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Volcanic Hotspots on lo:

Stability and Longitudinal Distribution

T. V. Johnson, D. Morrison, D. L. Matson
G. J. Veeder, R. H. Brown, R. M. Nelson

In the 4 years since the two Voyager
encounters, better characterization of
the continuing volcanic activity on Io (/)
has remained a major challenge for plan-
etary astronomers. The spacecraft’s
thermal measurements were restricted to
a snapshot in March 1979, when the
Voyager 1 infrared spectrometer (IRIS)
scanned approximately 30 percent of

ered, the conclusions drawn pertain to a
limited region. On the other hand, moni-
toring of Io at 5-um wavelength has
provided information about short-lived
(several hours to days), high-tempera-
ture sources (~600 K) (5, 6), but these
are small and intermittent; they do not
contribute much to the mean heat flow
from Io 4, 6).

Abstract. We report the first results of a program to determine the longitudinal
distribution of volcanic activity on Jupiter’s satellite lo. Infrared measurements at
8.7, 10, and 20 micrometers have been taken at a variety of orbital longitudes: strong
variation in the 8.7- and 10-micrometer flux with longitude demonstrates that
infrared emission arising from volcanic hotspots on lo is strongly concentrated in a
few locations. Analysis of these data suggests that the active volcanic regions
observed by the Voyager experimenters are still active, particularly the region
around the feature known as Loki. Another source of flux, although of somewhat
smaller magnitude, is indicated on the opposite hemisphere. If these sources are the
only major volcanic centers on o, then current global heat flow estimates must be
revised downward. However, heat flow from as yet unobserved longitudes, hotspots
at high latitudes, and conducted heat flow must still be measured.

Io’s surface (2). Since that time, infrared
observations of Io’s eclipses by Jupiter
have provided most of our information
on volcanic activity and the magnitude of
the heat flow (3, 4).

During an eclipse, there is no reflected
solar radiation from Io to be confused
with intrinsic thermal emission. When
surface heating by solar insolation ceas-
es, the ambient surface temperature
drops, increasing the relative contribu-
tion of the volcanic hotspots to the total
spectrum. Under these conditions, the
emission spectrum of the hotspots can be
determined with some precision. How-
ever, the eclipse data are always restrict-
ed to the same hemisphere of Io and,
when geometric projection is consid-
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Io’s heat flow can be measured by
remote sensing, either from a spacecraft
or from Earth, because much of the
power escaping from the interior is chan-
neled into volcanic hotspots that occupy
a very small fraction of the surface. Hot-
spot temperatures are hundreds of de-
grees higher than the ambient surface,
which enables their contribution to the
total emission spectrum to be distin-
guished. All estimates of Io’s heat flow
depend on remote measurements of this
spectral signature. These estimates are
lower limits since global conductive heat
flow (radiated to space at near the ambi-
ent temperature) is not detected. Previ-
ous estimates of Io’s heat flow have
raised a number of important questions
(3, 4, 7). The estimated values of be-
tween 6 and 8 X 10° W (or 1.5t0 2.0 W
m™?) require much more power than can
be supplied by radioactive heating and
support the suggestion of Peale et al. (I)
that tidal heating is the major source of
internal energy for Io. Detailed attempts
to model the tidal energy input, howev-

er, have resulted in values that are still
less than about half of these heat flow
estimates (8).

There are two noteworthy limitations
to previous heat flow estimates. First, as
remarked above, the Voyager data and
the ground-based estimates refer to a
relatively narrow range of longitudes on
Io, primarily between about 270°W and
360°W. In estimating total emitted ther-
mal power, all investigators have as-
sumed that the unobserved regions of Io
emit the same average power as do the
observed areas. Second, the observa-
tions span only a very brief period com-
pared with typical time scales for volcan-
ic phenomena on Earth. Thus, to charac-
terize Ionian volcanism both temporally
and spatially, measurements must be
made at all longitudes and continued for
a long period of time. It is particularly
important that these observations be
made now so that Io’s thermal state
during the 1988-1990 Galileo mission can
be related to the Voyager observations
and the volcanic chronology over the
intervening decade.

Io’s heat flow can be monitored tele-
scopically at essentially all longitudes by
using a technique that relies on the ob-
servation of a small region of the infrared
spectrum. In this region, flux from the
hotspots dominates both the reflected
solar radiation and the ambient thermal
emission from approximately 99 percent
of the surface, which is in equilibrium
with insolation. Figure 1 shows the infra-
red spectrum of Io and identifies the
region where hotspot emission is most
important. Reflected sunlight is the ma-
jor component for all wavelengths short
of about 6 wm. At wavelengths less than
4 wm all of the thermal emission from Io
is negligible compared with the reflected
component; at wavelengths longer than
10 wm, the dominant source is back-
ground emission. However, between 6
and 10 wm, emission from Io’s hotspots
provides most of the radiation. It is from
measurements in this part of the spec-
trum that we now derive new informa-
tion about Io’s volcanism and total heat
flow (9).

Longitudinal Heat Flux

Our infrared observations were ob-
tained with NASA’s 3-m infrared tele-
scope facility (IRTF) on Mauna Kea.
Most of the data reported here were
obtained during the 1983 apparition of
Jupiter. In addition, we include in our
analysis several unpublished observa-
tions taken with the same system by W.
M. Sinton (6 March 1983) and R.M.N.
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and A. Tokunaga (18 February 1983) and
an earlier eclipse observation by D.M.
and C. M. Telesco (Fig. 2). All the
observations were made with the IRTF
bolometer and filter set following the
usual IRTF observing procedures (10).
The primary standard star for most ob-
servations was Alpha Bodtes, which was
near Jupiter. Observed magnitudes were
corrected for atmospheric extinction and
reduced to flux (/1). The data were taken
through three filters: an 8.7-wm narrow-
band filter (~1-pm full width at half
maximum) and the two standard broad-
band 10-um (N) and 20-pm (Q) filters
(12).

Infrared flux at 8.7, 10, and 20 pm is
plotted as a function of orbital longitude
in Fig. 2. The data clearly show that the
amplitude of flux variation with longi-
tude is much larger at 8.7 and 10 pm than
at 20 wm, as expected if the major source
of variation is the changing contributions
from a few, discrete hotspots (see Fig.
1). Also, the general agreement of our
new data with measurements taken
months and even years earlier suggests
that the basic emission characteristics
have remained relatively constant during
the period covered by the observations.
The peak emission at 8.7 and 10 pm
occurs near longitude 300°W—this is ap-
proximately the center of the darker, red
hemisphere observed well by Voyager’s
imaging and IRIS experiments. Howev-
er, the peak is at a longitude significantly
different from those sampled by eclipse
observations (~20° either side of 0°W).
The most prominent hotspot observed
by IRIS, the Loki area (13°N, 310°W), is
also located in the center of this hemi-
sphere. In 1979 Loki by itself accounted
for a substantial fraction of the total
emission observed by IRIS (2), and our
observations suggest that this volcanic
center is still active.

Surface Hotspot Models

In order to determine the characteris-
tics of the hotspot sources responsible
for the observed emission and the impli-
cations for global heat flow, we first
examined the background thermal emis-
sion from the bulk of Io’s surface, which
is in solar equilibrium. Then we calculat-
ed the emission from the hotspots ob-
served by Voyager in 1979. Finally, we
estimated the minimum change in the
Voyager hotspots necessary to satisfy
the 1983 data.

Background emission. We have mod-
eled the background thermal emission by
using the blackbody emission for an
average disk temperature for Io at each
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Fig. 1. Io’s spectral T
radiance and its com-
ponents as a function
of wavelength: (curve
a) thermal emission
from the passive, in-
solation-heated, sur-
face of lo (taken as an
average disk tempera-
ture of 129 K); (curve
b) thermal emission
from the hotspots
(disk centered at lon-
gitude 300°W calcu-
lated from observed
Voyager hotspots as
discussed in the text);
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data presented in this paper.

longitude. The Bond albedo for each
longitude was determined from pub-
lished light-curve data and the best esti-
mates of the required photometric and
geometric parameters (/3). Our model is
less complex than the spherical models
used for asteroid and satellite radiome-
try. However, the variation due to
changing albedo with longitude is well
modeled by this approximation. Com-
parisons with the current asteroid radi-
ometry models show that errors in the
predicted absolute flux from the single
disk temperature model are less than
about 25 percent at 10 wm and less than
that at 8.7 wm (/4). This is well within
the uncertainty in determining the actual
albedo, emissivity, and other thermal
parameters for Io, and the magnitude of
this uncertainty is far less than the mag-
nitude of the longitude effects seen in the
data. The emissions calculated from the
background model are plotted as curves
ain Fig. 2. At 20 wm, all the radiation we
observe is background radiation, which
matches the flux predicted by the back-
ground model (/5). At 8.7 and 10 pm the
predicted flux falls well below the data,
and the albedo variation fails entirely to
explain the observed variation, as ex-
pected.

Predictions from Voyager’s data. Giv-
en the agreement in the longitude of peak
flux with a major volcanic center, we
have chosen to begin our analysis by
seeing what the predicted flux would be
from the hotspots Voyager observed if
all of them were still active. Using the
basic parameters of location, effective
area, and temperature of each source,
which was characterized by analysis of
Voyager IRIS data (2), we have calculat-
ed values of flux shown in curves b of
Fig. 2 (16). The curves are a prediction
of what our observations should have

shown had we performed the experiment
in 1979. However, while the hemisphere
containing the Loki and Pele sources
was reasonably well covered by the IRIS
investigation, the region on the trailing
hemisphere was not mapped for hot-
spots. Also, there may be rather large
uncertainties in the areas assigned to the
smaller spots and in the characteristics
of regions where IRIS detected en-
hanced emission without an obvious spot
being seen. We have not attempted to
account for these uncertainties here (/7).
The comparison with the data shows that
the longitudes associated with the Loki
volcanism are still responsible for most
of the emission in the peak. The general
level of emission implied by our data is
higher than predicted by the Voyager
model for the Loki region. Some addi-
tional hotspot emission also appears to
be required from the leading hemisphere,
centered near 100°W.

The current model. Since the predic-
tion from the Voyager model is in rough
agreement with the observations, we
have elected to find the minimum
changes required to the Voyager model
to make it consistent with the 1983 data
rather than perform an unconstrained
multiparameter fit to the data. In order to-
match the peak flux near 300°W we must
increase the emission from the region of
Loki. This is justified by the close agree-
ment in longitude between Loki and the
flux peak and by the suggestion that the
sources may be long lived. Curves ¢ in
Fig. 2 illustrate a model where we have
matched the flux by elevating the tem-
perature of the larger component of Loki
to 290 K, 45 K greater than reported by
Pearl and Sinton (/8).

The emission in the leading hemi-
sphere was matched by assuming a
source equal to the size of Loki centered
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at 100°W or an equivalent grouping of
sources with a fairly narrow longitude
range and the same total area. The tem-
perature required to match the flux at 8.7
pm is 260 K, in the same range as the
hotspots measured by Voyager. In addi-
tion to the assumption of hotspots and
the background model, this approach
effectively uses three independent pa-
rameters—the temperature of Loki, the
location of the new spot, and its tem-
perature (assuming the same area as
Loki). Clearly, the agreement with the
data is good, particularly at 8.7 wm (/9).

Obviously, alternative models are pos-
sible. For instance, a smaller increase in
the flux from the Loki region would be
needed if the background model were
increased at the shorter wavelengths by
the addition of a low albedo component
with somewhat higher temperature than
the average. In that case, however, it
becomes harder to match the entire in-
frared spectrum, especially the data at 20
wm, with the model.

The data also indicate some interesting
problems for future observations to
solve. These problems include whether
further sources will be required when the
missing longitude ranges are observed,
how large the temporal variations are
from year to year, and further refinement
of the longitude of the main source,
which the data at 10 wm suggests is
somewhat to the east of Loki. Neverthe-
less, the existing data greatly improves
our understanding of Io’s heat flow.

New heat flow estimates. Our obser-
vations show that an important assump-
tion of previous heat flow estimates,
namely homogeneity of the hotspot dis-
tribution, is not justified. Despite any
systematic problems of modeling, the
observations clearly show that about
twice as much infrared radiation is com-
ing from hotspots on one side of Io as
from the other. We must therefore exam-
ine the new limits that can be set on the
global heat flow estimates based on this
new knowledge.

A conservative approach is to calcu-
late the power radiated by only those
hotspots observed or modeled, neglect-
ing any unobserved contributions. The
hotspots Voyager observed radiate
~2 X 10" W (or ~0.5 W m™? if aver-
aged over Io’s surface), and half of the
flux in this model is being supplied by
Loki alone. The same calculation with
our new model yields 4.2 x 10'* W (or
~1.0 W m™2). We believe this consti-
tutes a reasonable lower limit to the
current global heat flow, but we must
also account for contributions from un-
observed longitudes. As another limita-
tion, we find that the data are (marginal-
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ly) consistent with another source equal
to our new hotspot but centered at
180°W; this would result in a total of
5.6 X 10"* W (1.35 W m™2). Thus our
estimate based only on longitudinal dis-
tribution is that the observable hotspots
contribute between 4 and 6 x 10" W at
the current time.

Heat flow from high latitudes, poorly
observed from either Voyager or from
the ground, must also be taken into ac-
count. Geologically, the polar regions of
Io are quite distinct from the equatorial
area; however, numerous calderas and
other volcanic features are seen in Voy-
ager images of the southern polar re-
gions. At least some of the polar volca-
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Fig. 2. Comparison of observations and mod-
els. Plots of lo’s disk-averaged spectral flux
as a function of the center-of-disk longitude.
The closed circles plot our new observations
(22); solid squares mark data supplied by W.
Sinton; the open circles mark the data of
Morrison and Telesco (3). The curves show
the results of three model calculations:
(curves a) thermal emission expected from
insolation heating alone (taking into account
Io’s albedo distribution (/3); (curves b) de-
pendence expected from the hotspots ob-
served by Voyager; and (curves c) plot for our
current model. The dotted segment of curves
b indicates large uncertainties due to regions
of Io not well observed by Voyager. The
upper and middle frames refer to the spectral
range where hotspot emission dominates,
whereas the 20-wm plot in the bottom frame is
at a wavelength where the thermal emission is
dominated by insolation heating.

nism may be of the high-energy, short-
lived variety suggested by McEwen and
Soderblom (20). These may not contrib-
ute much to heat flow, but we cannot
rule out the possibility of significant hot-
spot activity in some polar areas. If we
assume that the hotspot emission is uni-
formly distributed with latitude, we ar-
rive at a value of ~5 x 10"* W for the
global average. If the average high-lati-
tude volcanic activity were more like
that in the Loki region, then the heat
flow would be higher. Further telescopic
observations of all longitudes and, ulti-
mately, data from high latitudes, possi-
bly from the Galileo spacecraft, will be
needed to completely determine Io’s
heat flow from volcanic hotspots.

Conclusions

By observing the infrared flux at 8.7,
10, and 20 pm simultaneously we have
been able to measure the infrared emis-
sion from volcanic hotspots on 10’s sur-
face as a function of longitude. Using the
first data from this program we can draw
a number of significant conclusions
about the nature of Io’s volcanism and
place new limits on Io’s global heat flow.

1) Volcanic hotspots are not distribut-
ed uniformly in longitude; the hemi-
sphere containing Loki contributes the
bulk of the infrared emission at wave-
lengths consistent with a hotspot origin.

2) Our observations combined with
Voyager data indicate that most of the
heat from Io’s volcanic interior escapes
through a relatively small number of
major volcanic centers.

3) The primary volcanic center at
present is most probably associated with
Loki, the main center of activity identi-
fied by Voyager 4 years ago. This sug-
gests that Io’s volcanism may be deep-
seated and persistent.

4) Any estimate of the actual global
average heat flow from Io still remains
tied to assumptions about the spatial
distribution of hotspots. If the two major
regions identified in our data are the only
important emitting regions, then the total
heat flow may be about half that previ-
ously estimated. However, heat flowing
from the polar regions and from as yet
unobserved longitudes and heat conduct-
ed through the passive surface must still
be measured.
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The Precursor of the Cretaceous-
Tertiary Boundary Clays at Stevns
Klint, Denmark, and DSDP Hole 465A

M. Kastner, F. Asaro, H. V. Michel

The mass extinction of organisms at
the end of the Cretaceous, about 65
million years ago, has given rise to nu-
merous hypotheses. In 1979 a new cata-
strophic hypothesis to explain this ex-
tinction was proposed by Alvarez et al.
(I). They suggested that an Apollo aster-
oid about 10 km in diameter collided with
Earth and that the dust ejected from the
impact reached the stratosphere and
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caused both temperature changes and
darkness lasting several months; this
event would have suppressed photosyn-
thesis and led to the collapse of most
food chains (I, 2). The first chemical
evidence for such an impact was the
discovery of anomalously high concen-
trations of iridium and other platinid and
siderophile elements in Cretaceous-Ter-
tiary (K/T) marine boundary clay-rich
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layers, both at Stevns Klint, Denmark,
and in the Umbrian Apennines, near
Gubbio, Italy (3, 4). These elements are
generally depleted in Earth’s crust rela-
tive to their cosmic abundances. The
observed iridium concentrations at the
above localities were 160 and 30 times,
respectively, the average terrestrial con-
centration. Since then, similar geochemi-
cal anomalies have been determined by
researchers at several laboratories in ma-
rine and nonmarine sediments at K/T
boundary layers, recovered from more
than 50 sites around the world. (5-10).
These results were recently summarized
by Alvarez et al. (2).

At present, the impact of a large extra-
terrestrial object, a chondritic meteorite,
is widely accepted as the most plausible
explanation for the worldwide iridium
anomaly at the end of the Cretaceous (2,
5, 8, 10-14). It remains to be established
whether the biological extinction and the
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