Reprinted from Nature, Vol. 318, No. 6041, pp. 48-50. 7 November 1985
© Macmillan Journals Ltd., 1985

Predicted chemistry of the deep
atmosphere of Uranus
before the Voyager 2 encounter

Bruce Fegley Jr & Ronald G. Prinn
Department of Earth, Atmospheric, and Planetary Sciences,

Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA

The Voyager 2 spacecraft will encounter Uranus in January 1986,
and will provide the first spacecraft observations of that planet.
It carries an infrared interferometer spectrometer (IRIS) which
has already detected a variety of infrared active gases in the
atmospheres of Jupiter, Saturn and Titan' . Some of the detected
gases are not in chemical equilibrium but have sources in the deep
atmosphere. IRIS observations of these non-equilibrium gases, in
particular PH, (mixing ratio Xpg, =6 % 1077) and GeH, (X p, =
7%107"°) on Jupiter' and PH; (Xpg, =1x 107°) on Saturn®, can
be used to deduce the strength of convective mixing in the deep
atmospheres of Jupiter and Saturn®®. Similar deductions could
be made about convective mixing rates in the deep atmosphere of
Uranus if models of the equilibrium chemistry and thermochemical
kinetics were available to help interpret IRIS observations of the
visible Uranus atmosphere. We describe here the results of compre-
hensive thermochemical equilibrium and chemical kinetic calcula-
tions for Uranus. We predict that the most abundant non-equili-
brium trace gas derived from the deep atmosphere of Uranus is
N;; other important non-equilibrium species include HCl, HF,
GeH,, C,H,, PH;, H,Se, CH,SH, CO, CH,NH,, CH,OH, and
CO,. Some of these species are detectable potentially by the
Voyager instruments. )

We assume that Uranus, like Jupiter and Saturn, has a deep
convective atmqsphere. Use of this_assumption also leads to
reasonable interior structure models’, but this is still uncertain
because of the apparent lack of a large internal heat source on
Uranus®. The present results refer to an arbitrary but plausible
compositional model in which H, and the noble gases (He, Ne,
Ar, Kr, Xe) are present in solar abundance’, H,O, NH,, H,S
and many ‘heavy’ elements (atomic number =3) are enriched
100 times relative to solar abundance, and CH, is enriched =10
times. This model, which is based on the low-temperature equili-
brium condensation sequence outlined by Lewis'® and Prinn
and Fegley'!, is one of several that we are investigating. It is
consistent with deductions from visible'? and infrared'® spec-

troscopy and interior structure models’ that Uranus is enriched
in ‘heavy’ elements relative to solar abundances.

We constructed an adiabatic temperature-pressure profile for
our model Uranus atmosphere taking temperature T=74 K at
pressure P =1 bar (ref. 13). Thermochemical equilibrium
calculations were done for several hundred compounds of the
elements H, He, O, C, N, S, Fe, Mg, Si, Na, C|, K, F, P, Ge,
Se, Ne, Ar, Kr, Xe, Ca, Al and Ti. The thermochemical kinetics
of the important destruction reactions for selected gases were
also studied. Homogeneous gas phase and heterogeneous Fe-
catalysed destruction reactions for N, and CO were included
in our model. The specific techniques used to construct our
model and the thermodynamic and chemical kinetic data sources
are described in detail elsewhere>5!1:14-18,

The calculated equilibrium mixing ratios of important gases
as functions of temperature and pressure are illustrated in Fig.
1. The abundances of two major gases H,O and NH; are appreci-
ably reduced by the formation of dilute NH,;-H,O solution
clouds at 595 K. By the 275 K level the NH; abundance is less
than the H,S abundance and it is quantitatively removed from
the atmosphere by precipitation of NH,HS(s) as first suggested
by Prinn and Lewis'®. Xy, varies from about 10~ at 200 K to
107 at 160 K, compatible with the observations of Gulkis et
al?® that NH; is depleted in this region of the uranian atmos-
phere. Atreya and Romani®' and Stevenson®? also noted that
formation of NH;-H,O solution clouds would consume large
amounts of NHj. The excess H,S may condense slightly higher
in the atmosphere at 166 K but is probably photolysed to Sg(s)
on a short timescale, while CH,(s) condenses at 77 K. The
equilibrium abundances of other gases such as HCl, HF, H,Se,
GeH, and P,Oq are reduced significantly by precipitation reac-
tions lower in the atmosphere (see Fig. 1). -

Larger enhancements of H,O will yield solution cloud con-
densation at higher temperatures (and deeper levels) of the
uranian atmosphere until the H,O critical point of 647 K is
reached. Because the initial clouds are very dilute NH;-H,O
solutions which have critical points slightly lower than that of
pure water’>, the 647 K level is the upper temperature limit to
a NH;-H,O0 solution cloud base on Uranus. Latent heat effects
due to solution condensation will also decrease as the cloud-base
temperature approaches the critical point for the first formed
(dilute NH;-H,0) solution®*?*,

The observations of F,'H3 and GeH, on Jupiter' and of PH,
on Saturn® at concentrations orders of magnitude greater than
their equilibrium abundances in the cool visible regions of the
jovian and saturnian atmospheres have been interpreted in terms
of rapid convective mixing from the hot deep atmospheres where
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Fig. 2 a, Predicted N, and CO mixing ratios in the observable
uranian atmosphere as a function of the vertical eddy diffusion
coefficient K. Homogeneous gas-phase and heterogeneous iron-
catalysed reactions are considered. Curves for catalysis on iron
cloud particles with radii of 10 um (CO) and 1 um and 10 um
(N,) are shown. The dotted line on the CO heterogeneous curve
indicates the predicted trend in the absence of homogeneous gas-
phase reactions. Actual CO mixing ratios for K <5x10° cm*s™!
will follow the homogeneous curve. b, As a but for PH;, GeH,,
HCN and CO,. Homogeneous gas-phase reactions only are
considered.

these species are more abundant®®!%, We have applied a similar
model to Uranus to predict concentrations of non-equilibrium
gases such as N, GeH,, PH;, CO, CO,, and HCN in the uranian
upper atmosphere as a function of the rates of the relevant
homogeneous and heterogeneous destruction reactions and the
(assumed) strength of convective mixing in the deep uranian
atmosphere. Iron-catalysed heterogeneous N,(g) and CO(g)
destruction reactions were considered using the model of Prinn
and Olaguer'’. This treatment gives firm lower limits to the N,
and CO mixing ratios, because Fe(liquid) condenses at 6,000 K
(2.4x 107 bar) so Fe particles in the 1,000-2,000 K region are
unlikely. The results of these calculations are illustrated in Fig.
2 where the predicted mixing ratios are plotted as a function of
the vertical eddy diffusion coefficient K.

No observational estimates are available for the vertical eddy
diffusion coefficient K in the deep uranian atmosphere.
However, various a priori estimates of K are possible. Assuming
that free convection is a dominant mode for vertical heat trans-

port in the deep uranian atmosphere, we can estimate K from.

the relationship, K = H(¢$/py)"/? where H is the pressure scale
height, y is the ratio of the heat capacity at constant pressure
to the gas constant, p is the atmospheric density, and ¢ is the
upward heat flux carried by free convection. Taking ¢ =~
10-100 erg cm ™ s™* from ref. 26 yields K ~(5-10) x 10" cm?s~!
at the 1,000 K level in our atmospheric model. These values
suggest more sluggish convective mixing on Uranus than on
Jupiter or Saturn where K =~10%-10°cm®s™' in the deep
atmosphere$!%-2-22,

Table1 Predicted non-equilibrium trace gas abundance in the observ-
able atmosphere of Uranus for 100 times enriched compositional model
(K =107-10° cm*s™")

Quench temperature

Gas (K) Predicted mixing ratio
N, 1,205-1,390 (5.0-6.3)x 1073
PH, 1,058-1,102 (1.0-2.3)x 1077
GeH, 775-810 (5.0-10)x107*
Cco 846-885 (3.2-10)x 10~ 11
HCN 1,299-1,357 (1.6-3.5)x1071°
CO, 787-832 (3.2-10) x 10712

Table 1 shows the predicted abundances of N,, CO, PH,,
GeH,, HCN and CO, in the observable Uranus atmosphere for
K =107-10° cm®s™". Specific kinetic calculations were not done
for other potential non-equilibrium gases such as C,Hg, CH,SH,
CH;NH, and CH;O0H, but quench temperatures of =~1,000 K
may not be unreasonable for these gases>°; the resulting abund-
ances can then be estimated from Fig. 1. Since precipitation of
NH,CI(s) and NH,F(s) may be very difficult to quench, HCl
and HF are likely to be in equilibrium; however, if the low NH;
mixing ratios (<107®) inferred by Gulkis et al2® hold throughout
the uranian atmosphere there will not be enough NHj to react
with the HCI and HF, so their equilibrium concentrations could
be much higher than indicated in Fig. 1. Non-ideal gas behaviour
may increase the pressure-dependent N, abundance; at our
highest N, quench temperature (1,390 K), the pressure may be
three times too high®' and thus the predicted N, abundance
nine times too small, while at lower temperatures the required
corrections becomes smaller.

Once the Voyager observations are in hand, the inverse pro-
cess, namely deduction of K values from the observed abund-
ances of PH;, GeH, and so on, will be possible using Fig. 2.

This work was supported by NSF grant ATM-84-01232 to
MIT.

Received 10 June; accepted 21 August 1985.

1. Kunde, V. et al Astrophys. J. 263, 443-467 (1982).

2. Gautier, D. et al Astrophys. J. 257, 901-912 (1982).

3. Courtin, R., Gautier, D., Marten, A., Bexard, B. & Hanel, R. Astrophys. J. 287, 899-916
(1984).

4. Yung, Y. L., Allen, M. & Pinto, J. P. Astrophys. J. Suppl 55, 465-506 (1984).

5. Prinn, R. G., Larson, H. P., Caldwell, J. J. & Gautier, D. in Saturn (eds Gehrels, T. &
Matthews, M. S.) 88-149 (University of Arizona Press, 1984).

6. Fegley, B. Jr & Prinn, R. G. Astrophys. J. (in the press).

7. Hubbard, W. B. & MacFarlane, J. J. J. geophys. Res. 85, 225-234 (1980).

8. Fazio, G. G., Traub, W. A,, Wright, E. L., Low, F. J. & Trafton, L. Astrophys. J. 209, 633-637

(1976).
. Cameron, A. G. W. in Essays in Nuclear Astrophysics (eds Barnes, C. A., Clayton, D. D.
& Schramm, D. N.) 23-32 (Cambridge University Press, 1982).

10. Lewis, J. S. Icarus 16, 241-252 (1972).

11. Prinn, R. G. & Fegley, B. Jr, Astrophys. J. 249, 308-317 (1981).

12. Bergstralh, J. T. & Baines, K. H. in Uranus and Neptune (ed. Bergstralh, J. T.) 179-212
(NASA CP 2330, 1984).

13. Orton, G. S. & Appleby, J. F. in Uranus and Neptune (ed. Bergstraih, J. T.) 89-155 (NASA
CP 2330, 1984).

14. Barshay, S. S. & Lewis, J. S. Icarus 33, 593-611 (1978).

15. Fegley, B. Jr & Lewis, J. S. Icarus 38, 166-179 (1979).

16. Prinn, R. G. & Barshay, S. S. Science 198, 1031-1034 (1977).

17. Prinn, R. G. & Olaguer, E. P. J. geophys. Res. 86, 9895-9899 (1981).

18. Lewis, J. S. & Prinn, R. G. Astrophys. J. 238, 357-364 (1980).

19. Prinn, R. G. & Lewis, J. S. Astrophys. J. 179, 333-341 (1973).

20. Gulkis, S., Janssen, M. A. & Olsen, E. T. Icarus 34, 10-19 (1978).

21. Atreya, S. K. & Romani, P. N. in Planetary Meteorology 17-68 (ed. Hunt, G. E.) (Cambridge
University Press, 1985).

22. Stevenson, D. J. Bull Am. astr. Soc. 16, 658 (1984).

23. Tsiklis, D. S., Linshits, L. R. & Goryunova, N. P. Russ. J. phys. Chem. 39, 1590-1592 (1965).

24. Keenan, J. H. & Keyes, F. G. Thermodynamic Properties of Steam (Wiley, New York, 1936).

25. Scatchard, G., Epstein, L. F., Warburton, J. Jr & Cody, P. G. Refrig. Engng 53, 413-421
(1947).

26. Hunten, D. M. in Uranus and Neptune (ed. Bergstralh, J. T.) 27-54 (NASA CP 2330, 1984).

27. Stone, P. H. Space Sci. Rev. 14, 444-459 (1973).

28. Stone, P. H. in Jupiter (ed. Gehrels, T.) 586-617 (University of Arizona Press, 1976).

29. Flasar, M. & Gierasch, P. in Proc. Symp. Planetary Atmospheres (ed. Vallance-Jones, A.)
85-87 (Royal Society of Canada, Ottawa 1977).

30. Lewis, J. S. & Fegley, B. Jr Space Sci. Rev. 39, 163-192 (1984).

31. Mills, R. L. Liebenberg, D. H., B J. C. & Schmidth, L. C. J. chem. Phys. 66,3076-3084
(1977).

©

Printed in Great Britain by Macmillan Production Ltd.. Basingstoke. Hampshire



