1 nrell (100,000 to 120,000 elec- ing to brightness temperahires of 1500 and 
trons). so the excess electroils leak down the 2600 K: respectively. 
colu~lln (9). A mini~nu~ll of 19 pixels bled. Additional evidence for these high temper- 
accouilti~lg for at least 1.9 X 106 electrons. ah~res conles from Galileo MMS (13). L4naly- 
Forty additional saturated (but not necessarily sis of NIhfS nighttinle spectra of Io shows an 
bleeding) pixels indicate 0.33 X lo6 to 4.0 X especially high-temperahlre component, at least 
106 additional electrons; and unsah~rated pix- 1475 K; in several hot spots (14). The Pillan- 
els add 0.4 X !Q6 electrons; for a total of Pele region was detected by NIMS in orbit C9 
between 2.6 X lo6 and 6.3 X lo6 electrons at low resolution (725 Itmpixel). so the Pillan 
generated on the detector by the Pillan hot and Pele hot spots fall within a single NIMS 
spot. Subtracting the 1MC contribution and pixel. L4nalysis of the ~ligl~ttiine spectrum with a 

Table 2. Temperature-area models for SSI eclipse observations of lo. I,,, and I,,, are the intensit~es of 
each hot spot in the CLR and 1MC bandpass images. Uncertainties in these intensities and their ratio are 
listed in parentheses. Temperatures were estimated from the ratio through the curve in Fig. 2. Areas were 
computed by matching the CLR bandpass intensity to  the predicted response of the SSI camera t o  a 
blackbody at the appropriate temperature and viewing geometry [see (11) for details]. T,  temperature; 
T,,,, minimum temperature: T,,,, maximum temperature. 

I C L R  ' ~ M C  
Hot Latitude' Orbit (elec- (elec- Ratio Best T Area name Longitude (krn2) Tr r ln  T r n a ~  

tronsls) tronsls) 

Kanehekili-S 

Kanehekili-N 

Janus 

Amirani 

Svarog 

Acala 

Marduk 

Pillan 

Pillan-N 

Pillan-S 

Pele 

Lei-Kung 

Isum-N 

Isum-S 

- 

hvo-colllponent fit yields telnperahire and area 
~nodels of 700 K (125 h12)  and 1450 K (1.1 
lun2) but does not fit the specbun well at the 
shorter wavelengths. The fit is iniproved by 
adding a third, hotter colnponeilt (Fig. 3): yield- 
ing te~nperahres and areas of 475 K (544 lun2), 
975 K (17.6 lun2), and 1825 K (0.1 1 km2) for 
Pele and Pillan combined. Projected areas have 
been cowected for the viewing geomeby; and 
errors for these fits are 1-25 K and 5 1 0 %  
area. The 1825-K area (0.1 1 km2 for Pillan 
and Pele) exceeds that derived from the SSI 
data, which gives 0.03 km2 at 1825 K for 
Pillan alone. The NIhfS and SSI observa- 
tions were collected only 7 to 9 niin apart, 
so the activity at Pillail changed over just a 
few minutes or Pele must also have a sub- 
stantial area at these high temperatures. 

IR brightness temperah~res of 1500 to 
1800 K inlply liquid lava temperatures of at 
least 1700 to 2000 K because of the rapid 
coolillg of lava surfaces (16); and our data do 
not preclude liquid te~nperahlres hundreds of 
degrees higher. However, the hottest lavas 
that are common on Earth and the other 
terrestrial planets, basalts, are typically empt- 
ed at only 1300 to 1450 K (1 7). The hottest 
ancient terrestrial lavas, called konlatiites (ul- 
tranlafic lavas rich in ~nagnesiu~n), were 
erupted at 1700 to 1900 K (IS), and the 
hottest lunar lavas (the orange and green 
glasses) were produced at about 1700 K (19). 

Given our limited knowledge of the 
che~nistry and structure of the interior of 10, 
any attempt to explain why such hot lavas 
are colnmon on Io is necessarily specula- 
tive. However, the high lava temperatures 

Fig. 4. Spectral reflectances on  lo as seen w i th  
six SSI color filters. The bulk o f  lo's surface 
(white deposits and plains units) has a f lat 
spectrum f rom 0.75 t o  1.0 k m ,  but  the dark 
features covering a few percent o f  the surface 
(such as Kanehekili and Amaterasu, shown 
here) are relatively dark in  the 0 .89-km band- 
pass. The ultraviolet absorption at Kanehekili 
(drop in  reflectance at 0.4 p m )  is typical o f  al l  
but  the darkest features and is evidence for the 
presence o f  sulfurous materials in  addition t o  
silicates (34). Also shown is the spectrum for an 
enstatite (orthopyroxene) w i th  5% FeO (35) 
convolved t o  the 551 band~asses and verticallv 

'The Pillan observation in orbit ~9 is unusual (see text). TI825 K was chosen as best temperature for Pillan in c 9  scaled t o  place i t  betwee; the Kanehekili an2 
on the basis o f  f i t  t o  NlMS spectrum (Fig. 3). Amaterasu spectra. 
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may be a result of (i) the lava being heated 
far above its thermodynamic equilibrium 
temperature (that is, superheated) or (ii) the 
lava having a composition that has a high 
melting temperature. 

On Earth, superheated lavas form when 
magma rises rapidly from depth and the adia-
batic temperature gradient is less than the slope 
of the liquidus of the magma (20). For a dry 
basaltic liquid (with a melting temperature of 
— 1500 K at low pressure) to reach the surface 
of lo at 1700. to 2000 K, it must have been 
generated at a depth of 300 to 800 Ian (1.5 to 4 
GPa) and then risen with no substantial heat 
loss. The intense tidal heating of lo also allows 
for the possibility of superheated lavas originat­
ing from shallower depths. If the tidal heating 
within a magma chamber is fast enough, the 
heat may go into raising the temperature of the 
liquid instead of melting the surrounding rocks. 
Tidal heating is likely to be concentrated near 
the lithosphere-asthenosphere boundary (21), a 
reasonable location for magma chambers to 
form by stalling at a density or rheological 
boundary (22). The difficulty in producing la­
vas superheated by hundreds of degrees is that 
such a large temperature contrast between the 
magma and its surroundings should result in 
rapid heat loss. 

It is more likely that the lavas have a high 
melting temperature. Although a few isolated 
cases of high-temperature volcanism might be 
attributed to some rare, exotic composition such 
as metal sulfides, it is difficult to call on such an 
explanation for the large number of observed 
hot spots. Instead, given that Io's density is 
consistent with a silicate body broadly similar 
to other rocky bodies in our solar system (23), 
high-magnesium (ultramafic) silicates would be 
the most likely composition. Two models for 
Io's interior have different implications for the 
lava compositions. 

One option is for the lavas to be produced 
by large degrees of partial melting (—40%) of 
a mantle that has undergone little differenti­
ation after separation of an iron-rich core. 
This model is directly analogous to the for­
mation of komatiites on Earth during the 
Archean and suggests that Io's interior is 
similar to that of early Earth (24). Io's mantle 
might have retained such a primitive compo­
sition if the vigorous volcanic activity con­
tinuously recycles the lithosphere back into 
the mantle (25). 

The alternative is that the volcanic activity 
has strongly differentiated lo. Geochemical 
modeling of such differentiation predicts a 
~50-km-thick, low-density crust rich in al­
kali elements, silica, and aluminum and a 
mantle rich in magnesium, iron, and calcium 
(26). The mantle could be further separated 
into a less dense, magnesium-rich upper part 
and a denser, iron- and calcium-rich section 
(26). Melts from this hypothetical upper man­
tle could have temperatures up to —2100 K, 

several hundred degrees higher than those of 
komatiites. 

The primitive and differentiated models of 
lo represent end-members, and the truth may lie 
somewhere in between. There are observations 
to support each model. The presence of an 
alkali- and silica-rich crust is supported by sev­
eral observations: (i) the presence of sodium 
and potassium clouds around lo (27), (ii) a 
1.25-fjim absorption band consistent with 
feldspars (a family of alkali-rich alumino-sili-
cate minerals) seen in the spectrum of lo away 
from hot spots (28), and (iii) the presence of a 
variety of landforms consistent with silica-rich 
volcanism (29). The large-scale topography of 
lo derived from Voyager data (30) has been 
interpreted as due to variations in the thickness 
of a low-density crust (31), but Galileo limb 
profiles have not confirmed the existence of this 
large-scale topography (32). The widely spaced 
mountains on lo could be due to low-density 
plutons (26) but suggest a relatively small vol­
ume of such differentiated material floating as 
isolated pods in a denser (and presumably more 
primitive) crust. If there is a differentiated crust, 
then the ultramafic volcanics should be concen­
trated in topographically low areas such as the 
calderas where the high-temperature hot spots 
are observed. It is difficult to explain how dense 
mantle melts could rise through a 50-km-thick 
low-density crust to reach the surface, but this 
has occurred on the Moon (22). Support for a 
more primitive crust comes from the presence 
and ubiquity of probable magnesium-rich lavas 
reported here, which is evidence for mixing 
between the crust and mantle. However, it is 
hard to estimate the fraction of lava that may be 
erupting at lower temperatures, more consistent 
with differentiated lavas, because the cooling of 
the higher temperature eruptions inevitably cre­
ates a suite of lower temperature surfaces as 
well. 

Analysis of six-color spectra of lo from 
SSI supports the hypothesis that lavas erupt­
ing on lo contain magnesium-rich pyroxenes. 
Orthopyroxene (enstatite-hypersthene solid 
solution) has an absoiption band near 0.9 fjim 
in reflectance spectra (33), provided there is 
at least a small amount of iron present. SSI 
has spectral filters with effective wavelengths 
of 0.76, 0.89, and 0.99 fjim, and the multi-
spectral images reveal that, in the dark areas 
on lo, the reflectance is lower at 0.89 |xm 
than at 0.76 or 0.99 \im (Fig. 4). Because the 
dark areas correspond to sites of active or 
recently active high-temperature volcanism 
and because magnesium-rich pyroxenes are 
common in ultramafic rocks, the SSI spectra 
are consistent with our interpretation that the 
high-temperature hot spots are caused by the 
eruption of ultramafic lavas. 
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