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To: Evidence for Silicate Volcanism in 1986

TORRENCE V. JOHNSON, GLENN ]. VEEDER, DENNIS L. MATSON,
RoOBERT H. BROWN, ROBERT M. NELSON, DAVID MORRISON

Infrared observations of Io during the 1986 apparition of Jupiter indicate that a large
eruptive event occurred on the leading side of Io 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 Io 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 Io.

INCE THE DISCOVERY OF VOLCANIC

activity on Jupiter’s satellite Io (1), 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 o
provides a simple way of separating the
major components of infrared radiation
coming from Io. Emission from the nonvol-
canic, cold areas making up ~99% of Io’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-wm measurements. Reflected
sunlight with a small contribution from
volcanic hotspots, primarily areas with tem-

peratures =500 K, dominates the 4.8-um
spectral region. Because of these characteris-
tics, the temporal and spatial variability of
volcanic emissions from Io can be studied
through measurement at several wave-
lengths of the total infrared flux from Io’s
disk as a function of time and orbital posi-
tion (because Io is synchronously rotating,
orbital position relates directly to the sub-
Earth longitude on Io’s surface).

Earlier studies of Io’s thermal emissions
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have indicated that the behavior of the 4.8-
pm flux has been distinctly different from
that of the 8.7-um 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 fluxes were concen-
trated in the trailing hemisphere near
300°W longitude. They suggested on the
basis of these data that the major source of

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.

b

4.8 pm 8.7 um 20 pm*
Long. Mag./ Long. Mag. Long. Mag.
. 25 June
3216 3.62 3136 0.63 3129 —4.08
3122 3.65 3228 066 3144 —-4.00
314.0 3.59 3151 0.62 3223 -—3.89
3181 3.63 3192 0.75 318.7 -3.89
2 July
3024 346 302.0 0.69 3027 -—4.05
303.6 345 3043 0.69 304.0 —4.06
307.1 346 3078 0.69 3074 —4.07
308.8 344 3096 0.69 3092 —4.08
3156 349 3164 070 3158 —4.00
3182 345 3180 075 3174 -4.03
3187 346 319.7 071 319.1 -—4.03
3202 0.72
3 August
311.3 325 3123 041 3134 -4.01
3141 325 3151 042 3164 -4.00
3170 324 3178 042 3188 -4.05
3245 326 3288 047 3305 -4.05
3249 325 3319 049 3329 -410
3310 324 3374 053 3384 —4.07
3365 3.25 3404 0.53
3389 3.25
4 August
147.6 3.08 1485 0.60 1493 —429
149.6 3.12 151.0 0.61 1520 -4.25
1524 3.14 1533 061 1540 —4.22
154.3 3.15 156.1 —4.20
5 August
178 329 188 090 174 -4.02
201 329 21.0 091 198 -—-398
220 329 232 092 218 -399
273 327 284 092 270 -397
294 326 305 093 291 -394
316 326 326 094 314 -399
366 325 376 094 363 -4.03
387 325 397 093 383 -4.05
40.5 324 414 092
6 August
202.3 318 2033 075 2019 -4.06
204.7 3.17 2058 0.74 2043 -4.12
207.2 3.18 2081 0.74 2068 —4.13
2373 317 2382 063 2370 -4.23
241.7 316 242.7 060 241.3 -—4.28
7 August
674 169 500 028 487 -4.08
790 185 544 027 533 —4.06
814 188 562 027 551 —4.09
859 194 799 024 671 -—4.16
879 196 822 024 787 -—4.19
86.7 025 811 -4.18
887 026 856 —4.16
876 —4.17

*Monochromatic flux correction = 1.08.
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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-um emission has
not changed, although measurable changes
in the flux 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-um anomaly
even before the Voyager encounter, report-
ing a large increase in flux in infrared spectra

taken between 4.7 and 5.4 wm on 20 Febru-
ary 1978. Sinton (7) observed a similar
enhancement at 4.8 wm on one night be-
tween the two Voyager encounters; he at-
tributed that event to an eruption in Surt
caldera, which showed visible changes be-
tween the two encounters. Subsequent ob-
servations by Sinton and colleagues showed
that the 4.8-pum flux 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-
tions were consistent with the hot spots that
were required to account for the 8.7-pm
flux taken at the same time (5). In this paper
we report observations of a significant vol-
canic outburst at multiple wavelengths from
4.8 to 20 um (Fig. 1 and Table 1). These
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Table 2. Model comparison; r, radius; T, tem-
perature.

Table 3. Comparison of events.

— Event Longitude Latitude Radius Temperature Power Com-
Flux (W m™2 pm™!) (°W) ) (km) (K) (10" W) ments
Model 48 87 20 1978 68 26 600 1.6 6)
pm  pm pm Surt 338 45 N 25 600 14 (7)
11 900 14 *
Observed flux excess 037 0.09 ~0 Pele 257 -198 6 654 0.12 4
(assumed base level) (0.02) (0.095)  (0.4) Poliahu 83 -248 9 572 0.15 (13)
r = 15 km, 0096 0006 1986+ 70 15 900 2.6 t
T =900 K
r = 23 ki, 0.36 0.132 0.01 *Produces same 4.8-pm flux as in (7). 1This study.
T=715K
r=19 km, 024 0.09 0.007
T=715K

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 Io’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 clearly anomalous. The 20-um
flux showed no major change, but the 8.7-
and 4.8-pm fluxes were both significantly
enhanced over normal levels at these longi-
tudes; the 8.7-pum flux was about two times
normal and the 4.8-pm flux was about four
times normal [an increase by 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-um
data show little change over the 40° of
longitude observed that night, which sug-
gests that the source was near the center of
Io’s disk, probably located near 70°W (there
is no way to 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-um fluxes during the course of
the observations as the projected area seen
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from the earth changed slowly. However,
the 4.8-pum flux decreased rapidly during the
course of the observation while the 8.7-um
flux remained relatively steady. The 4.8-um
decrease may have been the result of rapid
radiative cooling of hot material exposed to
Io’s near vacuum (10). Depending on the
composition of the melt, evaporative heat
transport may also have been important
(11). Simple cooling of a single temperature
melt cannot account for both the 4.8- and
8.7-wm 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 spectral fit over a relatively small
spectral range; (ii) the Surt event observed
by Sinton (7), where only 4.8-um 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 10*?
W, was greater than that from Loki,
~1 x 10" W; however, the contribution
from these events is small compared with the
steady emission observed from the Loki
longitude region because the outbursts are
relatively infrequent and short-lived (2).

McEwen and Soderblom (14) suggested
that high-temperature (for example, =400

K) volcanism of the Pele type might be
limited to the trailing hemisphere, on the
basis of Voyager observations of Pele, Surt,
and Aten and the associaticn of these fea-
tures with large deposits of the spectrally red
material that dominates the lolgitude range
centered approximately on J.oki. For data
collected before 1986, only rhe 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 Io 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 o
had remained unchanged to within about
20% from about 1928 to 1979 (15). A
careful study of Io’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 by 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
cither 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 Io
is the relative roles of sulfur 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 SO, in producing the
spectacular eruptive plumes, which were in-
terpreted as S and SO, geysers (16). How-
ever, the amount of S in the upper crust of
Io 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 Io’s
surface; the high albedo and spectral reflec-
tance of the surface indicate that at least a
surficial layer of S-rich material and perhaps
$ lavas occur in some areas (18).

The temperatures inferred for the volcanic
arcas observed by Voyager and for earlier
telescopic observations have all been below
~700 K. Temperatures 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 Io, 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 $ 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-um data;
similarly, if the size is adjusted to match the
4.8-um data, the 8.7-pm 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 Io 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 Io and the virtual certainty
that tidal heating produces molten silicates
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in the upper regions of Ios 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
To. Molten S remains a likely candidate for
other types of observed activity (as has been
previously suggested), and the presence of
SO, gas around plumes and on the surface
(3, 21) and the escape of § and O into the
magnetosphere of Jupiter indicate that S
plays a major role in some of Io’s volcanic
activity. Silicate volcanism and § volcanism,
whether primary or produced by remobili-
zation during silicate eruptions, probably
both occur at various times and places on Io.
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Effect of the Orbital Debris Environment on the
High-Energy Van Allen Proton Belt

ANDREI KONRADI

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.

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 (NASA/
DOD) Civil Needs Database for orbital
debris (1) together with moderate assump-

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 Allen
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 Bpjrror
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