puted theories of the origin of the exten-
sive stratiform copper ores of the Zam-
bian Copperbelt. These theories call for
introduction of large amounts of copper
into sediments from some kind of solu-
tion either during or subsequent to sedi-
mentation.

The burrows discussed here are in
well-mineralized sediments that contain
roughly 1 percent copper in the oxidized
zone and higher values in the sulfide
zone down dip. The question of when
this mineralization occurred is crucial to
understanding the processes of ore for-
mation. Because copper at more than
trace concentrations in ionic, and to a
lesser degree in complexed, form is
lethal to most or all organisms, its in-
troduction during or immediately after
sedimentation would be negated by evi-
dence of active, contemporaneous bur-
rowing of the enclosing sediments. As
the burrows appear not to be contempo-
raneous with sedimentation, however,
the timing of introduction of the copper-
bearing solutions is not constrained by
their presence.
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Io: Ground-Based Observations of Hot Spots

Abstract. Observations of lo in eclipse demonstrate conclusively that Io emits sub-
stantial amounts of radiation at 4.8 and 3.8 micrometers and a measurable amount
at 2.2 micrometers. Color temperatures derived from the observations fit blackbody
emission at 560 K. The required source area to yield the observed 4.8-micrometer
Alux is approximately 5 X 107 of the disk of Io and is most likely comprised of small

hot spots in the vicinity of the volcanoes.

The existence of warm regions on Io
discovered by the Voyager infrared
spectroscopy and radiometry (IRIS) in-
struments (/) and the occasional S-um
outbursts (2) call into question the as-
sumption (3) that all of Io’s normal flux
between 2 and 5 um is reflected sunlight.
A test of this assumption has been car-
ried out by performing K, L, and M (2.2,
3.8, and 4.8 um) photometry of Io as it is
eclipsed by Jupiter.

To see if this is really a test, we first
consider what might be the expected flux
from known sources when Io is eclipsed.
The temperature of 135 K or less inferred
for the surface outside eclipse from mea-
surements at wavelengths beyond 10 um
(4) would add only 0.02 percent to the re-
flected sunlight at M wavelengths and
even less in the L and K bands. Another
source of residual flux from an eclipsed
satellite is sunlight that is incident on the
satellite after being refracted in the upper
atmosphere of Jupiter. This effect, called
the refractive tail, has been studied (5)
at wavelengths as long as 1.05 um for
Ganymede, for which an eclipse pro-
ceeds more slowly than it does for Io.
Computations (6) of the refractive tail at
1.05 um yield a dimming of 7.5 magni-
tudes (1000 times) 16 minutes after im-
mersion for Ganymede and 10 minutes
after immersion for Io. Observations in-

Table 1. Photometry of three eclipses in the
K, L, and M bands.

Date (1979) and

time (U.T.)*
Bands 15De- 22De- 24 De-
cember cember cember
15:58  17:51F 12:20
Preimmersion magnitude
K 3.96 3.89 3.67
L 3.98 3.92 3.65
M 3.87 3.62 3.42
Postimmersion magnitude
K 10.61 10.61 10.54
L 6.28 6.42 6.24
M 4.85 4.90 4.54
Reflectance

Pk 0.70 0.72 0.87
pL 0.62 0.62 0.79
P 0.77 0.93 1.10
px (corrected) 0.70 0.72 0.87
p1. (corrected) 0.54 0.56 0.72
pu (corrected) 0.50 0.64 0.71
*Time at midpoint of immersion. tSee (14).
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dicate additional dimming of several
magnitudes due to aerosol scattering and
molecular absorption. Although both
these dimming effects are wavelength-
dependent, the reflected sunlight com-
ponent should nearly vanish in the K, L,
and M bands when Io is eclipsed.

Our first observations of an eclipse of
Io at K, L, and M wavelengths were
made on 15 December 1979 simultane-
ously with the 3-m Infrared Telescope
Facility (IRTF) and the 3.8-m United
Kingdom Infrared Telescope (UKIRT)
at Mauna Kea, Hawaii. Before and after
immersion, both telescopes indepen-
dently cycled through the K, L, and M
filters, but during the rapid immersion
phase UKIRT observed in K and IRTF
observed in M. The observations (Fig. 1)
show that the decreases in flux were only
6.5, 2.3, and 1.0 magnitudes (factors of
400, 8, and 2.5) at K, L, and M, respec-
tively, and that there was no further de-
crease from immediately after immersion
until the end of observing nearly 30 min-
utes later. The constancy of the flux
while Io was in eclipse disagrees with
calculations for a refractive tail, but is
exactly what would be expected from
hot spots on the surface of Io.

The sensitivity of the photometric
equipment was such that we could easily
find Io and maximize the infrared signal
long after the satellite had disappeared
visually. We made tests for light scat-
tered from Jupiter by moving away from
Io in several directions and then return-
ing to it. The fluxes measured by the two
telescopes, before and after eclipse,
agree within 10 percent at all wave-
lengths. Subsequently, two of us
(W.M.S. and A.T.T.) made additional
observations of eclipses with the 2.2-m
telescope of the University of Hawaii.

.The results from three eclipses are

shown in Table 1.

From the flux that remains after en-
trance into eclipse, we conclude that To
has sources of emission other than the
thermal radiation at 135 K characteristic
of most of its surface. From the residual
fluxes in the K and L and in the L and M
bands, we determined a color temper-
ature for this emission. Using Wien’s ap-
proximation, which differs from the
Planck formula by less than 1 percent for
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Table 2. Temperatures and areas derived from eclipse fluxes.

Temperature Date (1979)
and area 15 December 22 December 24 December
Tk-.(K) 574 = 29 590 = 29 577 =29
T.-u(K) 523 £ 77 493 + 69 442 + 57
Tg-u (K) 563 + 23 567 = 23 543 + 22
Area (km?) 587 517 895
Fraction of Io’s disk 5.5 x 107° 49 x 1075

8.4 X 105

all temperatures of interest in this prob-
lem, we formed the ratio of the fluxes
B,,/B,, at wavelengths A and \,. The re-
sulting equation is readily solved for the
temperature

Co(1/A — 1/ a
ln(Bxl/Bxﬁ) = 51In(A/Ny)
where C, is the second radiation con-

stant and is 14,387 um K. The effective
wavelengths were computed from

T =

J: AF(\) d\

A= 2

J: FO\) dh

and the measured filter transmissions
F(M\). The effective wavelengths are 2.21,
3.85, and 4.76 um.

The postimmersion magnitudes in
Table 1 were used with the zero-magni-
tude flux calibrations, 3.8 X 1074, 5.5 X
1075, and 2.0 X 107 W cm™2 um™ for
the X, L, and M bands, respectively, to
obtain the flux ratios. The resulting tem-
peratures are given in Table 2 with error
estimates that were calculated from an
error analysis of Eq. 1 and estimated un-

certainties of 20 percent in the flux ratios
and 2 percent in the effective wave-
lengths. This flux ratio error is larger
than would normally be encountered be-
cause it includes possible errors in cen-
tering the eclipsed satellite.

Within the very large error for the L-M
temperature, the data appear to be con-
sistent with blackbody emission. Table 2
shows a trend toward lower temper-
atures for the longer wavelength L-M
measurements than for the shorter-
wavelength K-L determination. Al-
though this effect is only marginally in-
dicated by the data presented here, it is
in agreement with the presence of lower
temperature spots (~ 300 K) such as
those found in the Voyager data (/). The
lower temperature spots produce signifi-
cant flux in the 4.8-um band and affect
primarily the L-M-derived temperatures
(7). Finally, we derived temperatures
from the K-M colors, as these give the
most precise determination. With these
temperatures we derived the area of a
blackbody emitter required to yield the
flux observed in the M band and the frac-
tion of Io’s projected surface area (last
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Fig. 1. Measurements of the brightness of Io during the eclipse of 15 December 1979 (U.T.).
Observations at IRTF are indicated by closed circles and observations at UKIRT by open
circles. The dashed portion of the L curve was unobserved.
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two rows of Table 2). We do not know
whether this hot area represents only
one spot or many smaller spots together.

Additional observations of Io when it
was not in eclipse were made as part of a
University of Hawaii monitoring pro-
gram. The brightness of 1o in the M band
before the times of the eclipses is of in-
terest here. The apparent reflectance of
Io in the direction of the earth is deter-
mined from

25logp =M, — m+ 5Slog (rA/R) (3)

where M, is the magnitude of the sun, m
is the magnitude of the satellite, r and A
are the distances of the satellite from the
sun and the earth, and R is the radius of
the satellite; r, A, and R are in astronomi-
cal units. Usual values of p for Io are 0.7
to 1.0 in the M and K bands and 0.6 to 0.7
in the L band (8). At the time of an out-
burst the apparent reflectance in the M
band, py, has increased to 2 or more (2).
When the value of p is enhanced by
emission it has lost its association with
reflectance, but it is still useful for deter-
mining whether an outburst is occurring.
The values of p immediately before the
eclipse at Io’s orbital phase angle (9),
¢ = 339°, are given in Table 1. The val-
ues shown for 13 and 22 December are
close to normal and demonstrate that an
outburst was not occurring. The values
for 24 December are slightly above nor-
mal, but the elevation in M is not com-
parable to those in previously observed
outbursts.

It is clear that a significant part of the
measured flux in the L and M bands is
not reflected solar radiation. From the
eclipse measurements, the apparent re-
flectance determined just before eclipse
can be corrected for emitted energy. The
corrected values are listed in Table 1 and
apply to the hemisphere centered ap-
proximately on west longitude 339°. We
have made measurements of the oppo-
site hemisphere, for which eclipses can-
not be observed; the reflectances are
similar to those in Table 1 and we pre-
sume that they are also affected by emis-
sion from hot spots.

Detection of 500 K hot spots by the
Voyager probes was not reported (7).
However, Voyager 1 data that were ana-
lyzed only recently showed a hot spot 3
to 5 km in diameter with a temperature of
650 to 700 K in the region of plume Pl
(10). Analysis of much of the Voyager
data has not been completed because
time-consuming special treatment is re-
quired. In nearly one-third of a hemi-
sphere where the analysis has been com-
pleted, no large area having 7 ~ 500 K
has been found.

It appears most reasonable to assume
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at this time that there are many small hot
spots rather than one or two large spots.
Two possible geological interpretations
of the hot spots are presented. (i) They
are the vents of the active volcanoes (/1)
(this is supported by the Voyager 1 ob-
servation of the small spot in the region
of P1). (ii) They are cracks caused by
convection in the crust of the numerous
black calderas seen on Io (/2). Such
cracks are frequently seen glowing red in
the lava lakes that sometimes fill terres-
trial calderas. However, if the surface of
the black calderas is quenched amor-
phous sulfur, as has been suggested (/3),
it may not form cracks.
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An Adaptation for Life in Anaerobic Sediments

Abstract. The network of internal gas spaces in the yellow water lily constitutes a
pressurized flow-through system which forces oxygen to the roots and rhizome buried
in the anaerobic sediment. By the purely physical processes of thermal transpiration
and hygrometric pressure, several liters of air per day enter the young, newly
emerged leaves of Nuphar luteum against a small pressure gradient. This air moves
en masse down the petioles of the young leaves (at rates up to 50 centimeters per
minute) to the rhizome, forcing a simultaneous flow of gas (rich in carbon dioxide)
from the rhizome up the petioles of the older emergent leaves to the atmosphere. The
ventilation system has important physiological and ecological consequences.

Plant roots growing in flooded soils
must withstand long periods of anaero-
biosis and the presence of soluble phy-
totoxins. The capacity of higher plants to
survive these conditions is largely de-
pendent on the rate of oxygen supply to
the buried tissue, since oxygen supports
root respiration and contributes to the
detoxification of the rhizosphere (7).
This transport of oxygen is generally
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achieved within the plant through an ex-
tensive system of gas spaces or lacunae.

Until now, models of gas transport in
plants have held that the gas phase in the
lacunae is essentially stationary, and that
the individual gases simply diffuse along
concentration gradients (/, 2). In his
widely cited study, Laing (3) described
the gas dynamics in the lacunae of the
yellow water lily as the product of dif-
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fusion in a static gas phase along concen-
tration gradients generated by plant pho-
tosynthesis and respiration. My research
has shown that the gases in the lacunae
are not static: they flow en masse at lin-
ear rates up to 50 cm/min.

Nuphar luteum, the yellow water lily,
grows in lakes by means of a horizontal
creeping rhizome that usually lies buried
in the sediment. During summer growth
new leaves continually develop and rise
to the lake surface, supported by petioles
up to 2 m long. I measured gas flows in
the petioles of young emergent leaves by
injecting a small volume (usually 0.1 ml,
standard temperature and pressure) of
ethane gas tracer into the upper end of
the petiole. The tracer passed quickly
down the petiole past the sampling point
at the lower end (Fig. 1). This technique
showed that gas flowed in the opposite
direction in the petioles of older emer-
gent leaves.

This pattern of bulk flow from the
young leaves toward the older leaves
was confirmed by another tracer experi-
ment. All the leaves on an isolated shoot
apex were enclosed in gas-impermeable
Saran bags and an ethane tracer was in-
jected into the upper portion of the peti-
ole of the youngest emergent leaf. Re-
sults of a typical experiment are shown
in Table 1, where more than 60 percent
of the tracer had left the plant within sev-
eral hours. None of the tracer escaped
through the youngest leaf; most escaped
through the oldest.

The flows originate in the lacunae of
the youngest emergent leaves where gas
pressures slightly greater than ambient
were measured by a manometer. The
pressures were highest during midday
(up to 0.002 atm above ambient), and de-
clined to ambient at night. The rate of
gas flow down the petioles of these
leaves was a linear function of the ob-
served pressure gradient, in accordance
with Darcy’s law for flow through porous
media @).

The capacity of the young emergent
leaves to draw air from the atmosphere
into their lacunae against a pressure gra-
dient was confirmed by inverting a 4-liter
beaker over an influx leaf. With a healthy
undamaged leaf exposed to sunlight-in-
side the beaker, the water level in the
beaker rose as much as 2 cm above the
lake surface. This means that the leaf
tended to draw a vacuum in the process
of “‘pumping’’ air into its lacunae. There
was no measurable selectivity by the
pump for any particular component of
the atmosphere. Except for the higher
water vapor (humidity) in the gas of the
midrib of these influx leaves, there was
no measurable difference between the

1017



