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10: Evidence for Silicate Volcanism in 1986 

Infrared observations of 10 during the 1986 apparition of Jupiter indicate that a large 
eruptive event occurred on the leading side of 10 on 7 August 1986, Universal Time. 
Measurements made at 4.8, 8.7, and 20 micrometers suggest that the source of the 
event was about 15 kilometers in radius with a model temperature of -900 Kelvin. 
Together with previously reported events, these measurements indicate that high- 
temperature volcanic activity on the leading side of 10 may be more frequent than 
previously thought. The inferred temperature is significantly above the boiling point of 
sulfur in a vacuum (715 Kelvin) and thus constitutes strong evidence for active silicate 
volcanism on the surface of 10. 

S INCE THE DISCOVERY OF VOLCANIC 

activity on Jupiter's satellite 10 ( I ) ,  the 
nature of the thermal activity has been 

studied through a combination of analyses 
of Voyager data and Earth-based infrared 
telescopic observations. The range of ob- 
served temperatures for volcanic areas on 10 
provides a simple way of separating the 
major components of infrared radiation 
coming from 10. Emission from the nonvol- 
canic, cold areas making up -99% of 10's 
surface accounts for most of the flux in 
broadband measurements centered at 20 
pm; the flux from volcanic areas with tem- 
peratures of 250 to 400 K dominates nar- 
rowband 8.7-pm measurements. Reflected 
sunlight with a small contribution from 
volcanic hotspots, primarily areas with tem- 

peratures 2500 K, dominates the 4.8-pm 
spectral region. Because of these characteris- 
tics, the temporal and spatial variability of 
volcanic emissions from 10 can be studied 
through measurement at several wave- 
lengths of the total infrared flux from 10's 
disk as a function of time and orbital posi- 
tion (because 10 is synchronously rotating, 
orbital position relates directly to the sub- 
Earth longitude on 10's surface). 

Earlier studies of 10's thermal emissions 
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have indicated that the behavior of the 4.8- emission was the large volcanic caldera Loki 
Patera, which is located at the longitude of 
the flux maximum and was identified by 
Voyager as the most powerful volcanic heat 
source observed during the 1979 flyby (3, 
4). Similar observations made during each 
apparition since 1983 have showed that this 
general pattern in the 8.7-pm emission has 
not changed, although measurable changes 
in the f l u  levels have been observed at 
about the 20% level (5) .  

Observations of shorter wavelength radia- 
tion since 1979 have suggested that the 
higher temperature component of the vol- 
canic flux has been more variable than the 
lower temperature component. Witteborn et 
al. (6) observed a large 4.8-pm anomaly 
even before the Voyager encounter, report- 
ing a large increase in flux in infrared spectra 

taken between 4.7 and 5.4 pm on 20 Febru- 
ary 1978. Sinton (7) observed a similar 
enhancement at 4.8 pm on one night be- 
tween the two Voyager encounters; he at- 

pm f l u  has been distinctly different from 
that of the 8.7-pm flux. Johnson et al. (2) 
showed that during 1983 the 8.7-pm flux 
varied as a function of longitude by nearly a 
factor of 2; the highest f lues  were concen- 
trated in the trailing hemisphere near 
300°W longitude. They suggested on the 
basis of these data that the major source of 

tributed that event to an eruption in Surt 
caldera, which showed visible changes be- 
tween the two encounters. Subsequent ob- 
servations by Sinton and  colleague^ showed 
that the 4.8-pm f l u  was somewhat variable, 
in general, with occasional large outbursts 
(8). Only longitudinal variations in the 4.8- 
pm flux were evident in our data taken 
during 1983, 1984, and 1985. Such varia- 

Table 1. Magnitudes of infrared flux at 4.8, 8.7, 
and 20 pm (a-Lyrae equals 0 magnitude) for sub- 
Earth longitudes. All dates are 1986 UT; Long, 
longitude; Mag., magnitude. tions here consistent with the hot s ~ o t s  that 

were required to account for the 8.7-pm 
f l u  taken at the same time (5 ) .  In this paper 

- 

4.8pm " 8.7pm 20 pm* 

Long. Mag. Long. Mag. Long. Mag. 
we reDort observations of a significant GI- " 
canic outburst at multiple wavelengths from 
4.8 to 20 pm (Fig. 1 and Table 1). These 25 June 

313.6 0.63 
322.8 0.66 
315.1 0.62 
319.2 0.75 

2 J u l y  
302.0 0.69 
304.3 0.69 
307.8 0.69 
309.6 0.69 
316.4 0.70 
318.0 0.75 
319.7 0.71 
320.2 0.72 

3 August  
312.3 0.41 
315.1 0.42 
317.8 0.42 
328.8 0.47 
331.9 0.49 
337.4 0.53 
340.4 0.53 

4 August  
148.5 0.60 
151.0 0.61 
153.3 0.61 

5 August  
18.8 0.90 
21.0 0.91 
23.2 0.92 
28.4 0.92 
30.5 0.93 
32.6 0.94 
37.6 0.94 
39.7 0.93 
41.4 0.92 

6 August  
203.3 0.75 
205.8 0.74 
208.1 0.74 
238.2 0.63 
242.7 0.60 

Fig. 1. Infrared flux from 10 
at 4.8 (A), 8.7 (B), and 20 
pm (C) as a h c t i o n  of 
orbital longitude, which is 
equivalent to the west longi- 
tude of the sub-Earth point. 
We used specific flux to re- 
move the effect of the vari- 
able distance of 10 from 
Earth (watts per square me- 
ter per micrometer reduced 
to 10's surface for the case of 
isotropic emission from the 
entire surface). Data from 
1983 are plotted as open 
circles [8.7- and 20-pm data 
are from (2)] and illustrate 
normal levels of volcanic 
emission; data from 1986 
are plotted as filled circles. 
The elevated fluxes near 
70"W at 4.8 and 8.7 pm are 
from 7 August (UT). The 
4.8-pm data have had back- 
ground flux from reflected 
sunlight subtracted (9) .  

7 August  
50.0 0.28 

0.2 
0 310 260 210 160 110 60 10 

Longitude, degrees W *Monochromatic flux correction = 1.08. 
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Table 2. Model comparison; r, radius; T, tem- 
perature. 

Table 3. Comparison of events. 

Flux (W m-2 )Lm-') 

Model 4.8 8.7 20 
Pm Pm Pm 

Observed flux excess 0.37 0.09 -0 
(assumed base level) (0.02) (0.095) (0.4) 

r = 15 km, 0.37 0.096 0.006 
T = 900 K 

r = 23 km, 0.36 0.132 0.01 
T = 715 K 

r = 19 km, 0.24 0.09 0.007 
T = 715 K 

data allow us to constrain both the size and 
temperature of the source region and com- 
pare this event with earlier outbursts. 

During the 1986 apparition, we made 
observations on seven nights using the In- 
frared Telescope Facility on Mauna Kea, 
Hawaii. The bolometer equipment, data sys- 
tem and observational techniques were the 
same as those described in (2). 

The 1986 infrared flux levels at most 
longitudes agree well with earlier measure- 
ments, with minor variations attributable to 
changes in the levels of emission near the ., 
longitude of Loki and increased passive 
thermal background flux because of changes 
in 10's heliocentric distance. The data col- 
lected on the night of 7 August 1986 (UT) 
for sub-Earth longitudes between 50" and 
89"W are clearlv anomalous. The 20-um 
flux showed no kajor change, but the 8.7- 
and 4.8-pm fluxes were both significantly 
enhanced over normal levels at these lonzi- " 
tudes; the 8.7- pm flux was about two times 
normal and the 4.8-krn flux was about four 
times normal Tan increase bv a factor of 20 
in volcanic emission when the reflected com- 
ponent is subtracted ( 9 ) ] .  

Because measurements were made at sev- 
eral wavelengths over a range of longitudes 
during the night of 7 August, we can con- 
struct a simple model to constrain the size 
and temperature of the source responsible 
for the emission that night. The 8.7-pm 
data show little change over the 40" of 
longitude observed that night, which sug- 
gests that the source was near the center of 
10's disk, probably located near 70°W (there 
is no way t o  constrain latitude from observa- 
tions of this sort). If we take the observed 
flux excess above normal at 4.8 and 8.7 pm 
near 70°W longitude, a volcanic source on 
the surface at the equator with a diameter of 
30 km and a temperature of 900 K gives a 
good fit at all wavelengths (Table 2). 

This single source, single temperature 
model does not explain all the data. Such a 
source would produce similar changes in the 
4.8- and 8.7-pm fluxes during the course of 
the observations as the projected area seen 

Event Longitude Latitude Radius Temperature Power Com- 
(OW) (") (km) (K) ( loL3 W) ments 

1978 68 26 600 1.6 
Surt 338 45 N 25 600 1.4 

( 6 )  

11 900 1.4 
( 7 )  

Pele 257 -19 S 6 654 0.12 
Poliahu 83 -24 S 9 5 72 0.15 

(4 )  

1986t 70 15 900 2.6 
(13) 
i 

*Produces same 4 .8 - )~m flux as in (7). tThis study. 

from the earth changed slowly. However, 
the 4.8-pm flux decreased rapidly during the 
course of the observation while the 8.7-km 
flux remained relativelv steadv. The 4.8-urn 
decrease may have bein the iesult of rabid 
radiative cooling of hot material exposed to 
10's near vacuum (10). Depending on the 
composition of the melt, evaporative heat 
transport may also have been important 
(1 1). Simple cooling of a single temperature 
melt cannot account for both the 4.8- and 
8.7-km data; however, several temperatures 
or changes in the size of the source during 
the course of the observations, or both, may 
be required in order to model the event 
more accurately. We take the single tem- 
perature model fit as an indication that the 
observed event required a large source (radi- 
us -15 km) and temperatures of at least 
900 K. The event was also probably short- 
lived, on the basis of comparison with earlier 
outbursts and the suggestion of rapid cool- 
ing; observations showing that no signifi- 
cant leading side flux anomaly was present 
later in the apparition tend to confirm this 
conclusion (12). 

The 7 August 1986 event was comparable 
in scale to the most powerful of other similar 
events (Table 3), including: (i) the 1978 
event described by Witteborn et al. (6), 
where the model parameters were obtained 
from a soectral fit over a relativelv small 
spectral range; (ii) the Surt event observed 
by Sinton ( 7 ) ,  where only 4.8-pm data were 
obtained and the temperature was assumed 
from analogy with that of the 1978 event 
(6); (iii) the model parameters for Pele from 
Voyager observations (3, 4); and (iv) the 
Poliahu event detected during the mutual 
occultations of 1985 (13). The 1986, 1978, 
and Surt events are larger than either Pele or 
the Poliahu event. The model for the 1986 
event suggests that during the outburst the 
power output from the source, -3 x 1013 
W, was greater than that from Loki, 
-1 x 1013 W; however, the contribution 
from these events is small com~ared with the 
steady emission observed from the Loki 
longitude region because the outbursts are 
relatively inf;equent and short-lived (2). 

McEwen and Soderblom (14) suggested 
that high-temperature (for example, 2400 

K) volcanism of the Pele type might be 
limited to the trailing hemisphere, on the 
basis of Voyager observations of Pele, Sun, 
and Aten and the associatiori of these fea- 
tures with large deposits of the spectrally red 
material that dominates theJ01,gitude range 
centered approximately on 1,oki. For data 
collected before 1986, onlv the 1978 event 

, , 
indicated a high-temperature event in the 
leading hemisphere. The locations of two of 
the events in Table 3. Surt and Poliahu. are 
reasonably well constrained by the observa- 
tions. The 1978 and 1986 events are located 
only by the approximate central longitude at 
the time of the event. Poliahu and both the 
1978 and 1986 events all may have occurred 
in the same region of 10 and could be 
associated with a single intermittently active 
feature, although this is not required by the 
data. The number of well-observed high- 
temperature events is not large enough to 
draw any conclusions about longitudinal 
distribution of this type of activity, other 
than that it evidently has occurred in both 
hemispheres. 

We do not know whether the three well- 
characterized high-temperature events on 
the leading side share other characteristics of 
the Pele style of eruption in the trailing 
hemisphere. The Pele class events identified 
by McEwen and Soderblom (14) are associ- 
ated with large eruptive plumes that create 
oval, low albedo, red patterns on the surface 
with diameters of 1000 km or more. If the 
leading side events were associated with 
similar plumes, they could have altered the 
global brightness and color pattern. Histori- 
cal photometric data indicate that the pat- 
tern of brightness and color variations on 10 
had remained unchanged to within about 
20% from about 1928 to 1979 (15). A 

\ ,  

careful study of 10's current photometric 
and spectral properties should be made to 
establish whether recent leading side volca- 
nic activity has changed surface albedo and 
color patterns. No change in these patterns 
would indicate that high-temperature volca- 
nism in the two hemispheres differs in the 
nature of the material ejected onto the sur- 
face bv the events. On the other hand. a 
confirmed change would imply that high- 
temperature volcanism had been absent 
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from the leading hemisphere for -50 years 
and has just recently started or resumed. In 
either case, the unusually high temperature 
for the 1986 event may imply that there is 
another class of volcanic activity not directly 
related to earlier high-temperature events. 

A major issue concerning volcanism on 10 
is the relative roles of sulhr and silicate 
melts in magmatic processes on the satellite. 
Shortly after the Voyager flyby, most work- 
ers focused on the role of sulfur compounds, 
principally S and SO2, in producing the 
spectacular eruptive plumes, which were in- 
terpreted as S and SO2 geysers (16). How- 
ever, the amount of S in the upper crust of 
10 and the composition of the material in 
volcanic calderas and in flow structures sur- 
rounding volcanic centers remain unre- 
solved questions. On the basis of the scale of 
both positive and vertical relief on the satel- 
lite, Clow and Carr (17) argued that silicates 
and silicate volcanism must play a major role 
in forming the topographic features of 10's 
surface; the high albedo and spectral reflec- 
tance of the sdrface indicate that at least a 
surficial layer of S-rich material and perhaps 
S lavas occur in some areas (18). 

The temveratures inferred for the volcanic 
areas observed by Voyager and for earlier 
telescopic observations have all been below 
-700 K. 'Temveratures near 700 K are 
compatable with molten sulfur, and lower 
temperatures could be produced by a cooler 
crust covering portions of the melt. A model 
of silicate volcanism on 10, again with a 
range of temperatures attributed to  different 
degrees of cooling, has also been developed 
to match the infrared observations (19), and 
the previously reported temperatures cannot 
be used alone to distinguish between these 
two possibilities. The model temperature for 
the event reported in this paper, 900 K, is 
higher than that reported for previous 
events (20). Because the boiling temperature 
of S in a vacuum is 715 K, such a high 
temperature virtually rules out pure molten 
S as the major constituent of the magma in 
this eruption. A source temperature of 715 
K and a size chosen to match the 8.7-pm 
data cannot account for the 4.8-pm data; 
similarly, if die size is adjusted to match the 
4.8-pm data, the 8.7-prn data are not 
matched (Table 2). 

If molten S is ruled out as the source of 
the 1986 event, what are the remaining 
possibilities? Some other S compounds with 
boiling points higher than 900 K, such as 
Na polysulfides (11), have been suggested as 
surface materials on 10 or as constituents of 
lava lakes; eruptions of these materials could 
satisfy the data. However, given the other 
evidence for silicate volcanism in at least 
some places on 10 and the virtual certainty 
that tidal heating produces molten silicates 

in the upper regions of 10's interior, we 
conclude that the high temperature of the 
event of 7 August 1986 is strong evidence 
for active silicate volcanism on the surface of 
10. Molten S remains a likely candidate for 
other types of observed activity (as has been 
previously suggested), and the presence of 
SO2 gas around plumes and on the surface 
(3, 21) and the escape of S and 0 into the 
magnetosphere of Jupiter indicate that S 
plays a major role in some of 10's volcanic 
activity. Silicate volcanism and S volcanism, 
whether primary or produced by remobili- 
zation during silicate eruptions, probably 
both occur at various times and places on 10. 
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Effect of the Orbital Debris Environment on the 
High-Energy Van Allen Proton Belt 

Orbital debris in the near-Earth environment has reached a number density sufficient 
for a significant collisional interaction with some of the long-lived high-energy protons 
in the radiation belt. As a result of a continuing buildup of a shell of man-made debris, 
the lifetimes of high-energy protons whose trajectories remain below 1500 kilometers 
will decrease to the point where in the next decades we can expect a noticeable 
reduction in their fluxes. 

I NTRODUCTION OF MAN-MADE OBJECTS 

such as Earth-orbiting spacecraft, spent 
rocket casings, and other kinds of debris 

into the near-Earth environment has not 
only raised concern about the safety of 
astronauts but has also created the potential 
for permanently altering the near-Earth 
trapped radiation environment. I have used 
the National Aeronautics and Space Admin- 
istration-Department of Defense (NASA1 

tions about future international space traffic 
to calculate lifetimes of high-energy protons 
(arbitrarily defined as protons with energy 
greater than 55 MeV) in the Van M e n  " 
radiation belt, subject' to the assumption 
that in time the protons will collide with the 
particulate orbiting material and be ab- 
sorbed by it. My results suggest that for low 
L values (L = 1.2 to 1.6) and high Bmirror 

civii Needs Database for  National Aeronautics and Space Administration, Lyndon 
debris (1) together with moderate assump- B. Johnson Space Center, Houston, TX 77058. 
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