lying water column indicated a biogenic
source whereas measurements of dis-
solved gases in the underlying sediments
indicated a petrogenic source.

The most probable mechanism for ad-
dition of the methane to the overlying
water column is bubbling seepage—as
has been extensively observed in the
Gulf of Mexico (9, 10). The total meth-
ane contributed to the overlying waters
by this seepage could amount to 1 x 108
to 10 x 10® liters per day considering
that the total transport of water across
the Jamaica Ridge is approximately 31 X
10% m®/sec (6) and that the integrated ex-
cess methane in the upper 1200 m is in
the 500 to 5000 nl/liter range.

Other gases measured in the northwest
Caribbean showed no anomalous depth
trends. The concentration of nitrous
oxide (N,O) was fairly uniform (160 to
190 nl/liter) in the upper 200 m and in-
creased to a maximum of ~ 550 nl/liter at
800 m, which coincides with the core of
the antarctic intermediate water. Similar
profiles have been presented by Yoshi-
nari (/1) for the North Atlantic and the
Caribbean, showing that the maximum
concentration of N,O corresponds to the
minimum concentration of oxygen. The
large methane maxima in Fig. 2 coincide
somewhat with small increases in TSM.
Suspended matter may also be added to
the water column as the current moves
across from the Jamaica Ridge.

The deep methane maxima in the
northwest Caribbean are of interest not
only because of the unusual geological
processes that create them but because
they may provide tracers for Caribbean
Current waters. This system of currents
is important since it flows through the
Yucatan Strait to form the Loop Current
in the Gulf of Mexico and exits through
the Florida Straits to contribute to the
Gulf Stream. No methane profiles have
been obtained for the core of the Loop
Current or the Gulf Stream waters. If the
seepage along the Jamaica Ridge is a rel-
atively constant addition to the waters
flowing over that sill, then the deep
methane maxima may be useful tracers
of these current systems if methane is
fairly conservative in its action as a trac-
er. It was shown in (2) that in polar re-
gions deep waters formed with a concen-
tration of ~ 70 nl per liter of methane are
depleted to ~ 10 nl/liter by the time
they reach the deep basins of the ocean.
Methane depletion is evident in the wa-
ter deeper than 1000 m in the Cayman
and Mexico basins (Fig. 1).

The mechanism and rate of methane
utilization in the ocean is unknown.
Most deep profiles, however, indicate
that the greatest utilization occurs at
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depths above 500 m, with the half-life for
methane below this depth being hun-
dreds of years. Such large additions of
methane in the 80- to 1000-m depth inter-
val may provide an ideal condition for
studying methane consumption in the
water column.

JAMES M. BROOKS
Department of Oceanography,
Texas A &M University,
College Station 77843
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Electrical Origin of the Outbursts on Io

Abstract. The outbursts seen on Jupiter’s satellite Io have been described as vol-
canic eruptions. They may instead be the result of large electric currents flowing
through hot spots on Io and causing evaporation of surface materials. A strictly

periodic behavior would then be expected.

In the course of the Voyager 1 mission
photography of Jupiter’s satellite o, at
least seven violent eruptions were identi-
fied, apparently throwing material to
heights up to 270 km and emanating from
caldera-like markings. The eruptions
were regarded as volcanic in origin by
the various scientific teams that had the
primary responsibility for the analysis of
the data (I, 2). Thus one of the teams
writes, ‘‘Probably the most spectacular
discovery of the Voyager mission has
been the existence of active volcanoes
on lo, erupting material to heights of sev-
eral hundred kilometers above the sur-
face” (I, p. 961).

A volcanic interpretation of the erup-
tions seemed favored by several associ-
ated circumstances. Fluid flow patterns
that may represent lava flows are seen in
association with some of the calderas.
Infrared observations show increased
temperatures in these locations (3). A pa-
per on the tidal energy dissipation in Io,
published shortly before the observa-
tions (4), suggested that much internal
melting in Io can be expected and that
volcanic features on the surface should
be anticipated.

Nevertheless, the volcanic interpre-
tation presents great difficulties. For ma-
terial to be thrown to the heights ob-
served, it must have been propelled to
velocities up to 1 km/sec. Volcanic
events can expel materials with high ve-
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locities only with the aid of volatile sub-
stances. On the earth, water and carbon
dioxide are the chief volatiles involved.
If the activity on Io was as incessant as it
appears now to be, then in a small frac-
tion of geologic time all the volatiles
would have been driven off and would no
longer be available as propellants. In-
deed, the spectroscopic evidence in-
dicates an absence of water in the atmo-
sphere of Io.

Sulfur or sulfur compounds have been
mentioned (/) as a possible propellant.
Although there are good indications that
sulfur is abundant on lo, neither elemen-
tal sulfur nor any of its compounds are
likely to be suitable for causing such
eruptions. The volatile compounds of
sulfur would be expected to have been
lost, together with the other volatiles. In
any case, whatever the compound, the
atomic weight of sulfur, 32, virtually
rules it out as the propellant to achieve
such velocities. Only in very special cir-
cumstances is it possible for solid parti-
cles to gain speeds in excess of the speed
of sound in the propelling gas. In most
actual circumstances applicable to a vol-
cano, expulsion speeds would be less
than the speed of sound in the propelling
gas (5). For a gas of the molecular weight
of diatomic sulfur or sulfur dioxide to
have a speed of sound of 1 km/sec, it
would have to be heated to 6000 K. Even
for the molecular weight of hydrogen sul-
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fide, the figure would be 3300 K. The
temperatures that can be expected in
volcanic regions are limited to the melt-
ing temperatures of the rocks concerned,
and those are below 1500 K for nearly all
rock-forming minerals.

To is subjected to a tidal deformation
as a result of the forced eccentricity of its
orbit. This must result in dissipation of
energy in the material. The discussion by
Peale et al. (4) shows this effect to be fa-
vorable for internal melting, but not too
remarkable for the heat flow out of the
surface. A comparison with the earth is
of interest. The heat flow out of the sur-
face of the earth is estimated as 10%8 erg/
year (6), which translates into 65 erg/
cm?-sec. The value given by Peale et al.
for Io (for their suggested value of 100
for the dissipation function Q) would
amount to 46 erg/cm?-sec. Even values a
few times that, which could occur with
the runaway melting process suggested
by Peale et al., would not be too dif-
ferent from those in terrestrial regions
with enhanced heat flow. Nevertheless,
volcanic activity on the earth is much
more limited than the activity now attrib-
uted to Io.

The electrical surroundings of Io pro-
vide another energy source, which has
been estimated to be comparable with
that of the tides (7). A current of 5 X 108
A is known to be shunted across flux
tubes of the Jovian field by the presence
of To (7-9). While it has sometimes been
assumed that this current is carried
above the surface of Io from one side to
the other in Io’s ionosphere, it is also
possible, and we would argue even very
probable, that such a current is instead
largely conducted through the body of
To.

The mean density of Io is appropriate
to rocks, and one therefore has to be con-
cerned with the problems of electrical
conductivity in such materials. The con-
ductivity of such semiconductors usually
rises extremely steeply with increasing
temperature, and this must lead to an un-
stable pattern of current when the cur-
rents are large enough to cause ohmic
heating [an effect that was referred to by
Ness et al. (7)]. In these circumstances
currents will contract down to narrow
paths which can be kept hot, and along
which the conductivity is therefore high.
Tidal heating will certainly have ensured
that the interior of Io has a very low elec-
trical resistance, causing a negligible ex-
tra amount of heat to be deposited by
this current. It is only the outermost lay-
ers, kept cool by radiation into space,
that will present a large resistance and in
which a concentration of the current into
hot spots must be expected.
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Whether these hot spots are volcanic
regions on lo, where hot or even liquid
rocks have penetrated to the surface, or
whether they are hot spots caused and
maintained by the large current cannot
be decided with the present information.
If volcanoes existed, but without causing
the incessant and violent outbursts, they
would still become the pathways through
which the large current would be shunt-
ed to the conducting interior. If, on the
other hand, Io possessed a cool crust, it
could still be kept hot along particular
narrow pathways by ohmic dissipation of
the pinched-down currents. The figure
quoted for the available power to be dis-
sipated in Io by these currents is 102 W
(7), approximately the same as the total
figure estimated for the tidal heating. It
may well be that this figure is too high
and that a larger proportion of the imped-
ance around the entire circuit lies in the
ionosphere of Jupiter. Nevertheless,
even a small fraction would be more fa-
vorable for causing local hot spots, since
this energy would necessarily be deliv-
ered in sharply concentrated spots and in
the place of the highest resistance, which
must be near the surface where the rocks
are the coolest (10).

It is not only the rock resistivity but
also the contact resistance (/7) that will
contribute to generate high temperatures
on the surface. In such conditions of
electric arcs, temperatures up to ioniza-
tion levels—that is, several thousand
kelvins—can be produced. By contrast,
the tidal heating would be distributed
without any sharp concentration into
spots, and the bulk of it would be radiat-
ed away, causing no observable activity
(just as the fraction of the heat flow of
the earth that appears in volcanic out-
bursts is very small).

We therefore propose that the out-
bursts that are seen are the result of the
large current known to be flowing in and
out of the domain of Io, that this current
is in part conducted in the ionosphere,
but that the low resistance of hot spots
and of Io’s hot interior causes preferen-
tial pathways through which current is
shunted. Most current spots are likely to
be volcanic calderas, either provided by
tectonic events within Io or generated by
the current heating itself. On the sur-
faces of these spots, as in any electric
arc, very high temperatures are gener-
ated, and the locally evaporated materi-
als, whatever they are, would be turned
into gas hot enough to expand at a speed
of 1 km/sec. If this expansion com-
mences in any caldera or volcanic vent,
an approximately upward collimation
and a nearly common velocity of the ex-
panding gas can be produced. As this gas

cools and condenses at higher levels, the
resulting particles (whose light scattering
is what is seen) will all have a common
speed, which is a requirement for pro-
ducing the umbrella-shaped plume with a
definite upper edge that was clearly seen
on two of the photographs (7).

The fine powder that is generated is
then thought to fall ballistically and pro-
duce the fuzzy outline ring patterns that
surround most or all of these spots as
striking features. The ballistic velocities
required to throw particles to the dis-
tances of the radii of these rings are again
of the order of 1 km/sec. Differently
shaped ring patterns, such as the single
very large heart-shaped one, may then
result just from the shapes of the caldera
rims defining the patterns of the ex-
panding gas flow. The ring patterns, like
the umbrella-shaped plumes, also re-
quire that a very nearly constant speed
was imparted to all the material so de-
posited. In any sporadic eruptions of an
explosive nature, a wide range of veloci-
ties of the propelled material would be
expected in any one eruption, and suc-
cessive eruptions would not be alike. A
patch rather than a ring would then be
caused by the fallback. On the other
hand, the electric arc can be expected to
be an accurately repeating process, and
the temperature can be high enough for
the ejected material to be all in the form
of a vapor initially, so that it all reaches
the common gas velocity before con-
densing.

The electric arc interpretation of the
outbursts leads to a number of predic-
tions, some of which may be verifiable in
subsequent missions.

1) The outbursts should repeat in a
systematic way, controlled by the repeti-
tion cycle of the external field configura-
tion. The skewness of the Jovian field
provides the main variation, and the rep-
etition cycle should thus be the time for
Io to return to the same Jovian magnetic
longitude (9) (a little longer than the rota-
tion period of Jupiter). Individual arcs
may strike or go out in a particular phase
of the cycle.

2) The hot spots should be very hot in
the small areas struck by the arc, and
thus luminous spots in the caldera may
be visible at night. The infrared spectrum
should be appropriate to small (presum-
ably unresolved) spots of high temper-
ature rather than large areas of slightly
raised temperature.

3) Spectra of some ionized compo-
nents of gas may be visible in the out-
bursts.

4) Radio emission may be correlated
with the periodic changes, as arcs strike
or extinguish.
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5) Gaseous components from Io, re-
quiring  higher-than-volcanic temper-
atures for evaporation from the body,
may be fed into a gas torus at the orbit of
To.

6) X-ray emission from the current
spots may be expected (12).

Note added in proof: Voyager 2 has
since confirmed that at least six of the
eight spots were still producing plumes 4
months later. The active spots show a
strong concentration to the equator (sev-
en being within 30° of it), an effect ex-
pected for the present interpretation but
not for volcanoes powered by the tides
13).

THOoMAS GOLD
Center for Radiophysics and Space
Research, Cornell University,
Ithaca, New York 14853
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Melting of Helium at Room Temperature and High Pressure

Abstract. Helium has been solidified at room temperature. The melting pressure at
24°C is 115 kilobars, in complete agreement with the Simon equation. An original
apparatus was developed for this experiment, which allows loading of the cell at
room temperature. Applications to various areas of research are suggested.

Within the last 10 years, significant
progress has been achieved in very high
pressure technology (/). This progress
has been largely due to improvements in
the design of pressure generators (2) and
in measurement procedures (3), based on
the use of diamond anvil cells which now
can be used into the megabar range. Re-
cently @), diamond anvil cells were used
in the study of gases; liquid hydrogen
was introduced into a diamond anvil cell
with a cryogenic setup, and solidification
of fluid hydrogen was observed at 57
kbar and room temperature. In this re-
port, we describe a different method in
which the cell is loaded at room temper-
ature under a gas pressure of 2000 bars.
We could thus measure the melting point
of helium (*He) at 24°C and compare it
with the melting temperature predicted
by existing melting laws. We also found
that solid helium may be used as an inert
and plastic pressure-transmitting medi-
um for very high pressure research in the
diamond cell.

Figure 1 is a sketch of the apparatus
that was designed for the experiment.

1em
—

Fig. 1. Sketch of the diamond cell (dark lines)
inside the low-pressure vessel (light lines): a,
diamond cell (maraging steel); b, low-pressure
bomb (5 kbar) (maraging steel, 5S2RC); c,
stainless steel gas-loading capillary; d, mov-
ing piston; e, stainless steel capillary feeding
the pressure control fluid (helium in this ex-
periment); and f, piston seal.
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The diamond anvil cell (a, heavy lines) is
contained inside a low-pressure (5-kbar)
vessel (b, light lines). At this stage, the
diamonds are not pressed against the In-
conel gasket. The gas to be studied, heli-
um under a pressure of 2 kbar, is then
introduced into bomb b through tubing c.
It fills the volume inside the low-pressure
bomb, including the sample space be-
tween the diamonds and the gasket.

To close the cell, a small overpressure
(300 bars) is exerted on piston d, which
supports the moving anvil. The neces-
sary pressure, 2300 bars, is fed through
capillary e. The resulting force is about
300 kg on ram d, which has a surface
area of 1 cm?. The pressure is sufficient
to press the diamonds into the gasket and
bring the pressure on the *He sample up
to about 100 kbar. Both pressures con-
trolled through tubings ¢ and e are then
decreased from 2000 and 2300 bars, re-
spectively, to 0 and 300 bars, maintain-
ing a difference of 300 bars throughout
the whole process. Bomb b can then be
opened and the cell extracted with the
gas sample still contained between the
diamonds.

One can use the cell for optical experi-
ments under variable pressure by chang-
ing the pressure on piston d through the
capillary e, which is still attached to the
cell. The internal pressure is measured
on the Ruby fluorescence scale.

The gas used here is U-grade ‘He with
a nominal impurity content of less than
30 parts per million. Its melting upon
slow decompression was directly ob-
served and photographed at the crystal-
fluid equilibrium point.

This particular experiment was de-
signed so that we could observe the melt-
ing point of helium at around 100 kbar.
Thus the dimensions of the anvils, holes,
and seats (Fig. 1) that we used would not
be suitable for pressures above 200 kbar.
At higher pressures, we use a sturdier
geometry for the anvils, although the di-
mensions of the cell remain the same (31
mm in outside diameter and 57 mm long).

Figure 2, a to d, shows the melting
process of helium at room temperature
(24°C). The two dark objects, near the
center and at 4 o’clock, are ruby chips.
The diameter of the hole is 130 wm.

Figure 2a shows the solid phase. Grain
boundaries between individual micro-
crystals appear as an irregular network.
In Fig. 2b, two crystals are present in the
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