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ABSTRACT 

We present an updated study of Uranus interior models using 

current information about the planet's gravity field and rotation 

rate. The most plausible model, both from the point of view of 

recent data and cosmogony, has a central core of iron and magnesium 

silicates, an outer envelope of liquid water, methane, and ammonia, 

and a deep "atmosphere" of almost four earth masses of hydrogen, 

helium, and methane. The "atmosphere" contains a gravit at ionally 

nonnegligible amount of methane — about 40% by mass. All plausible 

models are most consistent with a rotation period of M 5 to 16 

hours. 

I. INTRODUCTION 

The goal of studies of the interior of Uranus is to achieve a 

synthesis of data on the planet's gravitational and magnetic fields, 

average density, atmospheric composition, heat flow, and various 

cosmogonical considerations. Recent years have seen a reduction in 

the number of possible interior models, although many uncertainties 

still remain. The purpose of this paper is to summarize a number of 

recent developments and to indicate the status of Uranus interior 

models in the context of a number of observational constraints, as 

of early 1981. A set of Uranus and Neptune models were presented by 

Hubbard and MacFarlane ( 1980; HM hereafter); this paper serves as an 

update on several important results since that time. Due to space 

limitations, this paper cannot also serve as a review paper and so 

we will be unable to discuss in any detail such important studies of 

Uranus' interior as Reynolds and Summers (1965), Podolak and Cameron 
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(1974), Podolak (1976), and Podolak and Reynolds (1981). 

Although preferably one should first derive an interior model 

and then draw cosmogonical conclusions from it, the Uranus problem 

is still so ill-constrained that it is preferable to limit interior 

models to those consistent with a plausible cosmogony. Thus we 

consider a scenario for formation of Uranus (and Neptune) roughly as 

fo'lows. Cooling of an initially hot solar-composition gas to 

temperatures below % 1400 K will result in the condensation of iron 

and magnesium silicates ("rock"). At still lower temperatures, say 

<^50UK, various abundant species such as H O and then NH- and CH, 

will likewise form solid condensates ("ice"), leaving behind a gas 

phase composed principally of H„ and He in solar proportions. Now it 

is unclear whether material in Uranus' formation zone was ever 

heated to temperatures high enough to vaporize silicates, although 

H and He will of course never condense and thus would be expected 

to be fractionated with respect to condensibles. It is assumed 

(Mizuno 1980) that the condensed species in Uranus' formation zone 

will aggregate to form planetesimals and then a planetary core with 

a mass of at least several M (one earth mass = Mp). We would expect 

this core to be made up of "rock" and "ice", with the ratio of "ice" 

to "rock" (I/R) depending on the precise chemical state of the 

condensibles and on whether CH, , NH_, etc. have completely 

condensed. For solar composition and complete condensation of "ice" 

and "rock", I/R = 3 (HM). 

According to Mizuno's (1980) calculations, a small amount 

proportionally of H -He, % few M , will then be captured by the 
2. E 

protoplanetary core in Uranus' formation zone. Cosmogonically then, 

we expect that the hydrogen-rich atmosphere of Uranus is by mass 

only a small fraction of the planet, although this result may have 

benefited by hindsight from earlier interior models such as Reynolds 

and Summers (1965). 

Since "ice" will condense after "rock", it seems most plausible 

that I/R < 3 in Uranus' interior. Models with proportionally more 

"ice" than this limiting value would need to be produced by an 

initially chemically inhomogeneous nebula. In any case, we would 
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normally e x p e c t " i c e " and "rock" to be separa ted in the i n t e r i o r of 

U r a n u s . For an a d i a b a t i c tempera ture d i s t r i b u t i o n in t h e p l a n e t , 

which seems most p l a u s i b l e because of t h e low t h e r m a l c o n d u c t i v i t y 

of the p l a n e t a r y m a t e r i a l (Zharkov and T r u b i t s y n , 1 9 7 2 ) , we have 

t y p i c a l i n t e r i o r t e m p e r a t u r e s ^5000K a t p r e s s u r e s of s e v e r a l 

megabars (HM). According t o e s t i m a t e s by Hubbard (1981) , i ron and 

magnesium s i l i c a t e s w i l l tend to be s o l i d under these c o n d i t i o n s but 

" i c e " w i l l be l i q u i d . In view of the g rea t d e n s i t y c o n t r a s t between 

" i c e " and " rock" , i t seems i n e v i t a b l e t h a t a " r o c k " c o r e w i l l be 

formed . 

The above c o n s i d e r a t i o n s led HM to c o n s i d e r t h r e e - l a y e r models 

fo r Uranus and N e p t u n e , c o n s i s t i n g of a c e n t r a l " r o c k " c o r e , a 

mantle composed of " i c e " , and a deep a tmosphere composed p r i m a r i l y 

of h y d r o g e n and h e l i u m . These m o d e l s w e r e t h e m o s t c e n t r a l l y 

condensed ones which had been proposed, having d imens ion les s moment 
2 ^ of i n e r t i a f a c t o r s C/Ma = 0 .20 (C = p o l a r moment of i n e r t i a , M = 

p l a n e t a r y m a s s , a = e q u a t o r i a l r a d i u s a t 1 b a r p r e s s u r e ) . In 

c o n t r a s t , J u p i t e r has C/Ma = 0.26 and for Saturn C/Ma = 0 . 2 3 . We 

must s t r e s s t h a t t h e r e i s no " s i m i l a r i t y law" for the s t r u c t u r e of 

Jovian p l a n e t s . In J u p i t e r and Sa tu rn , C/Ma i s b a s i c a l l y determined 

by t h e s t r u c t u r e of t h e deep h y d r o g e n - r i c h e n v e l o p e and by a 

r e l a t i v e l y small co r e . The d e t a i l e d s t r u c t u r e of the core, p l a y s no 

r o l e . For Uranus and Neptune, however, the s t r u c t u r e of the core i s 

as important as the s t r u c t u r e of the h y d r o g e n - r i c h e n v e l o p e , and i t 

makes a s i g n i f i c a n t d i f f e r e n c e whether or not the " i c e " and "rock" 

components are s e p a r a t e d . 

In t h e f o l l o w i n g , we w i l l c o n s i d e r some new o b s e r v a t i o n a l 

c o n s t r a i n t s and some r e s u l t i n g v a r i a t i o n s on the HM models . 

I I . CONSTRAINTS ON MODELS 

The p r i n c i p l e c o n s t r a i n t s on i n t e r i o r models a r e M, a, and the 

d imensionless zonal harmonics of t h e g r a v i t y f i e l d J , def ined by 

V( r , e ) = 1 * . [1 - J 1 J 2 n ( a / r ) 2 n P 2 n ( c o s e ) ] , (1) 

where V i s t h e p l a n e t ' s e x t e r n a l g r a v i t a t i o n a l p o t e n t i a l as a 

funct ion of d i s t a n c e r from t h e c e n t e r of mass and angle 9 from the 
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r o t a t i o n a x i s , G i s the g r a v i t a t i o n a l c o n s t a n t , and P are Legendre 

p o l y n o m i a l s . The b e s t a v a i l a b l e v a l u e of a i s 25 ,900 + 300 km 

( D a n i e l s o n , et a l . 1972) ob ta ined from an a n a l y s i s of S t r a t o s c o p e 

images. Occu l t a t i on measurements give a1 = 26,200 + 100 km ( E l l i o t , 

e t a l . 1981) fo r t h e e q u a t o r i a l r a d i u s at the o c c u l t a t i o n l e v e l 

which i s much h ighe r than the 1-bar l e v e l . In fac t the above va lues 

of a and a' are c o n s i s t e n t . The e r r o r bar in a1 h a s been inc reased 

above the formal va lue of 30 km t o a l l o w for p o s s i b l e s y s t e m a t i c 

e r r o r s . Al though i t i s customary to def ine t h e J by u s i n g t h e 

1-bar e q u a t o r i a l r a d i u s a in Eq. ( 1 ) , much of recent work on Uranus ' 

g r a v i t y f i e l d u s e s a ' i n s t e a d . We w i l l conform to t h i s u s a g e in 

t h i s paper , so t h a t a l l c a l c u l a t e d and o b se rv ed J„ a re normalized 
2n 

to a ' = 26 ,200 km. 

The J provide i n t e g r a l c o n s t r a i n t s on the s t r u c t u r e of Uranus 

v i a the fol lowing r e l a t i o n s h i p s : 

u2a3/GM (3) 

where 

q 

i s a d imens ionless parameter and u i s t h e a n g u l a r r o t a t i o n v e l o c i t y 

of t h e p l a n e t . The d i m e n s i o n l e s s r e s p o n s e c o e f f i c i e n t s " , 

t oge the r with the h i g h e r - o r d e r c o r r e c t i o n s A' , . . . are func t ions 

of the p l ane t a ry i n t e r i o r s t r u c t u r e and serve as a d d i t i o n a l i n t e g r a l 

c o n s t r a i n t s (Zharkov and T r u b i t s y n 1978). For cons i s t ency in the 

fol lowing we w i l l r e p l a c e a wi th a ' in Eq. ( 3 ) , so t h a t for Uranus 

and a r o t a t i o n per iod of 15.5 hours we have q = 0 . 0 3 9 3 5 . Wi thou t 

knowledge of q, the J t h e m s e l v e s p rov ide l i t t l e or no informat ion 

about i n t e r i o r s t r u c t u r e . 

From an a n a l y s i s of the p recess ion of the e - r i n g , N i c h o l s o n , 

e t a l . (1978) found J = 3 .4 x 10 . This r e s u l t was made more 

p r e c i s e by E l l i o t , e t a l . (1981) who found J = ( 3 . 3 5 4 _+ 0 . 0 0 5 ) x 
~1 - 5 

10 . They a l so obta ined J . = ( - 2 . 9 + 1.3) x 10 . 
4 — 

Some disagreement still exists about the correct rotation 

period for Uranus. Brown and Goody (1977) obtained 15.6 hours, 

Trauger, et al. (1978) obtained 13.0 hours, Elliot, et al. (1981) 

obtained 15.5 hours, and Franklin, et al. (1980) obtained 16.6 
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hour s . On the o the r hand, T r a f t o n (1977) found 23 hours and Hayes 

and Belton (1977) found 24 hours . Our p re l iminary c o n c l u s i o n , based 

on c o n s i d e r a t i o n s presented below, i s tha t more p l a u s i b l e i n t e r i o r 

models are a s s o c i a t e d with a r o t a t i o n period of 15 h o u r s , but t ha t 

a 24-hour p e r i o d cannot be a b s o l u t e l y ru led ou t . 

I f t h e d e n s i t y of t h e H„-He a t m o s p h e r e i s i n c r e a s e d by 

enrichment of o the r c o n s t i t u e n t s beyond t h e i r s o l a r p r o p o r t i o n s , 

t h i s d e n s i t y i n c r e a s e c a n become g r a v i t a t i o n a l l y s i g n i f i c a n t . 

T h e r e f o r e i t i s i m p o r t a n t t o o b t a i n b o u n d s on s u c h p o s s i b l e 

enhancements . A thorough d i s c u s s i o n of t h i s p rob lem i s g i v e n by 

Wallace ( 1 9 8 0 ) . From an a n a l y s i s of Uranus s p e c t r a at wavelengths 

from t h e v i s i b l e t o the microwave r e g i o n , he c o n c l u d e s t h a t t h e 

number r a t i o of CH, to H„ in the deep a t m o s p h e r e i s g r e a t e r t h a n 

0 . 0 1 and p r o b a b l y l e s s t h a n 0 . 1 0 . I f CH i s t h e o n l y s p e c i e s 

enhanced above s o l a r abundance, then these l i m i t s correspond to 0.06 

< f_u < 0 . 4 , where f_.. i s the r a t i o of the mass of CH. in the deep 

atmosphere to the t o t a l mass. 

I I I . VARIANTS ON THE HM MODEL 

As i n i t i a t e d by P o d o l a k ( 1 9 7 6 ) , i t i s u s e f u l t o p l o t t h e 

o p t i c a l ob l a t enes s £ ve r sus J for va r ious i n t e r i o r models . Here £ 

i s the d i f f e r ence between the e q u a t o r i a l and polar r a d i i in u n i t s of 

the e q u a t o r i a l r a d i u s . We have , to lowest order in q, 

£ = q(3A2 + l ) / 2 , ( 4 ) 

so t h a t a g i v e n i n t e r i o r model p l o t s as a s t r a i g h t l i n e with s lope 

(3 + A ) / 2 . When allowance i s made for h i g h e r - o r d e r terms in Eq. 

( 2 ) , the l i n e s are a c t u a l l y curved, but the c u r v a t u r e i s n e g l i g i b l e 

to the p resen t order of a c c u r a c y . 

F ig . 1 shows a p lo t of s eve ra l i n t e r i o r models t o g e t h e r w i th 

r o t a t i o n p e r i o d s of 15.5 hours and 24.0 hou r s . The t h r e e - l a y e r H+M 

model i s taken from HM (1980) , while t h e Z + T model i s t a k e n from 

Zharkov and Trubi t syn (1978) . I t i s s i m i l a r to the H+M model e x c e p t 

t ha t i t has only two l a y e r s : the " i c e " and "rock" are homogeneously 

mixed in the i n t e r i o r below t h e H -He a t m o s p h e r e . A l s o , t h e Z+T 

model u s e s an o l d e r H o e q u a t i o n of s t a t e which i s s i g n i f i c a n t l y 
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"harder" ( i . e . , has a h i g h e r p r e s s u r e at a given d e n s i t y ) than the 

one which we now use and which i s f a v o r e d by shock d a t a on H„0 

(Mi tche l l and N e l l i s 1979, Ree 1976). The dramat ic e f f ec t of t h i s 

r e v i s i o n in t h e H O e q u a t i o n of s t a t e i s shown by the l i n e marked 

" 2 - l a y e r " in F ig . 1. This model i s e s s e n t i a l l y i d e n t i c a l to the Z+T 

model e x c e p t t h a t t h e new H O e q u a t i o n of s t a t e i s used. Since 

Uranus i s about one-ha l f w a t e r , t h e r e i s a major change due to the 

r e v i s i o n ; the water i s more compressed, t h e model i s t h e r e f o r e more 

c e n t r a l l y condensed, and A i s s m a l l e r . For c o m p a r i s o n , we have 

p l o t t e d o b s e r v a t i o n a l d a t a p o i n t s for J and £ from E l l i o t , et a l . 

(1981) and F r a n k l i n , e t a l . ( 1 9 8 0 ) . These d a t a seem t o favor the 

rev i sed " 2 - l a y e r " m o d e l , i . e . , t h e Z+T model with the updated HO 

e q u a t i o n of s t a t e . However, for r e a s o n s g iven a b o v e , t h i s model 

F ig . 1. Op t i ca l o b l a t e n e s s e as a funct ion of J for v a r i o u s 
Uranus models . 
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en 
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seems cosmogonically l e s s p l a u s i b l e s ince i t assumes t ha t the "rock" 

and " i c e " can remain uniformly mixed. Therefore i t i s i m p o r t a n t to 

no te tha t t h i s model does not give a unique f i t to the d a t a . We can 

a l s o b r i n g t h e H+M t h r e e - l a y e r model i n t o agreement by i n c r e a s i n g 

I / R , as shown. Th i s has t h e e f f e c t of i n c r e a s i n g t h e moment of 

i n e r t i a because of the smal ler rock core and sma l l e r H -He envelope 

and t h e r e f o r e i n c r e a s i n g A One needs I /R % 6 in order to b r ing 

the t h r e e - l a y e r model i n t o ag reemen t w i th t h e d a t a p o i n t s . Since 

t h i s exceeds the cosmic I /R r a t i o , what h a s become of the miss ing 

" rock" d u r i n g formation of the p lane t? 

The most cosmogonically p l a u s i b l e way to adapt the t h r e e - l a y e r 

model to f i t the d a t a p o i n t s i s t o assume t h a t the H -He envelope 

c o n t a i n s a n o n - n e g l i g i b l e amount of d e n s e r m a t e r i a l such as CH. . 

I n c r e a s i n g t h e d e n s i t y of t h e deep atmosphere has a s i g n i f i c a n t 

e f f e c t on t h e moment of i n e r t i a , l e a d i n g t o a l a r g e r A Th i s 

r e q u i r e s f ^ 0 . 4 to 0 . 5 . 
OH ^ 

I s t h e r e any way t o d i s t i n g u i s h be tween t h e t h r e e m o d e l s 

ou t l i ned above? For t h i s purpose, we have computed the h i g h e r - o r d e r 

response c o e f f i c i e n t A using techniques which we w i l l now d e s c r i b e . 

IV. HIGHER-ORDER GRAVITY FIELD OF URANUS 

Current da ta are not yet s u f f i c i e n t l y accura te to permit Uranus 

m o d e l s t o b e we 1 1 - c o n s t r a i n e d by t h e h i g h e r J„ (n > I ) . 
2n 

N e v e r t h e l e s s , t he r e are p rospec t s for improvement based on study of 

t h e m o t i o n s of t h e U r a n i a n r i n g s and an e v e n t u a l f l yby by t h e 

Voyager 2 s p a c e c r a f t . Therefore we have begun a s tudy of the h igher 

g r a v i t y components of Uranus models with the goal of de te rmining how 

w e l l t h e s e c a n d i s c r i m i n a t e b e t w e e n d i f f e r e n t m o d e l s w i t h 

e s s e n t i a l l y i d e n t i c a l A ' s . 

Our c a l c u l a t i o n makes use of an approach which i s desc r ibed by 

Hubbard, £ £ £ ^ L ( 1 9 7 5 ) , S l a t t e r y (1977) , and Hubbard, £ ^ £ 1 ^ (1980) . 

In t h i s approach, we c a r r y out a m u l t i p o l e e x p a n s i o n of t h e mass 

d e n s i t y p ( r ,8 ) in the form 
p = nl> p2n( r ) P2n( c 0 s 9 ) ( 4 ) 
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over all spherical regions of the planet which do not contain 

discontinuities of p or singular points where derivatives of p do 

not exist. In Fig. 2, which schematically shows a rotating 

two-layer planet, expansion (5) may be used in the innermost region 

enclosed by a dashed line and it may also be used in the region 

between the outermost dashed line and the next dashed line. In the 

spherical region which contains the oblate surface of discontinuity 

between the core and the mantle, we use a set of shell integrals 

(defined by Hubbard, et al. , 1975) to determine the contribution to 

the various A from this region. In the region where expansion (5) 

is valid, the contribution to each A„ is produced onlv bv the 

corresponding p (r). 2n 

Fig. 2. Division of a rotating, oblate planet into various 
interior zones for calculation of gravitational 
harmonics. 

singular surface 

https://doi.org/10.1017/S0252921100082385 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100082385


Internal structure of Uranus 119 

The s u r f a c e ( t h e 1-bar s u r f a c e , say) r e q u i r e s spec ia l 

treatment. For an adiabatic variat ion of temperature and near-solar 

composition, the pressure-density r e l a t i o n resembles a polytrope of 

index 2.5 as the density approaches zero. As is well known, various 

derivatives of the density with radius become inf in i te as p -*• 0, and 

thus i t is not possible to accurately locate the surface by means of 

a Maclaurin ser ies expansion from any in ter ior point. To avoid th is 

problem, we place a grid of quadra ture poin ts in r and 6 in the 

outer region of the p lanet which includes the P = 0 surface. This 

approach was employed by James (1964) and does not make use of any 

assumed a n a l y t i c i t y of the density d i s t r ibu t ion . For Uranus, our 
-2 theory t y p i c a l l y y i e ld s J to an accuracy of MO %, and J, to 

^0.4%. Values for J and J„ are also ca lcu la ted but currently play 

no role in constraining i n t e r i o r models. 

Most in te r io r models of Uranus were calculated for a rotat ion 

per iod of 1 5 . 5 . For each model we then c a l c u l a t e d e f f e c t i v e 

response coefficients by the re la t ions 

A2 = J 2 /q , (6) 

\ = "Vo2- (7) 

Comparing with Eq. ( 2 ) , we see tha t t h i s r e s u l t i s va l i d in the 

l imi t q "*• 0. For f in i t e q, Eqs. (6) and (7) thus include a very 

weak q-dependence in A a n ( j A D u t for our p u r p o s e s t h i s i s 

negl igible . The advantage of th is representation for models is that 

the response coefficients are essent ia l ly independent of the adopted 

rotat ion period. Fig. 3 shows a plot of A versus A for a var ie ty 

of Uranus in ter ior models; a l l of these models were described above. 

The locus of points between the dashed l ines is consistent with the 

resul ts of E l l i o t , et a l . (1981); thei r preferred rotat ion period is 

15 .5 . If the adopted r o t a t i o n period is allowed to change, the 

obse rva t iona l c o n s t r a i n t s move as shown while the model values 

remain e s sen t i a l l y f ixed. 

On the left we have three sequences of models of the H+M type, 

i . e . , with "rock" c o r e s , " i c e " envelopes , and H -He atmospheres. 

For any given value of I/R, there is a range of models produced by 

varying the th ickness of the H -He atmosphere. The range shown 
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corresponds to a reasonable range in a about the observed value of 

25,900 km. 

The models ind ica ted with short dashed l i n e s a r e of the 

two- layer Z+T type, i . e . , with H -He atmospheres and homogeneous 

" ice"-"rock" i n t e r i o r s . The updated HO equation of s ta te is used, 

however. 

In teres t ingly , the addition of substantial amounts of methane 

to the H -He atmosphere of an H+M model (models with heavier l ines) 

can produce a substant ial decrease in A for fixed A Since models 

of t h i s type a r e t he most c o s m o g o n i c a l l y p l a u s i b l e , i t i s 

i n t e r e s t i n g to see t h a t they are a l s o c o n s i s t e n t wi th t he 

observations. Note tha t Wallace se t s a l imi t f < 0.4 for the 

deep Uranus atmosphere. There is s t i l l a great variety of possible 

models. 

Fig. 3. The response coefficient A, as a function of A. for 
various Uranus models. Current observational con
s t r a i n t s on the gravity field limit models to the 
region between the dashed l i ne s . 
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F i n a l l y , we have c o n s i d e r e d t h e p o s s i b i l i t y of a Uranus model 

w i t h a s o l i d or l i q u i d " s u r f a c e " t h a t i s d i r e c t l y o b s e r v a t i o n a l l y 

a c c e s s i b l e . Such a m o d e l wou ld r e q u i r e an e x t r e m e l y t h i n 

hydrogen-r ich atmosphere, e x t e n d i n g on ly up t o p r e s s u r e s %50 b a r . 

Such an atmosphere would be g r a v i t a t i o n a l l y n e g l i g i b l e , and t h e 

p lanet would b a s i c a l l y have t o c o n s i s t of " r o c k " and " i c e " a lone . 

With t h i s composi t ion , the model t u rn s out to be too dense; the bes t 

f i t to the observed mean d e n s i t y i s achieved with pure " i c e " and no 

" r o c k " c o r e at a l l , but such a model s t i l l ends up with a r a d i u s a 

% 23 ,000 km, i . e . , about 10-15% too smal l . One may argue t ha t the 

e q u a t i o n of s t a t e of the " i c e " component i s s u f f i c i e n t l y u n c e r t a i n 

t h a t s u c h a m o d e l c a n n o t be e x c l u d e d . A l l o w i n g f o r s u c h 

u n c e r t a i n t i e s , we e s t ima te t ha t s u i t a b l e " a l l - i c e " models would be 

found in the l o c a t i o n i n d i c a t e d in F ig . 3 . 

V. CONCLUSIONS 

Recent obse rva t ions of p a r a m e t e r s r e l e v a n t to Uranus ' i n t e r i o r 

are beginning t o p o i n t toward a p a r t i c u l a r type of i n t e r i o r model. 

Th i s model has a " r o c k " c o r e , an " i c e " l a y e r , and an H„-He 

a t m o s p h e r e w i t h c o p i o u s a m o u n t s ( f ^ 0 . 4 ) of m e t h a n e . The 
CHij 

o v e r a l l va lue of I/R i s about 2 . 5 . Apparent ly methane i s so lub le in 

the atmosphere al though ammonia may not be because i t i s observed to 

be dep le ted (Wallace, 1980). Perhaps t h e r e i s some s t i r r i n g between 

the atmosphere and t h e " i c e " l a y e r s ince molecular d i f fu s ion t imes 

a r e v e r y l o n g . I t i s d i f f i c u l t t o t h i n k of an a l t e r n a t i v e , 

cosmogonic way of p roduc ing t h e l a r g e methane enr ichment . 

On the o the r hand, before such a model i s t oo e n t h u s i a s t i c a l l y 

a d o p t e d , we s h o u l d m e n t i o n two t r o u b l e s o m e o b s e r v a t i o n a l 

c o n s t r a i n t s . The f i r s t comes from s p e c t r o s c o p i c s t u d i e s of U r a n u s ' 

atmosphere, which show t h a t t h e d e u t e r i u m t o hydrogen r a t i o (D/H) 

the re i s approx imate ly t h e same as t h a t in J u p i t e r and Saturn and 

a p p r o x i m a t e l y p r i m o r d i a l (Hubbard and M a c F a r l a n e , 1980) . When 

m e t h a n e o r w a t e r c o n d e n s e s from a p r i m o r d i a l s o l a r n e b u l a , 

t e m p e r a t u r e s a r e low enough to cause s u b s t a n t i a l f r a c t i o n a t i o n of 

deuter ium i n t o H o and CH.. Thus we would expect D/H to be at l e a s t 
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four times larger than the primordial r a t io in Uranus' atmosphere. 

The obse rva t ions seem to imply tha t Uranus' a tmosphere i s not 

s t i r red with the i n t e r i o r . But in t h i s case , why is methane so 

enriched in the atmosphere? 

The second problem arises from the fact tha t there is evidence 

tha t CH, tends to d i s s o c i a t e at p r e s s u r e s above 200 kbar and 4 
temperatures above 2000 K, i . e . , probable cond i t ions wi th in the 

"ice" layer (Ross and Ree, 1980). Apparently the methane decomposes 

in to hydrogen and elemental carbon. If the carbon s inks and the 

hydrogen r i s e s , t h i s would tend to d e p l e t e methane in t he 

atmosphere, con t ra ry to observation. Therefore the decomposition of 

methane, if i t occurs, e i ther plays no ro le because the re is no 

communication between the atmosphere and the i n t e r i o r , or else i t 

occurs in a h ighly revers ib le manner. 

I t should also be pointed out tha t the i n t e r i o r temperature 

p r o f i l e of Uranus ( in an a d i a b a t i c model) can be s i g n i f i c a n t l y 

a l t e red i f HO i s s ign i f i can t ly enhanced in the deep atmosphere as 

well as CH . Calculat ions by Hunten (1981) indicate that internal 

temperatures are reduced by M0% if HO has a number abundance of 3% 

r e l a t i v e to H . This e f f e c t has not been included in models 

discussed h e r e . 

As discussed by HM and by Hubbard (1978), the structure of the 

Uranian atmosphere may play an important role in the heat balance of 

Uranus as well. A measurement of the ac tua l i n t r i n s i c heat flow 

rather than the upper l imi t which is currently available, may play 

an important role in helping to understand the cosmogony of Uranus 

and i t s present fluid c i rcula t ion pat terns . 
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