
small-scale surface features on Pluto and 
separate work to hrther investigate this 
possibility is under way. The bottom panel 
shows that as Charon transited the disk of 
Pluto, the measured color index shifted to- 

Hemispherical Color Differences on 
Pluto and Charon 

Time-resolved multicolor photometric observations of Pluto-Charon mutual events 
have been used to derive individual colors for these two bodies and to investigate the 
degree of color differences between their synchronous facing and opposite hemi- 
spheres. Pluto is significantly redder than Charon, where direct measurements of the 
anti-Charon hemisphere of Pluto and the Pluto-facing hemisphere of Charon yield 
B-V magnitudes of 0.867 & 0.008 and 0.700 k 0.010, respectively. Both Pluto and 
Charon &e found to have relativelv uniform loneitudinal color dis&ibutions with la " 
upper limits of 2% and 5%, respectively, for any large-scale hemispherical color 
asymmetries. Thus, a previous suspicion of a significant color asymmetry on Charon is 
not confirmed. Instead the data may be attributed to a direct detection of polar caps on 
Pluto. 

S INCE THE DISCOVERY OE THE ONSET 

of the once-per-century series of mu- 
tual events ("eclipses") between Pluto 

and Charon in 1985 ( I ) ,  photometric mea- 
surements of these events have allowed us to 
make major advances in our knowledge of 
this remote system. This paper reports the 
results of time-resolved multicolor photo- 
metric observations of the mutual events. 
Individual colors for Pluto and Charon are 
derived from these observations during the 
unique geometry of the 1987 events. In 
addition, upper limits are determined for the 
degree of hemispherical color asymmetry for 
both bodies. Although, previous data (2) led 
to the suspicion that Charon might have 
hemispheres of significantly different colors, 
more complete observations presented here 
rule this out. An alternative explanation is 
that the transit observations may be reveal- 
ing the presence of polar caps on Pluto. 

Figure 1 presents photometric observa- 
tions of the 4 April 1987 total occultation of 
Charon by Pluto. These data were obtained 
simultaneously in the standard astronomical 
Johnson blue (B) and visual (V) wave- 
lengths by means of a two-channel photo- 
meter attached to the University of Texas 
McDonald Observatory 2.7-m telescope. 
The top panel shows the light curve as 
observed in B and the lower panel depicts 
the color change during the event as mea- 
sured by the B-V color index. As Charon 
was being obscured behind the planet, the 
color of the system became increasingly red 
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by about 0.024 magnitude. Between 0906 
and 1018 UT, Charon was totallv occulted 
behind Pluto A d  the measured color leveled 
off at a value of B-V = 0.867 + 0.008 mag- 
nitude, corresponding to the color index of 
the anti-Charon hemisphere of Pluto (3, 4). 
Qualitatively, the color change during the 
event implies that the obscured hemisphere 
of Charon is bluer (less red) than the ob- 
served hemisphere of Pluto. 

Observations of the other hemispheres of 
both bodies were obtained during the 22 
May 1987 transit of Charon in front of 
Pluto. Figure 2 presents photometric obser- 
vations in B and B-V. which were taken 
with the same instrumentation attached to 
the University of Texas McDonald Observa- 
tory 2.1-m telescope. The greater depth (in 
B) of the transit event is primarily attribut- 
able to Charon's lower albedo (2) and also 
shadowing. Deviations from a smooth curve 
in the B iight curve (top) may be due to 

Fig. 1. Total occultation of Charon behind 
Pluto (4 April 1987). (UT times are as 
observed and have not been corrected for 
light time.) (Top) Event light curve as 
measured in blue (Johnson B) light. The 
average uncertainty for each measurement 
is 0.005 magnitude. The flat portion be- 
tween 0906 and 1018 UT represents the 
interval when Charon was totally obscured 
behind Pluto. (Bottom) Observed color 
change during the event as measured by 
the standard Johnson B-V color index. 
The error bars for each measurement de- 
note internal 1u uncertainties. The larger 
error bar (upper left) denotes the uncer- 
tainty in the overall calibration of the B-V 
scale to the standard system. With Charon 
totally occulted, the measured B-V of Plu- 
to is 0.867 ? 0.008 magnitude. 

ward the blue by a maximum of 0.022 
magnitude from the mean out of eclipse 
value. This color change is qualitatively con- 
sistent with a bluer hemisphere of Charon 
obscuring a large fraction of a redder hemi- 
sphere of Pluto. 

From the observations on 4 April 1987, I 
can quantitatively derive the color of the 
Pluto-facing hemisphere of Charon. Let PB, 
Pv, CB, and Cv represent the intensities of 
Pluto and Charon as measured in B and V. 
respectively. At the time of mid-event we 
have: 

From the depth of the event as measured in 
B (0.180 * 0.004 magitude), I obtain (5 ) :  

The measured B-V of the system before the 
onset of the event was 0.843 5 0.008 mag- 
nitude. This allows me to write: 

Using Eqs. 1 and 2 to derive values for Pvl 
PB and CB/PB, I obtain from Eq. 3. 

which yields a B-V color of 0.700 * 0.010 
magnitude for the inward-facing hemi- 
sphere of Charon. Charon is therefore a 
relatively neutrally colored body because it 
reflects nearly the same color as the incident 
sunlight (B-V of the sun is 0.65 magnitude). 
The redder color of Pluto with respect to 
Charon derived here is consistent with other 
observations, and has been attributed to the 
loss of methane ice from Charon's surface 
(6,  7 ) .  

Having derived color measurements for 
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one hemisphere of each body, I can now use 
the observations of 22 May 1987 to com- 
pute upper limits on the uniformity of color 
for the opposite hemispheres. Before the 
onset of the 22 May 1987 event, the B-V 
magnitude of the system was measured to be 
0.856 t 0.008, which is in agreement with- 
in the observational uncertainties of the 4 
April 1987 pre-event measurements (8). By 
attributing to Pluto (which dominates the 
light of the system) the entire difference in 
color between the 22 May 1987 and 4 April 
1987 measurements, I can set a la upper 
limit of 2% to the degree of large-scale 
longitudinal color variation as measured by 
the color index between the Charon-facing 
and anti-Charon hemispheres of Pluto. 

To comuute the B-V of the anti-Pluto 
hemisphere of Charon, I choose the time 
when Charon made its largest contribution 
to the total light of the system: mid-event on 
22 May 1987. Based on the measured B-V 
magnitude = 0.834 r 0.008 I can write: 

-2.5 log [zi: 1;; 1 = 0.834 (5) 

where f is the fraction of Pluto's surface 
covered by Charon and its shadow at the 
time of mid-event. With the observed 
0.430 t 0.003 magnitude depth of the 
event in B, a value for f can be derived from: 

-2.5 log [pB(p-;)?: cB] = -a43 (6) 

where the solution for f contains a correc- 
tion to the value of CB/PB determined in Eq. 
2 owing to Pluto's rotational light curve 
variation (9). Equations 5 and 6 can then be 
solved to obtain: 

which yields a B-V color of 0.725 t 0.025 
magnitude for the outward-facing hemi- 
sphere of Charon, where the error estimate 
includes the uncertainty due to the previous- 
ly derived upper limit for color asymmetry 
on Pluto. With these factors taken into 
account, I can place a la upper limit of 5% 
on the degree of large-scale hemispherical 
color variation on Charon. 

The above results from extensive multi- 
color data in 1987 clearly show that Charon 
is fairly uniform in color, which contrasts 
with preliminary conclusions from 1986 
data that Charon had hemispheres of signifi- 
cantly different colors (2) .  The much more 
limited 1986 multicolor data showed a mea- 
surable B-V shift during occultation events 
whereas transit events displayed no measur- 
able change, thus giving rise to the color 
asymmetry conclusion. 

With the above solutions for Pluto and 
Charon B-V magnitudes, it can be seen that 
a larger observed color change during partial 
occultation events is expected. During the 
1986 partial occultations, Pluto's fractional 
contribution to the total light of the system 
increased from - 0.85 before the event to 
- 0.92 at mid-event. Thus Pluto's "red" 
component to the color of the system in- 
creased by about 8%, yielding a computed 
B-V color change of +0.012 t 0.006 mag- 
nitude. During the transit events, Pluto's 
fractional contribution decreased from 
- 0.84 to - 0.80, corresponding to a de- 
crease in the "red" component of about 5% 
and a computed B-V color change of 
-0.007 t 0.006 magnitude. 

Although small, the computed B-V color 
changes during the 1986 transit events are 

14.80 
Fia. 2. Transit of Charon in 
fr&t of Pluto (22 May .:. 1987). (UT times are as ob- 14.90 2 
served and have not been g 

- 
corrected for light time.) 
(Top) Event light curve as 15.00 - . . . . 
measured in blue (Johnson 
B) light. The average uncer- 
tainty for each measurement 15.10 - 
is 0.005 magnitude. (Bot- -8 .  .. , ... 
tom) Observed color change .... 
during the event as mea- ~5~20d"~""""'~""""'~""""'i""""'~""""' 

5 6 7 8 9 10 
sured by the standard John- 
son error B-V bars color for each index. measure- The 0,870 o. 860 ol 
ment denote internal one- , 0,850 
sigma uncertainties. The I 

larger error bar (lower left) m 0.840 I 
deiotes the unckrtainty h 0.830 I '  
the overall calibration of the 
B-V scale to the standard " ~ " " " " ~ ~ ' ~ " " " ' ~ " " ' v " ' ~ " " " " ' ~ " " " b "  5 6 7 8 9 10 
system. 22 May 1987 UT 

marginally within the limit of detectability 
in the available data (2). Therefore, possible 
explanations for the lack of observed color 
variations during partial transits still need to 
be investigated. The original explanation of 
color asymmetry on Charon appears to have 
been ruled out by the present results. 

An alternative explanation is now offered. 
During 1986, Charon and its shadow were 
transiting across the northern latitudes of 
Pluto, whereas in 1987 the transits were 
occurring near the equator. If the high 
latitudes of Pluto contain polar caps, as has 
been proposed (11, 12), and if these polar 
caps are bluer in color than the equatorial 
region, then little or no color change might 
be observed as Charon transited in  front of 
the north polar cap. Thus the transit obser- 
vations may be yielding direct detections of 
polar caps on Pluto. Further investigations 
of these polar caps and other latitudinal 
color variations will be possible through 
precision multicolor photometry of the par- 
tial transit events during 1989 and 1990. 

As a final note, both the 4 April 1987 and 
22 May 1987 events were observed simulta- 
neously in blue light by M. L. Frueh with 
the McDonald Observatory 0.91-m tele- 
scope using the same photomultiplier and B 
filter combination. The measured depths of 
the events between the 0.91- and 2.7-m and 
the 0.91- and 2.1-m, respectively, were in 
agreement to within 0.01 magnitude, the 
limiting precision for this comparison. 
These observations do not confirm the pre- 
diction (13) that diffraction effects would 
cause the measured depth to depend signifi- 
cantly on telescope aperture. Recent work 
(14) argues that such effects should indeed 
be absent (15). 

- 
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cell (7-9). We measured pressure in the 
samples with the ruby fluorescence tech- 
nique and pressure gradients by comparing 
spectra from individual ruby grains distrib- 
uted across the sample (10). The measured 
pressure gradient (aPlar) and the sample 
thickness ( h )  closely approximate the maxi- 
mum shear stress supported by the sample 
through the relation (8, 9, 11) : 

where a,, is the shear stress acting on the 
plane of the diamond-sample interface and v 
is the radial distance from the center of the 
sample. The sample thickness was measured 
on decompressed samples at zero pressure 
(12, 13). w e  equaLe -the shear stress ex- 

Effect of a Coordination Change on the Strength of' pressed in ~ q .  1 with the yield sum* of 
Amorphous Sioz the sample at high pressure (8, 9, 11). 

All of our measurements were carried out 
above 8 GPa because the sample compaction 

CHARLES MEADE AND RAYMOND JEANLOZ is not reproducible below these pressures. 
At low pressures, extrusion of the sample 

Measurements of the yield strength of SiOz glass to pressures as high as 81 gigapascals and compaction of voids at grain boundaries 
at room temperature show that the strength of amorphous silica decreases significantly control deformation. These processes occur 
as it is compressed to denser structures with higher coordination. Above 27 gigapas- at different rates in each sample (14). Also, 
cals, as the silicon in amorphous SiOz is continuously transformed from fourfold to irreversible compaction of silica glass in- 
sixfold coordination, the strength of the glass decreases by more than an order of creases the density by as much as 18% 
magnitude. These data confirm theoretical predictions that the mechanical properties between 0 and 8 GPa (IS), providing addi- 
of polymerized amorphous silicates are sensitive to pressure-induced structural trans- tional stress relaxation, which also varies 
formations and suggest that the viscosity of silica-rich liquids decreases significantly at between samples. 
high pressures. Such a change in melt rheology could enhance the processes of chemical The strength of amorphous SiOz in- 
differentiation with depth in the Earth's mantle. creases and then decreases with pressure as 

the glass is compressed from 8.6 to 81  GPa 

0 N THE BASIS OF MOLECULAR strength of silica glass to 81  GPa that con- (Fig. 1 and Table 1). This behavior is un- 
dynamics simulations, Angel1 and firm the second prediction from the molecu- usual because most solids become stronger 
co-workers (1) originally suggested lar dynamics simulations: the mechanical prop- with increasing pressure and density (8, 16). 

that increases in pressure comparable to the erties of amorphous silicates are indeed sensi- The decrease in strength was reproducible in 
range of values that occur in the Earth's tive to structural changes, such as a pressure- separate recompression experiments, which 
mantle could dramatically change both the induced increase in coordination (6). suggests that these results are independent 
structure and viscosity of polymerized sili- We determined the strength of amor- of previous deformation and compaction 
cate melts (2, 3). These were important phous silica at room temperature and high (1 7). Indeed, transient effects of work hard- 
predictions because silicate melts are ex- pressure by measuring the maximum shear ening should not be important in the low- 
tremely mobile compared to crystalline stress supported by the glass in a diamond temperature deformation of the glass (18). 
rocks, and any changes in the density or 
viscosity of melts with depth could strongly 
influence the chemical differentiation and Fig. ,. shear I I I I 

thermal evolution of the planetary interior stress in silica glass at room 
through geologic time. In accord with the temperamre_ and average 2 - 
computer simulations, as well as with the pressures ( P )  between 8.6 g 
interpretation of shock wave measurements and 81 GPa. Each point tor- vl 

responds to a separate sam- 2 - on silicate melts (4), recent spectroscopic pie, and the heavy line vl 
- 

observations have indicated that the struc- shows the general trend of $ 
tures of noncrystalline silicates change mark- the data. The shear stress is - 
edly with pressure. Specifically, the SiO4 determined from Eq. 1, and 

tetrahedra making up the melt and glass ~ ~ ~ & m e ~ ~ ~ ~ ~ ~ p ~ ~  ,; 
structures at low pressures are transformed high pressures. The error 2 1 

- 
to Si06 octahedra (and distorted octahedra) bars represent the combined I .  
at pressures of a few tens of gigapascals (5 ) .  uncertainties from the mea- o I I I I 

We report measurements of the yield Surements and aP'ar. 0 20 40 60 80 
The open circles show the Average pressure (GPa) 
strength of samples that 

D~ a;rmenc of ~~~l~ and ~ ~ ~ ~ h ~ ~ i ~ ~ ,  university of were initially compressed to 50 GPa, unloaded, and then recompressed. The arrow marks the zero 
~J for i l i a ,  Berkeley, C% 944720. pressure strength of silica glass (19). 
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