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Oxygen on Ganymede: Laboratory Studies
R. A. Vidal,* D. Bahr, R. A. Baragiola,t M. Peters

To test proposals for the origin of oxygen absorption bands in the visible reflectance
spectrum of Ganymede, the reflectance of condensed films of pure oxygen (O,) and
O,-water mixtures and the evolution of O, from the films as a function of temperature
were determined. Absorption band shapes and positions for oxygen at 26 kelvin were
similar to those reported for Ganymede, whereas those for the mixtures were slightly
shifted. The band intensity dropped by more than two orders of magnitude when the ice
mixture was warmed to 100 kelvin, although about 20 percent of the O, remained trapped
in the ice, which suggested that at these temperatures O, molecules dissolve in the ice
rather than aggregate in clusters or bubbles. The experiments suggest that the absorp-
tion bands in Ganymede’s spectrum were not produced in the relatively warm surface
of the satellite but in a much colder source. Solid O, may exist in a cold subsurface layer

or in an atmospheric haze.

Recent optical reflectance measurements
of Ganymede revealed the presence of ox-
ygen. Spencer et al. (1) found two weak
absorption bands in the visible (at 5773 and
6275 A) spectrum of Ganymede (but not of
other icy satellites) that are signatures of
interacting pairs of O, molecules (double
transitions in adjacent molecules). In addi-
tion, Noll et al. (2) found a strong absorp-
tion band in the near ultraviolet (UV),
which suggested the presence of condensed
ozone. These oxygen signatures were prom-
inent on Ganymede’s trailing side, the side
that is more subject to bombardment by
ions from Jupiter’s magnetosphere. This
hemispheral difference led to suggestions
that oxygen or ozone molecules originate
either from direct implantation of oxygen
ions into the surface or from radiolysis of
ice, which accumulates beneath the surface
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(I1-3). However, the oxygen features were
not seen in Europa’s spectrum even though
it is more heavily bombarded with ions and
has been thought to have a denser oxygen
atmosphere (4).

Ganymede’s band positions were close to
those previously measured for solid oxygen
(5). To determine whether similar band
positions result from condensed oxygen em-
bedded in ice or other materials that may be
present on Ganymede’s surface, we mea-
sured optical reflectance spectra of pure sol-
id oxygen, condensed O,-H,O mixtures,
and irradiated ice. The experiments were
made in a cryopumped ultrahigh-vacuum
chamber (with a base pressure of ~1071°
torr). We grew condensed gas films at ~13
Als by dosing degassed, pure water vapor or
a 1:1 O,-H,O mixture onto the optically
flat gold surface of a cooled quartz crystal
microbalance. A quadrupole mass spec-
trometer measured the gas evolving from
the films as they warmed up. The bidirec-
tional reflectance was measured at a 90°
phase angle and divided by the reflectance
of a pure water ice film to remove the shape
of the lamp spectrum and spectrometer ef-
ficiency function (6, 7).

The reflectance spectra of Ganymede
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(1) are compared with the spectra of pure
oxygen taken at the growth temperature 26
K (Fig. 1) (the films disappear in seconds if
heated above 33 K). The absorption spec-
tra, normalized for each band, obtained
from Fig. 1 after the subtraction of the
smooth continuum baselines are shown in
Fig. 2. The position and shape of the bands
for pure oxygen are similar to those ob-
served on Ganymede and similar to those
obtained in transmission experiments (5)
for B-oxygen but are slightly shifted. To
make a quantitative comparison, we esti-
mated the optical path length L in our films
as 2.4 times the film thickness, considering
only single scattering events in the film and
specular reflection at the substrate, because
both absorption and scattering were weak.
We obtained the absorption coefficient
a(\) at a wavelength A from the decrease in
reflectance R(\) due to absorption R(\) =
1 — exp [=La(N)]. The integrated absorp-
tion coefficients A = [ a(\)d\, given in
Table 1 in mass units, agreed with previ-
ous reports (5) that used a density of 1.4
g/cm?,

Spencer et al. (1) suggested that the
oxygen on Ganymede is trapped in the ice,
because at the minimum recorded daytime
temperature on Ganymede, oxygen is liquid
or gaseous with a vapor pressure (~75
mbar) that is orders of magnitude larger
than the surface pressure upper limit im-
plied by stellar occultation experiments (8,
9). Oxygen from a tenuous atmosphere
could slowly accumulate in Ganymede’s
surface ice. Although it is known that mi-
croporous amorphous ice can trap gases ef-
ficiently below 110 K (10), the state of the
trapped gas is not known; it can be in the
form of gas bubbles in micropores or it may
become dispersed into forms such as clath-
rate hydrates (11). This question can be
addressed by looking at the optical bands
due to O, pairs because their absorption
strength depends on intermolecular dis-
tance (12).

We exposed a 17-pwm-thick amorphous
H,O ice film to a flow of O, for 16 hours at
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110 X to a total exposure of ~102° O, per
cm?. Consistent with a measured oxygen
uptake of only <10'7 O, per square centi-
meter, no O,-O, absorption bands could be
detected above the noise (0.25% band
depth), which suggests that oxygen cannot
be incorporated in ice at 110 K in amounts
compatible with the observed band depths
on Ganymede. Of course, we could not
approach the levels of exposure that are
possible on astronomical time scales from
even a tenuous oxygen atmosphere. How-
evet, the oxygen uptake in those circum-
stances is actually expected to be lower
because the micropores close due to the
crystallization of ice, which should occur in
times less than 2 years at temperature T >
110 K, which is typical of Ganymede (6).
Ganymede’s oxygen signature is vari-
able. Spencer et al. (1) detected stronger
bands in the western half of the satellite’s
orbit around Jupiter, which they interpreted
as a difference between the surfaces of the
leading and trailing hemispheres. They sug-
gested that the greater flux of plasma ions
into surface material on the trailing hemi-
sphere either frees oxygen inside the ice by
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dissociation of water molecules or directly
implants energetic oxygen. Although it was
found later that Ganymede’s magnetic field
is strong enough to deny jovian torus plas-
ma direct access to Ganymede’s surface oth-
er than at regions near the poles (13), we
wanted to further test the ion bombardment
hypothesis. We bombarded water ice with
50-keV O," ions but expected that this
irradiation would not produce high oxygen
concentrations because of the simultaneous
removal of implanted oxygen by efficient
sputtering [~60 H,O molecules removed
per incident O," (14)]. Nevertheless, we
wanted to find out if a special configuration
of O, molecules induced by irradiation
might have an unusually high light absorp-
tion. We irradiated 100-pwm water ice films
grown at 20 K with 1.1 X 107 O™ per cm?
at 100 K. To increase the amount of im-
planted oxygen beyond the limit allowed by
sputtering, we divided the total irradiation
into five periods and grew an additional 0.3
wm water film between them. The resulting
irradiated layer had a average density of
3.5 X 10%' O per cm? and gave no detect-
able optical absorption.

Table 1. Band positions and absorption strengths for oxygen in different forms.

o

Band position (A)

Integrated absorption

iR

% ?v ‘@v%‘%&;‘«»z\? | 6%%“‘@ Y:%x, 3;&4 a3 %zWQ W&W&‘igawl ¥
As a way to force a high concentration
of O, in water ice, we produced ~1:1 O,:
H,O gas mixtures and deposited films at
~26 K to a total oxygen mass ranging from
1.2 to 9.6 mg/cm?®. To minimize fraction-
ation, we grew the films in several incre-
ments, each time producing a fresh gas mix-
ture. Thermal desorption experiments
showed that the average O, concentration
in the films was 42 to 67%. The band
shapes measured at 26 K (Fig. 1) are similar
to those of pure oxygen but are shifted to
longer wavelengths. The relative strength
of the bands varied from sample to sample,
but their positions were reproducible to
within a few angstroms. The absorption
coefficients per oxygen molecule for the
mixtures were close to those of pure oxygen
(Table 1), which suggests that oxygen did
not dissolve substantially but rather precip-
itated into aggregates. Because the absorp-
tion coefficient depends on density (12),
the similarity of the values for the mixtures
and pure oxygen implies that oxygen in the
aggregates has a density similar to that of
solid O,. The shift in band positions be-
tween pure solid oxygen and the mixtures
may be related to a different environment
causing different phonon excitations during
optical absorption (5). The band shapes for
the mixtures are similar to those seen on
Ganymede, but the agreement is not as
good as for pure oxygen; also, the position
of the 0-0 bands does not agree (Fig. 2).
These laboratory results were obtained
at temperatures much lower than the diur-
nal surface temperatures at the satellite,
which are 90 to 152 K (15). We thus
warmed up the mixtures to 100 K and made
further optical measurements. O, desorp-
tion was recorded with the mass spectrom-
eter [water does not desorb significantly at
those temperatures (6)], and the films were
heated at a rate of 1.5 K per minute. The
thermal desorption spectrum shown (Fig. 3)

A (1078 cm®/g)
Reference Comment
0-0 1-0
0-0 band 1-0 band band band
Spencer et al. (1) 6275 5773 =1 Ganymede
This work, solid O, 6274 + 4 5762 = 4 10 =1 8 =3 26K
Landau et al. (5), 6271 = 4 5763 + 1 28 26 a phase (T < 23.9 K)
solid O, 6281 + 8 5774 =7 7.6 6.9 B phase (T > 23.9 K)
Dianov-Klokov (712), 6290 5769 B, v, and liquid phases
O, (solid and
liquid)
Gas phase (35) 6300 + 2 5772 = 2
This work, solid 6298 + 6 5770 4 10 =1 102 26 K
OyH0 <0.6 <0.7 100 K
Fig. 1 (left). (Top) Reflec- 5400 5600 5800 6000 6200 6400 6600
tance  spectra  from RN T AR T T T - 1.0
Ganymede (7). (Bottom) 1.00F
Reflectance of 3.9 mg/
cm? of pure oxygen at 26 I - 08
K(curve withincircles)and ~ , 0.99F ' ' . ' Gé}nymede- a
2.9 mg/em? of a 0.72:1 & H LAY HHHHH A HHH 3
O,HOfimat 26 K (solid g 0.96 2 06
curve) and after warming £ 3
up to 100 K (pluses). The g 3
curves are shifted for clari- % 0.92 3 04
ty.  Fig. 2 (right). Nor- & E -
malized absorption bands 2
for (A) 1-0 and (B) 0-0 for 0.88
Ganymede (7) (dashed 0.2
curve), pure oxygen (solid 0.84 L . L
circles), and the 0.72:1 5400 5600 5800 6000 6200 6400 6600 o K

O,:H,O film mixture of Fig.
1 (solid curve with open
circles.
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is very similar to those found for condensed
Ar-H,0O mixtures (11, 16). After the films
were warmed up to 100 K, the band inten-
sities decreased by more than two orders of
magnitude, below the noise level, although
about 20% of the deposited oxygen re-
mained in the ice. Because the absorption
bands require two interacting O, molecules,
we conclude that the oxygen remaining
after warming is dissolved in the ice, rather
than aggregated in, for example, bubbles in
the films. Further heating to >130 K caused
the ice to crystallize in seconds (6), releas-
ing more than half of the remaining O, and
peaking at 147 K. The desorption peak at
~165 K is likely related to the crystalliza-
tion of the “restrained” amorphous ice form
postulated recently (17), whereas O, de-
sorption at higher temperatures is associat-
ed with the transformation into hexagonal
ice (18) and the release of oxygen from
clathrate hydrates formed during heating of
the ice mixtures (19).

The upper limit of absorption strengths
of O,:H,0 ice mixtures at 100 K suggests
that if this is the source of the oxygen bands
on Ganymede, then the oxygen molecules
need to be trapped over depths on the order
of millimeters, depending on the degree of
multiple scattering in the ice. Even larger
depths would be needed if oxygen is not
distributed uniformly over Ganymede’s
trailing hemisphere. However, such large
depths would exceed the grain size-limited
optical skin depth in Ganymede (20) and
therefore contribute little to the measured
visible reflectance. Our irradiation experi-
ments with ions that were thought to be
typical of the hot plasma bombarding
Ganymede’s trailing hemisphere (21) also
showed no significant optical absorption.
Implanted oxygen or oxygen produced by
radiolysis with kiloelectron volt ions cannot
directly produce the needed accumulation
of oxygen at depths on the order of milli-
meters because the ions penetrate on the
order of 1 pm or less. Diffusion to larger
depths, on astronomical time scales, would
further lower the oxygen concentration in
the optical skin depth, which is already
limited by sputtering, sublimation of the
ice, and oxygen out-diffusion during irradi-
ation, which is prominent above ~100 K
(22). The hypothesis of trapped oxygen in
Ganymede’s surface ice cannot explain the
observed spectral features for two reasons.
First, oxygen cannot be absorbed or im-
planted in sufficient amounts to account for
the strength of the observed bands. Second,
the observed band shapes differ from those
of the stable phases at the surface tempera-
ture: liquid or gaseous O,, whose bands are
more symmetric (12) than those observed
on Ganymede and whose 0-0 band position
falls several error bands outside that of the
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observed 0-0 band.

Thus, we need a colder source for the
oxygen that produces Ganymede’s visible
bands. These bands are similar but slightly
broader than those for pure oxygen at 26 K,
which suggests a solid oxygen source at a
temperature close to but below 55 K, the
melting point of oxygen. Two possible
sources are a cold subsurface layer and a
haze of oxygen condensed from an oxygen
atmosphere on cold particles, nucleating,
for example, around dust from the jovian
environment (23) or micrometeorite debris.
A subsurface colder than daily temperatures
has been inferred from thermal models of
the surface regolith of galilean satellites
(24), which explain the low thermal inertia
shown by radiometry of eclipse transits
(25). The models propose a porous layer (80
to 90% open space) a few millimeters thick,
which is consistent with photometry results
(26), overlaying a thermally conducting
substrate. Average brightness temperatures
as low as 55 = 6 K for deeply probing 6-cm
radiometry (27) translate into real temper-
atures of 60 to 80 K, as measured by radar
albedos corrected for backscattering en-
hancement (28). Even colder regions will
occur on patchy terrain. Oxygen can con-
dense on the porous regolith at night, per-
colate down through the open surface struc-
ture, and possibly solidify. At dawn, the
surface warms up, releasing oxygen from
progressively deeper layers until possibly all
the oxygen evaporates. This behavior is
consistent with recent observations that
condensed oxygen in the trailing hemi-
sphere is present mainly at morning and
evening longitudes (29). The time needed
to evaporate all the subsurface oxygen will
depend on flow restriction through narrow
channels in the regolith and on the total
amount of oxygen, which in turn will affect
the thermal conductivity and inertia of the
regolith. The thermal and structural prop-
erties of a particular terrain will determine
the amount of oxygen trapped, and so it is
not surprising that leading and trailing
asymmetries and latitudinal variations re-
sult. This also means that the sublimating
oxygen atmosphere will vary strongly de-
pending on multiple factors such as the
orbital position and time of day, the lati-
tude, and the longitude.

If, on the other hand, all of Ganymede’s
daytime subsurface is too hot to harbor the
solid oxygen needed to produce the ob-
served absorption bands, the alternative is
that solid oxygen particles exist in the at-
mosphere. There have been conflicting re-
ports on the magnitude of an atmosphere
on Ganymede. A stellar occultation in the
red, seen from two locations on Earth,
yielded a lower limit to surface pressure of
1073 mbar. A Voyager occultation observa-
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tion in the UV (9) gave instead an upper
limit of 1078 mbar for an atmosphere of
gases that absorb significantly between 912
and 1700 A but does not rule out a denser
atmosphere of gases such as nitrogen and
argon. Also, the 10™8-mbar upper limit is
one order of magnitude lower than the va-
por pressure of water ice (6) at the highest
day temperature observed (152 K) on
Ganymede. Evidence supporting the pres-
ence of an atmosphere comes from the dis-
covery of an ionosphere near Ganymede
(30) and an aurora near its poles (31).
Multiple sources for an oxygen atmosphere
include photodesorption of ice from solar
UV photons (32), direct sputtering, and
photodissociation of desorbed or sputtered
water molecules followed by hydrogen es-
cape (33). An atmospheric pressure differ-
ence will circulate Ganymede’s air from the
day side to the night side, cooling the gas by
adiabatic expansion as it rises to higher
altitudes and as it moves laterally along the
pressure gradient (34). Volatile species may
cold-trap in a haze at altitudes and a range
of latitudes at which the adiabatic cooling is
strong and the heat inputs by plasma bom-
bardment or solar UV are small (34). The
haze may become optically thick to tangent
rays and appear as an “atmospheric hard
limb” during stellar occultation observa-
tions at UV and blue wavelengths, which
possibly explains the contradictory occulta-
tion results (8, 9).

The cold-trapping haze should be vari-
able because the rate at which gases subli-
mate on the day side depends on heat input,
and thus the day side atmospheric pressure
will be higher at jovian perihelion and also
when Ganymede’s day side faces Jupiter.
Other orbital variations may result from
drastic changes in the circulation of the
atmosphere caused by the jovian eclipse:
Sublimation will be reduced, gas will con-
dense on the day side, and the haze will
warm up as it radiatively equilibrates and
could sublimate completely. Jovian eclipses
may be a source of the orbital variability of
the condensed O, bands if time scales are
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Fig. 3. Thermal desorption spectra for a 0.96:1
0,:H,0 film at a heating rate of 1.5 K/min.
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sufficiently long for the regeneration of an
atmospheric haze cold enough to condense
O, after an eclipse. The present laboratory
results provide a rationale for assessing the
possibility of a variable sublimation-driven
atmosphere and haze that are cold enough
to condense O,.
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Requirement of Guanosine Triphosphate-Bound
Ran for Signal-Mediated Nuclear Protein Export

Stephanie A. Richards,” Kimberly L. Carey, lan G. Macarat

Aleucine-rich nuclear export signal (NES) allows rapid export of proteins from cell nuclei.
Microinjection studies revealed a role for the guanosine triphosphatase (GTPase) Ran in
NES-mediated export. Nuclear injection of a Ran mutant (Thr24 — Asn) blocked protein
export but not import, whereas depletion of the Ran nucleotide exchange factor RCC1
blocked protein import but not export. However, injection of Ran GTPase-activating
protein (RanGAP) into RCC1-depleted cell nuclei inhibited export. Coinjection with Ran
mutants insensitive to RanGAP prevented this inhibition. Therefore, NES-mediated pro-
tein export appears to require a Ran-GTP complex but does not require Ran-dependent

GTP hydrolysis.

Bidirectional movement of proteins across
the nuclear membrane occurs through the
nuclear pore complex. Import of nuclear
proteins containing a nuclear localization
signal (NLS) requires the small GTPase
Ran and associated proteins (1). The pro-
cess of nuclear protein export is less well
understood, but the recent identification of
NESs suggests that NES-specific receptors
are likely involved. Related NESs have
been identified in Ran binding protein 1
(RanBP1) (2), protein kinase A inhibitor,
mitogen-activated protein kinase kinase,
the yeast protein Glelp, and the retroviral
proteins Rev and Rex (3).

To examine the role of Ran in nuclear
protein export, we constructed an export
substrate, GGNES, that contained gluta-
thione-S-transferase (GST) attached to
green fluorescent protein (GFP) and the
RanBP1 NES (Lys-Val-Ala-Glu-Lys-Leu-
Glu-Ala-Leu-Ser-Val-Arg, residues 178 to
189) (4). At 55 kD, this substrate is too
large to diffuse passively through the nu-
clear pores within the experimental time
frame. GGNES and GG (a GST-GFP con-
struct lacking the NES) were each ex-
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pressed in Escherichia coli, purified, and
injected into nuclei of baby hamster kid-
ney cells (BHK21); fluorescent dextran
marked the injection site (5). After a 60-
min incubation, the GG and GGNES pro-
teins were visualized by epifluorescence
microscopy. The GG control remained
nuclear after injection, but the GGNES
substrate was exported to the cytoplasm
(Fig. 1A). To determine the rate of
GGNES export, we incubated injected
cells for various intervals before fixation
and analysis (6). GGNES export was es-
sentially complete by 15 min (Fig. 1B).

To further examine the role of Ran in
NES-dependent nuclear protein export, we
coinjected selected Ran mutants with
GGNES. Mutants were chosen that were
expected to display dominant phenotypes.
A mutant in which Gly'® was replaced by
Val (Ran G19V) is insensitive to the Ran
nucleotide exchange factor, RCC1, and to
the Ran GTPase-activating protein, Ran-
GAP; it is predominantly in an active,
GTP-bound form in BHK21 cells (7). Ran
T24N (Thr?* — Asn) does not bind nucle-
otide stably and exhibits increased affinity
for RCC1 (7, 8). Ran E46G (Glu*® — Gly)
has a mutation in the effector domain,
which is thought to mediate interactions
with downstream target proteins. The E46G
mutant is insensitive to RanGAP but un-
dergoes RCCl-mediated nucleotide ex-
change, which suggests that it is GTP-
bound in the cell (7).
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