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We have observed in the laboratory that nitrogen condenses initially as a transparent
layer, if the deposition rate is less than about 2.88 jon/kr. To correlate our laborat ory
results with the Voyager observat ions of Trit on and ground-based observat ions of Pluto, we
have calculated the nitrogen deposition rates on t hese bodies. The maximum deposition
rate for Pluto (with 40 K icy surface temperature) is calculated to be about 4,57 * 10°°
cm/s (or & 1.65 pm/hr) and for Triton is =~ 3.83 * 10°cm/s at 38 K. This implics that
nitrogen on these bodies presently condenses as a transparent layeroyager 2 obscrvations
in August, 1989 revealed that Triton’s northern hemisphere had overall lows albedo than
the southern hemisphere. This was surprising since at that time deposition of the fresh
A ’,should have taken place over most of Triton’s nort hern hemisphere (subsolar point
was at 45 s). On the contrary, the subliming southern cap was scen as a bright feature.
Our new approach to this problem is bad on the combination of the energy balaince
calculations andthe laboratory results. We explain the darker nortliern hemisphere by
the condensation of an initially t ransparent layer on a dark subst rat ¢, which might be
dark organics produced by UV light ox charged part icle bombardment of C' Hy ice. The
bright southern cap can be aresult of Ny shattering duce to the earlier passage of the cubic

hexagonal phase transition fronts. If t here is a similar puzzling Nort h/Sout h albedo
asyminetry on Pluto, as was indicated by two independent sets of observat ions ( Buie et al.
1992; Young and Binzel 1993), our results offer an explanation for it. We also infer an
original grain size of N2 icc on Triton and, possibly,on Pluto. Therole of impurities is

discussed.

Introduction

During the Voyager 2 encounter with Tritonin August 1989 the subsolar point was
at 45 deg Sand was moving south t oward its extreme of 52 deg S for the current seasonal
cycle. The observed loww albedo of the northern regions on Triton was surprising because
(like on Pluto) volatile transport models predicted that there would be bright frost which
had recently condensed in Triton’s northern hemisphere during aut umnn there ( Spencer
1990, Yelle 1992, Hansen and Paige 1992). To explain this discrepancy, a transparent,

solid nitrogen layer on Triton has been postulated in several st udies ( Smithet al. 1989,
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Moore and Spencer 1990, Eluszkicwicz 1991, Helfenstein et el. 1991, Helfenstein et al.
1992, Lec et al. 1992). Helfensteinet al. ( 1992) reached this conclusion after detailed
analysis of the Voyager 2 images. A extensive southern cap with the albedo of about 0.8
was also unexpected during the southern spring on Tritou.

According to the albedo maps derived from the mutual event lightcurves (Buie et al.
1992; Young and Binzel 1993), Pluto’'s northern hemisphere is much darker than the south-
ern. (WC use Pluto’'s angular momentun vector to define North). At t he time of t he mutual
eclipses with its satellite Charon, Pluto was approaching perihelion in 1989. Buice ¢ al.
(1992) conducted regular observations of mut ual eclipses for about 6 vears to produce the
Pluto albedo map. The Pluto subsolar point has crossed the equator in 1986 moving north
with a speed of about 2 deg per Earth year. Henee prior to 1986 the south pole has been
in continuous sunlight during the last & 124 yecars (northern autumn and winter), and
currently it is the beginning of spring in the northern hemisphere. Since the Hubble Space
Telescope images (Stern et al. 1996) were t aken lat er (in June 1994), the subsolar point
was at &1 G deg N and the south polar regions to & 74 S were in cont inuous darkness in
those images.

Ground-based infrared spectroscopy (Owen et al. 1 993) revealed t hat nitrogen ice was
the most abundant ice (~ 98%) on Pluto’s surface. It was surprising to find an extensive
bright feature near the south pole, because it should have sublimed during the southern
sumnmer (by the beginning of southern autuinn) and incorporated at the north pole. Even
more puzzling was why the north polar regions (where the fresh bright nitrogen frost should
have naturally condensed during the winter scason) appeared much darker than tile south
polar regions (Spencer et al. 1996). Similar albedo asymmetry was revealed by Voyager
2 images (August 1989) for Triton. We proj Km a solution to this seasonal frost puzzle
as well as t o tile southern cap’s brightness based upon the physics of solid N2. We also
estimate an original grain diameter for the present condensation of N2 frost on Pluto and
Triton.

The following two long- tern cycles are important for the t ransport of Pluto’'s volatiles:
the precessional eyele of the Pluto’s spin axis with a period of 3 Myr (Dobrovolskis and

Harris 1983) and the precession of Pluto’s orbital longitude of perihelion (according to
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Williams and Benson 197’1, 360 degreesin 3.7 Myr).  Considering these two cycles, it
is plausible that at some times Pluto has only one polar cap (Binzel 1990, 1992). If a
cap experiences summer at perihelion for a sufficiently long time, it may totally sublimate
away. Hence we suggest using the term “perennial” for Pluto’s caps instead of “permanent”
which was used for Triton’s caps (Duxbury and Brown 1992, 1993, 1995). Spencer ¢t al.
(1996) calculations confirm that theincident insolation (note that this is not an absorbed
insolat ion, since albedos arc not well constrained) averaged over t he past 1 My r is about
twice as high at Pluto’s north pole as at its south pole. It is therefore reasonable to conclude
that the residual large, bright southern polar cap at the beginning of southern autumn
(after experiencing summer sublimation) must be perennial.  Though the precessional
cycle (which is the superposition of the 3 Myr and the 3.7 Myr cycles and has a period
cqual to the least common multiple of the two) explains the current existence of a large
southern cap (Binzel 1992), it does not account for the lack of bright fresh frost (Spencer
et al. 1996)in the northern hemisphere at the end of the northern winter. It aso does not

explain the brightness of the southern cap.
Calculations and Laboratory Experiments

Initially, we make calculations for Pluto and then generalize these for Triton. From
the energy balance eguation at the surface of nitrogen ice on Pluto, we calculate the highest
condensation rate (which occurs whew absorbed insolation is equal to zcro,i.e. at night or
in permanently shadowed areas) at the present time. We assume that Pluto’s surface and

at mosphere are in global vapor-pressure equilibrium and use the equation:

Oh(0,®,t)  oeTh, — S(6,8,1) — H(6,,t)

1ce

ot ) Lp

Here OR /0t is the rate of changein nitrogen thickness h due to deposition ox subliination;
#,®,tare latitude, longitude and time, respectively; o is the Stefan-Boltzmann constant
(5.67051 107 W/m?K*); € is t he emissivity (0.8 for the 4 phase of nitrogen, acceding
t o Stansberry et al. 1996); Tiee = 40 K has been determined spectroscopically as the
present solid nitrogen surface temperature on Pluto (Trykaet al. 1994); S is the absorbed

insolation and is taken as zero; the latent heat of the solid-gas phase transition is taken

4



for the 4 phase of N2 as 2.5 » 10°J/kg (Brown and Ziegler 1979); and the bulk density p
a 40 K is about 989 kg/m3 (Scott 1976). Following Brown and Kirk (1994) calculations
for Triton, Duxbury and Brown (1996) calculated that H=2.97 * 10°W/m?, which is the
lower limit for the radiogenic heat flow at Plut o's surface, corresponding to the specific
radiogenic heat production measured from chondrit ic meteorites. Therefore, the caleulat ed
upper limit for the current nitrogen condensation rate on Pluto is about 4.57 * 10™% cm/s
(01 &~ 1.65 pm/hr).

Froinlaboratory experiments we found that, at about 2.88 p7~2/~17 or lower, nit rogen
condenses as a transparent layer. The experinments were conducted at t hc Ext raterrestrial
Ice Facility at the Jet Propulsion Laboratory. As in Tryka et al. (1995), the experimental
set up included a Fourier t ransform spectrometer, a closed-cycle He refrigerat or, a t emper-
at ure controller and a vacuum chamber. The laboratory measurements were performed
on thin-film samples of nitrogen grown on a sapphire substrate. The procedure was to
introduce nitrogen gas of 99.999 % purity (supplied by Alphagaz)into the cryo chamber
through a nozzle pointed at t e sapphire subst rate using a calibrat ed leak valve assembly.
Material was deposited at a constant ratc by maintaining a constant, low pressure in the
line leading to the nozzle in the cryo chammber. The deposition rat ¢ was measured by a
HeNe laser. We used a photodiode to measure the intensity of tile laser beamn specularly
reflected from the front surface of the AT, layer and from the substrate. This produced an
accurate measurement of the film thickness and deposition rate by measuring the passage of
interference fringes in the reflected beamn as the film thickened. The sapphire substrate did
notinteract with the condensed nitrogen, therefore it did not influence the groin growth.

The wavelength of the laser was 0.6328 microns and the accuracy of the measurement
was 1/2 of a fringe or better. The typical thickness of thelayer, when 1 fringe cycle was
scen, is about 1/2 of the wavelength (depending upon the index of refraction of t he layer
and the angle of incidence of the laser beam). We used at echnique that assumed a two-
frequency sinusoidal function for the intensity modulation seen in the scat tered laser light,
thus in principle, we achieved accuracies bet t er than 1/2 of a fringe. When we condensed
a A",laycr and observed 10 fringe cycles, we had a worst case accuracy of about 1 part in

20, ignoring systematic errors in our knowledge of the index of refraction, uncveness of t he



film, and uncertainty in our knowledge of the angle of incidence of the laser beam.

The average deposition rate for the samples measured was about 0.0008 microns per
sccond or about 2.5 cm/yr. Typical total deposition times were such that” the average
thickness of the resulting nitrogen films was about 5 microns with a maximum of 11
microns (the latter required about 3.S2 hours). If we would deposit A',longer, then
the grains could have sintered (i.e., neck growth between the grains would occur) and
subsequently annecaled at the base. Therefore, the layer would remain transparent. The
clarity of the thin films was mecasured by obt aining t ransimission spect ra of t he subst rate
before film deposit ion, after film deposition and again aft cr evaporative removal of the
film. A Mattson Galaxy Scries Fourier transform spectrometer was used. In al cases, any
attenuation of the spectrometer beam in addition to that expected from purely specular
reflection at the film-substrate interface was unmecasurable. Typical signal-to-noise ratios
for the spectra obtained were in the range of 400-500, with the maximumn of 1000. For
more clet ailed description of the equipment setup aud calibrat icm we refer to the work 1)y
Trykaetal. (1995).

We calculated the thickness of tile N; frost, which condensed during Pluto’s northern
autumn and winter (= 120 Earth yrs) at the rate of 1.65 ygm/hr, to be about 180 cmn. This
is still a reasonable thickness for the layer to be transparent. Increasing the condensation
rate in the laboratory shows that scattering centers appear gradually in the condensed
layer, hence speaking about the maximum critical condensation rate has little meaning.
In summary, we conclude that what we see in Pluto’s northern hemisphere is probably a
relatively dark substrate under a clear layer of nitrogen ice. The dark substrate is likely
a lag deposit of organics produced by phot on and charged particle bombardment of less

volatile (at the same temperature as nitrogen) methane ice.
Triton

Our results are morcover applicable to Triton because N; is also the dominant sulfate
ice three (=99 % acceding to Cruikshank et al. 1993) and the A',surfacet emperature
on Triton is currently lower than on Pluto (= 381] K according to Tryka et al. 1994).

We calculated the upper limit for the current condensation rate on Triton to be about
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3.83 %107 % cin/s, which is less than the corresponding rate on Pluto and thus sufficient to
form an initially clear nitrogenlayer. This explains the relative darkness of the northern
regions up to 45 deg N scen in the Voyager 2 images taken in August 1989. The polar
regions above 45 deg N were not secn since they were beyond the t errninat or.

The mist ence of bright regions, adjacent to the large, dark areas that can beidentified
in the Voyager 2 iimages of areas north of Triton’s equator, could be scen as a possible
problem for the clear-layer hypothesis. Nevertheless, the bright regions may be the regions
where AT, condensed earlier during northern autummn than clear A',did. The time interval
from the epoch when the subsolar point crossed the equator going south to the epoch of
tile Voyager 2 encounter is about 50 Earth years. If at that time T}, > 40 K, then the
condensation rate was higher than the rate sufficient for the condensation of a transparent
layer. Thus, the frost condensed as a bright layer and evidently did not have enough time
to auneal into a clear ice. This explanation is applicable to Pluto>s bright regions in the
mostly dark northern hemisphere. Alternatively, the bright areas on Triton may in fact be
arcas of exposed €Oy or CHy, whose lower volatility (at the same temperature as Ny ice)
would result in little or no transport or sintering during a typical Triton seasonal cycle,

and t hus would likely remain bright.

Initial N2 groin size

We also have constrained the present initial Ny grain size on the surfaces of Pluto
and Triton by calculating the current maximum condensation rate, and combining the
observations of Buicet el. (1 992), Young and Binzel (1993), Helfenstein et al. (1992),
our laborat ory experiments and Eluszkiewicz’s (1991) calculations. Fortunately from the
laboratory observations, we have determined the sufficient condition for a Nalayer t o be
deposited as a transparent layer in terms of t he condensation rate. Eluszkicewicz (1991)
studied the process of sintering during deposition on Triton. He treated it as a process
similar to epitaxial growth, which is an oriented overgrowth of a crystalline material upon
the surface of another crystal with a similar structure. His calculations showed that if
dgrain > 0.3gan, then an initially formed layer is non-transparent. Those “large” particles

will be buried before they merge with the substrate to form a clear layer. This is equivalent
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to saying: if thelayer is initially transparent, then g 44, < 0.3pm. The current deposition
rates for Pluto and Triton, which we calculated above, will cause a V2 deposit to forin
as a trausparent layer (according to our laboratory observations), and hence the original
grainsize at which N2 frost currently forms on these bodies is less than 0.3 pm. Thercfore,
the laboratory observations demonstrate a sufficient condition for the condensation of an
initially transparent solid nitrogen layer, providing the missing link, which alows al pieces
of the puzzle tobe put together.

Finally, our thermal numerical modeling (Duxbury and Brown 1992,1993,1995) can
explain the observed lightness of Triton’s and Pluto’s southern perennial polar caps. We
conclude that crystalline a - f nitrogen phase transition fronts shattered the solid AT,
in the southern polar regions of these icy bodies when the surface t emperature dropped
Mow 35.61 K. This resulted in the formation of many scattering centers in the nitrogen
ice. Although the southern perennial caps had enough time to auneal into a transparent
layer (Eluszkicewicz 1991 ) prior to this event, they are now seen as high albedo features

duc to t he fract uring,.
Discussion

It is not completely clear whether the controlled conditions of the laborat ory exper-
iments arce directly applicable to thesurfaces of Triton and Pluto. On one hand, the’
deposition of nitrogen frost on Pluto and Triton is slower than that, used in our laborat ory
experiments, which would argue that t ransparent layers could rosily form on these bodics,
at least for thin layers on time scales much shorter than scasonal. On the other hand,
it is not known whet her ot her long-term processes operat ing on Trit on and Pluto such
as phot ochemnically and cosmic ray altered impurities (especially CHy ice), fornat ion of
scat t cring bubbles and precipit ation of dust part ides from tile at mosphere can prevent the
formation of clear layers on these bodies as thick as 1 meter.

A definitive answer to this question will likely have to be preceded by spacecraft
exploration. Two spacecraft are current ly planned to be launched t o Pluto in March 2001
(Pluto Express mission). Our purpose here is simply to point out that, in the absence

of competing processes, the very small deposition rate of nitrogen frost during a typical
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scason on Triton and Pluto is more likely to produce layers of clear ice rather than layers
of scattering frost.

Recent Hubble Space Telescope images of Pluto, t aken in June 1994, show albedo
pat terns similar to the mut ual event albedo maps in t he equat orial regions, but they show
an opposite brightness pattern in the polar regions. A's Stern ¢t al. (1996) pointed out,
systematic ecrrorsin the treatment of the HST dat aare the largest near a planet’s limb, and
the polar legions of Pluto presently lic at the limb. Whether there is indecd a contradiction

betweent hiese two dat a sets will be decided by further observations.

ACKNOWLEDGMENTS
This work has been done at the Jet Propulsion Laboratory, California Institute of

Technology under a cont ract with NASA.



REFERENCES

Binzel, R. P. 1990. Long-term seasonal variations on Pluto. Bull. Am. Astr. Sot., 22,
1128 (abstr.)

Binzel, R. P. 1992. 1991 Urcy Prize Lecture: Physical evolution inthe Scalar System -

present observations as a key to the past. Icarus 100, 274-287.

Brown, R. H. and R. L. Kirk 1994. Coupling of volatile transport and internal heat flow

on Triton, J. Geophys. Res., 99, No. El, 1965-1981.

Brown,G.N.and W. T. Zicgler 1979. Vapor pressure and heats of vaporization and
sublimat ion of liquids and solids of interest in cryogenics below 1-atin pressure. Advances

in Cryogenic Engineering, 25, 662-670.

Buic, M. W,, D. J Tholen, aud K. Horne.1992. Albedo maps of Pluto and Charon:Init ial

mutual ecvent results. Icarus 97, 211-227.

Cruikshank, D. P, 1'. L. Roush, T. C.Owen, T. R. Geballe, C. de Bergh, B. Schmitt, R.
H. Brown, M. J Bartholeinew 1993. Ices on the surface of Triton. Science 261, 742-745.

Dobrovolskis, A., aud A. W. Harris 1983. The obliquity of Pluto. Icarus 55, ‘231-235.

Duxbury,N. S. and R. H. Brown 1993. The phase composition of Triton’s polar caps.

Science 261, 748-751.

Duxbury,N. S, and R. H. Brown 1995. Role of Internal Heat Source for Eruptive Plumes

on Trit on, Icarus, in press.

Duxbury, N. S. and Brown, R. H. 1992. Thermal evolution of Triton’s nitrogen layer.

Bull. Am. Astr. Sot., 24, 96 (abstr.)

Duxbury, N. S, and R. H. Brown1996. Heat and Mass Transport in Solid Nit rogen:

Iinplications for Pluto (to be submitted).

Eluszkiewicz, J. A. 1991. On the microphysical stat e of t he surface of Triton.

J. Geophys. Res. 96, 19217-19229.

10



Hansen, C. J, and D. A. Paige 1992. A thermal model for the seasonal nitrogen cycle on

Triton. Jcarus 99, 273-28S.

Helfenstein P., J. Veverka, P. Lee, and D. McCarthy 1991. Secing through frost on Triton:

Large-scale quasi-circular features. Bull. Am. astr. Sot., 23, 1210 (abstr.)

Helfenstein P., J. Veverka, D. McCarthy and J. Hillier 1992. Large, quasi- circular features

beneath frost on Triton. Science 255, 824-826.

Lee, P., P. Helfenstein, J. Veverka, and D. McCarthy 1991. Anomalous light scattering on
Triton. Icarus 99, 82-97.

Moore, J. M. and J. R. Spencer 1990. Koyaanismuuyaw: the hypothesis of a perennially

dichotomous Triton, Geophys. Res. Lett. 17, 1757-1760.

Owen, T. C., T. L. Roush, D. P. Cruikshank, J. L. Elliot, L. A. Young, C deBergh, B.
Schmitt, T. R. Geballe, R. H. Brownand M. J. Bartholomew 1993. Surface ices and

atmospheric composition of Pluto, Science 261, 745-748.
Scott, T. A. 1976. Solid and liquid nitrogen. Physics Reports, 27, 89-157.

Smit h, B. A., L. A. Soderblomn, and 63 co-authors 1989. Voyager 2 at Neptune: Imaging
Science Results. Science, 246, 1422-1449.

Spencer, J. R. 1990. Nitrogen frost migration on Triton: A historical model.

Geophys.Res. Lett. 17, 1769-1772.

Spencer, J. R., J. A. Stansberry, L. M. Trafton, E. F. Young, R. I'. Binzel, and S. K.
Croft. 1996. Volatile transport, seasonal cycles, and atmospheric dynamics onPluto.in

Pluto and Charon, University of Arizona Press, in press.

St ansberry, J. A., D. J, Pisano,and R. V. Yelle, 1996. The emissivity of volatileices on

Triton and Pluto. Planetary&Space Se., in press.

Stern, S. A., Buie, M. W. and Trafton, L. M.1996. HST high resolution images and maps

of Pluto, submitted to Astron. J.

11



Tryka, K. A., R. H. Brown, D. P. Cruikshank, T.C. Owen, and T. R. Geballe 1994.
Temperature of nitrogen ice on Pluto and its implicat ions for flux mcasurements. Icarus

112, 513-527.

Tryka, K. A., R. H. Brown, and V. Anicich 1995. Near-infrard absorption cocfficients of

solid nitrogen as a function of temperature. Icarus 116, 409-414.

Williamns, J. G., and Benson, G. S. 1971. Resonances in the Neptune-Pluto system.

Astron.J 76, 167-177.

Yelle, R. V. 1992. The effect of surface roughness on Tritou’s volatile distribution. Science

255, 1553-1555.

Young, E. F., aud Binzel, R. P. 1993, Comparative mapping of Pluto>s sub Charon hemi-
sphere:

Three least squire models based on mutual event light curves. Icarus 102, 134-149.

12



