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Science	  goals	  and	  measurement	  requirements	  

Science	  goals	   Science	  objec*ves/ques*ons	   Measurement	  objec*ves	  

I.	  Determine	  the	  forma*on	  
condi*ons	  of	  the	  Saturn	  system	  

A.	  How	  did	  form	  Saturn	  (what	  
were	  the	  thermodynamic	  
condi*ons	  of	  the	  nebula)?	  Did	  
Saturn	  form	  in	  situ	  or	  migrated	  
inwards	  the	  Solar	  nebula?	  	  

1.   Noble	  gas	  abundances	  
2.   Noble	  gas	  isotopes	  
3.	  Elemental	  abundances	  of	  H,	  
C,	  N,	  O,	  S	  
4.	  D/H	  in	  satellite	  ices	  	  

B.	  	  Where	  did	  form	  the	  building	  
blocks	  of	  the	  Saturn’s	  satellites	  
(source:	  Saturn’s	  subnebula	  or	  
Solar	  nebula)?	  	  

C.	  Are	  noble	  gases	  present	  in	  
the	  satellites	  and	  Saturn’s	  
building	  blocks?	  How	  were	  
noble	  gases	  incorporated	  in	  the	  
Saturn’s	  subnebula?	  	  

D.	  What	  is	  the	  C/O	  ra*o	  in	  
Saturn?	  Did	  Saturn	  form	  in	  a	  
carbon-‐rich	  environment?	  	  

E.	  What	  are	  the	  rela*ve	  
abundances	  of	  refractories,	  
ices,	  and	  gases?	  How	  do	  these	  
compare	  with	  jovian	  
abundances?	  	  

1.	  14N/15N	  ra*o	  in	  NH3	  &	  N2	  
2.	  12C/13C	  ra*o	  in	  CH4	  
3.	  D/H	  ra*o	  in	  H2,	  CH4,	  NH3	  
4.	  H2S,	  NH4SH	  
	  



Science	  goals	  and	  measurement	  requirements	  
	  

Science	  goals	   Science	  objec*ves/ques*ons	   Measurement	  objec*ves	  

II.	  Characterize	  the	  dynamics	  
and	  chemistry	  of	  Saturn’s	  
atmosphere	  and	  its	  interac*on	  
with	  the	  interior	  	  

A.	  How	  do	  transport	  and	  
chemistry	  affect	  the	  thermal	  &	  
dynamical	  structure	  of	  the	  
deep	  interior?	  	  

1.	  He/H2	  ra*o	  
2.	  Ne/H2	  ra*o	  	  

B.	  What	  are	  the	  rela*ve	  roles	  of	  
photochemistry	  &	  recycling	  in	  
the	  interplay	  between	  the	  upper	  
and	  lower	  atmosphere?	  

1.	  CH4,	  C2H2,	  C2H6,	  C3H8	  
2.	  N2,	  CO,	  PH3,	  PxHy	  	  

C.	  What	  is	  the	  magnitude	  of	  the	  
external	  influx	  of	  oxygen	  into	  
Saturn’s	  atmosphere?	  

1.	  CO	  

D.	  How	  and	  where	  are	  cloud	  
condensates	  and	  aerosols	  
formed	  in	  Saturn’s	  atmosphere?	  	  	  

1.	  CH4,	  NH3,	  H2S,	  PH3	  



Chondrites	  cannot	  
explain	  noble	  gas	  	  
pa`erns!	  

Owen	  et	  al.	  1977	  
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Noble	  gases	  in	  terrestrial	  planets	  



In	  situ	  measurements	  by	  the	  Galileo	  probe	  of	  the	  vola*le	  
enrichments	  in	  Jupiter	  

Owen	  et	  al.	  (1999)	  
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Noble	  gases	  in	  the	  outer	  solar	  system	  

	  
•  Titan	  is	  impoverished	  in	  primordial	  noble	  gases.	  No	  heavy	  noble	  gases	  other	  

than	  argon	  were	  detected	  by	  the	  GCMS	  aboard	  the	  Huygens	  	  probe	  during	  its	  
descent	  to	  Titan’s	  surface	  in	  2005	  January	  (Niemann	  et	  al.	  2005	  ,	  2010	  ).	  	  

	   	  	  	  	  
	   	   	   Detected	   argon	   includes	   primordial	   36Ar,	   present	   in	   subsolar	   abundance	   in	  

Titan’s	   atmosphere	   (36Ar/14N	   is	   found	   to	   be	   about	   six	   orders	   of	  magnitude	  
lower	  than	  the	  solar	  value),	  and	  the	  radiogenic	  isotope	  40Ar,	  which	  is	  a	  decay	  
product	  of	  40K	  (Niemann	  et	  al.	  2005	  ).	  The	  other	  primordial	  noble	  gases	  38Ar,	  
Kr,	  and	  Xe	  were	  not	  detected	  by	  the	  GCMS	  instrument,	  yielding	  upper	  limits	  
of	   10−8	   for	   their	   atmospheric	   mole	   fracXons	   (Niemann	   et	   al.	   2005,	   2010).	  

	  
ü  Despite	  many	  a`empts,	  no	  firm	  detec*on	  of	  noble	  gases	  in	  comets	  (Rose`a	  

will	  make	  soon	  in	  situ	  measurements)	  
	  
ü  The	  noble	  gas	  abundances	  in	  Saturn,	  Uranus	  and	  Neptune	  are	  unknown	  

(require	  deep	  atmospheric	  probes).	  
	  
	  
	  



The	  heavy	  element	  content	  of	  gas	  giants	  

•  Three	  steps	  in	  the	  formaXon	  of	  	  
	  gas	  giants:	  

	  
1.  Core	  accreXon	  
2.  Gas	  accreXon	  unXl	  

	  Mgas	  ~	  Mcore	  

3.  Runaway	  accreXon	  of	  	  
	  gas	  +	  gas-‐coupled	  solids	  

	  
=>	  Mgas	  >>	  Mcore	  

•  See	  Pollack	  et	  al.	  (1996).	  

Stage 1 
Stage 2 

Stage 3 



Forma*on	  of	  ices	  in	  the	  solar	  nebula	  

CO:CO2:CH3OH:CH4	  =	  70:10:2:1	  and	  N2:NH3	  =	  1:1	  in	  the	  gas	  phase	  

disk	  

grains	  

planetesimals	  

condensa*on	  
/trapping	  

accre*on	  

Forma*on	  of	  clathrates	  and	  pure	  condensates	  in	  the	  
outer	  solar	  nebula	  

Ices	  are	  stable	  in	  
domains	  located	  	  
below	  their	  
stability	  	  
curves	  



Composi*on	  of	  planetesimals	  in	  the	  solar	  nebula	  as	  a	  func*on	  of	  the	  
oxygen	  abundance	  in	  the	  disk	  and	  their	  forma*on	  temperature	  
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Mousis et al. (2009) 
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Observed	  and	  calculated	  enrichments	  in	  vola*les	  in	  Jupiter	  and	  Saturn	  

Jupiter Saturn 

Species Observed Calculated Observed Calculated 

O 5.1 14.1 

C 4.1 ± 1 3.1 8.8 ± 1.7 8.8 

N 4.15 ± 1.6 3.1 8.9 

S 2.4 ± 0.6 2.6 7.1 

P 3.2 ± 0.15 4.8 8.9 – 13.5 13.1 

Ar 2.15 ± 0.4 2.0 6.1 

Kr 
 

7.7 

Xe 12.1 

100%	  clathra*on	  efficiency,	  CO2:CO:CH3OH:CH4	  =	  70/10/2/1	  and	  N2/NH3	  =	  1/1	  in	  the	  nebula	  gas	  
phase	  

Minimum	  masses	  of	  heavy	  elements	  	  
required	  in	  the	  atmospheres	  of	  Jupiter	  	  
and	  Saturn	  to	  match	  the	  observed	  enrichments	  
	  
	  

P	  is	  out	  of	  equilibrium	  in	  Jupiter’s	  atmosphere	  and	  could	  be	  
underes*mated	  (Fletcher	  et	  al.	  2009)	  



Matching	  the	  vola*le	  enrichments	  in	  Jupiter	  from	  different	  
disk’s	  gas	  phase	  composi*ons	  

Red	  bars	  correspond	  to	  observaXons.	  Green	  and	  blue	  bars	  correspond	  to	  calculaXons	  based	  on	  the	  assumpXon	  that	  C/
O	  =	  0.5	  (solar	  case)	  and	  C/O	  =	  1	  (C-‐rich	  case)	  in	  the	  disk.	  
	  
Conclusion:	  Jupiter	  could	  be	  carbon	  rich!!!!	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Tes*ng	  this	  hypothesis	  requires	  the	  measurement	  of	  O	  in	  Jupiter	  by	  Juno	  

	  	   	   	   	   	   	   	   	   	   	   	   	   	  	  Mousis	  et	  al.	  (2012)	  



Noble	  gas	  abundances	  in	  Saturn	  -‐	  what	  can	  we	  infer	  
from	  the	  study	  of	  Titan’s	  origin?	  

Condi*ons	  required	  to	  explain	  the	  current	  composi*on	  of	  Titan’s	  atmosphere:	  
	  
-‐  Vola*les	  were	  trapped	  in	  Saturn’s	  feeding	  zone	  in	  the	  form	  of	  hydrates,	  clathrates	  or	  pure	  

condensates	  (see	  condensa*on	  sequence	  in	  previous	  slide)	  
	  
-‐  The	  ques*on	  of	  noble	  gas	  trapping	  in	  Titan’s	  building	  blocks	  remains	  open.	  Two	  compe*ng	  

theories,	  depending	  on	  the	  abundance	  of	  H3
+	  ion	  at	  Saturn’s	  posi*on	  in	  the	  nebula:	  

ü  If	  H3
+	  was	  underabundant	  in	  the	  nebula,	  noble	  gases	  were	  incorporated	  in	  planetesimals.	  

They	  would	  have	  been	  devola*lized	  or	  hidden	  during	  the	  forma*on	  and	  subsequent	  
evolu*on	  of	  the	  body	  (Mousis	  et	  al.	  2009,	  2012)	  	  

ü  If	  the	  H3
+	  abundance	  was	  higher	  than	  that	  of	  noble	  gases	  in	  the	  disk:	  forma*on	  of	  Ar-‐H3

+,	  Xe-‐
H3

+	  and	  Kr-‐H3
+	  complexes	  in	  the	  solar	  nebula	  would	  impede	  the	  condensa*on	  of	  Xe	  and	  Kr	  or	  

their	  incorpora*on	  in	  planetesimals	  (Mousis	  et	  al.	  2008;	  Pauzat	  et	  al.	  2012).	  
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Forma*on	  of	  noble	  gas-‐poor	  planetesimals	  in	  presence	  of	  H3
+	  in	  

the	  gas	  phase	  

Mousis,	  Pauzat,	  Ellinger	  &	  Ceccarelli	  (2008)	  ApJ	  673,	  637-‐646	  

H3
+	  abundance	  in	  the	  disk	  midplane	  as	  a	  func*on	  of	  the	  heliocentric	  distance.	  

Forma*on	  of	  XH3
+	  complexes	  in	  the	  gas	  phase	  of	  the	  nebula	  (with	  X	  =	  Kr	  and	  Xe)	  would	  

impede	  the	  forma*on	  of	  X-‐6H2O	  clathrates	  or	  pure	  condensates	  X	  

13	  



D/H	  ra*os	  measured	  in	  H2O	  in	  the	  Solar	  System	  

Adapted	  from	  Hartogh	  et	  al.	  2011	  



Modeling	  the	  D/H	  chemistry	  in	  the	  primi*ve	  nebula	  
	  
	  ü  ISM	  ices	  that	  fell	  onto	  the	  solar	  nebula	  are	  highly	  enriched	  in	  deuterium	  

	  
ü  The	  isotopic	  exchange	  between	  HD	  and	  HDO	  is	  described	  by	  the	  following	  reversible	  

equaXon	  in	  the	  gas	  phase	  dominated	  by	  H2:	  
	  

H2O	  +	  HD	  =	  HDO	  +	  H2	  
	  
ü  The	  efficiency	  of	  the	  isotopic	  exchange	  increases	  at	  high	  temperature.	  The	  exchange	  stops	  

once	  water	  is	  condensed.	  

	  	  	   	   	   	  	  
	  

	  	  

15 

Equa*on	  of	  diffusion	  describing	  the	  evolu*on	  of	  D:H	  in	  water	  in	  the	  solar	  
nebula	  

	  

Isotopic	  exchange	   Turbulent	  diffusion	  

516 MOUSIS ET AL.

Dorofeyeva (1991). This is a simple power law which depends

upon the accretion rate at t = 0, Ṁ0, and the accretion timescale

t0. Both parameters are fixed only by α, RD0, and MD0 (Paper I).

Interestingly enough, the Ṁ0 values that we get for the nebulae

selected in Paper I are of the order of a few 10−6 M" per year, in
agreement with the values inferred from the observed evolution

of circumstellar disks by Stepinski (1998).

Examples of temperature, pressure, and surface density evolu-

tionary profiles for a nebula defined byα = 0.003, RD0 = 17UA

and MD0 = 0.1 M" are shown on Figs. 2a, 2b, and 2c. It must
be noted that, at 1 million years, the temperature at the edge

of the nebula (53 AU) is of a few K only, a value of the order

of that in the interstellar medium (ISM). It is likely that, at this

location, the hydrodynamics approximation breaks down, and

that, beyond this point, the nebula is quiescent and Keplerian, in

agreement with our initial assumption.

The enrichment factor f is defined as the ratio of D/H in the

considered deuterated species to D/H in hydrogen. For instance,

for water we have

f = 1/2

1/2

HDO/H2O

HD/H2
, (3)

while for HCN we have

f = DCN/HCN

1/2HD/H2
. (4)

The evolution of f in the nebula is described by the differential

equation (Paper I):

∂t f = k(T )P(A(T )− f )+ 1

#R
∂R(κR#∂R f ). (5)

The first member on the right side of Eq. (5) describes the

isotopic exchange between HD and the concerned deuterated

molecule, namely in this report either HDO or DCN. Function

k(T ) is the rate of isotopic exchange, P is the total pressure, and

A(T ) is the fractionation at equilibrium. Rate k(T ) is difficult to

measure at the laboratory at room temperatures T because the

rate of isotopic exchange drastically decreases with tempera-

ture. For instance, k(T ) for the exchange HDO–H2 decreases by

5 orders of magnitude when the temperature varies from 1000

to 300 K. However, it has been measured for H2O and CH4 by

Lécluse and Robert (1994). Since no experimental determina-

tion of k(T ) is available for the isotopic exchange of DCN with

H2, we use that of CH4, and we have taken the expression given

in Lécluse et al. (1996). We thus assume that the activation en-

ergy for CH is the same in the CH4 and in the HCN molecules.

k(T ) for CH4 is about 2 orders of magnitude lower than k(T )

for H2O. The isotopic exchange between DCN and H2 is then

expected to be substantially slower than the isotopic exchange

between HDO and H2. A(T ) is taken from the tabulations of

Richet et al. (1977) for both HDO/H2O and DCN/HCN, and is

extrapolated to temperatures lower than 0◦C.

FIG. 2. Radial profiles in the turbulent nebula characterized by the param-

eters MD = 0.1 M" and RD = 17 AU at t = 0, and α = 0.003, for various

values of t in years: (a) temperature profiles, (b) pressure profiles, (c) surface

density profiles. The radius of the nebula evolves with time as shown on Fig. 1.

The isotopic exchange term becomes negligible either at high

temperatures, where A(T ) and f are both close to 1, or at

low temperatures, where k(T ) becomes close to zero. A sub-

stantial isotopic exchange may thus occur only at intermediate

a model, when combined with observations, can lead to conclusions on the
regions in which different cometary populations were born.

In Section 2, a brief description of the model used to obtain the
behaviour of the D:H ratio in H2O in the Solar nebula is presented, along
with a discussion of the influence of turbulent diffusion on the calculated
enrichment profile. In Section 3, the leading models describing the forma-
tion of comets are discussed, and in Section 4, simple examples are used to
illustrate how variations in the formation regions of the comets could be
reflected in the measured D:H observed in comets today. In Section 5, we
conclude with a discussion of the implications of such work in light of
future measurements.

2. The Evolution of the D:H Ratio in H2O in the Solar Nebula

2.1. ISOTOPIC FRACTIONATION OF DEUTERIUM

The main reservoir of deuterium in the Solar nebula was molecular hydrogen
(HD vs. H2). Ion!molecule reactions in the interstellar medium (see e.g.
Brown and Millar, 1989) result in the fractionation of deuterium between
deuterated species. Consequently, in the pre-solar cloud, such fractionation
was present, resulting in heavier molecules being enriched. Water was the
second most abundant hydrogen bearer in the solar nebula, as it is in our
current Solar system, and therefore became the second largest deuterium
reservoir.

In the Solar nebula the isotopic fractionation of deuterium between water
and hydrogen followed the reversible reaction (Geiss and Reeves, 1981)

H2OþHD Ð HDOþH2 (1)

At low temperatures, this reaction favours the concentration of deuterium
in HDO, but the reaction kinetics at such temperatures tend to inhibit such
enrichment of deuterium in water. The enrichment factor, f, which results
from the exchange between HD and HDO is defined as the ratio of D:H in
the considered deuterated species to that in molecular hydrogen (the proto-
solar value). As a result, for water we have:

f ¼ 1=2

1=2

HDO=H2O

HD=H2
(2)

45CONSTRAINTS ON THE FORMATION REGIONS OF COMETS



Modeling	  the	  D/H	  chemistry	  in	  the	  primi*ve	  nebula	  
	  
	  

A&A 531, A106 (2011)

Veras & Armitage (2004). The mean turbulent viscosity is deter-
mined from the calculation of the vertical structure of the nebula:
for each radius, r, the vertical structure is calculated by solving
the equation for hydrostatic equilibrium together with the en-
ergy equation and the diffusion equation for the radiative flux
(see Papaloizou & Terquem 1999). The local turbulent viscosity
(as opposed to that averaged in the vertical direction) is com-
puted using the standard Shakura & Sunyaev (1973) formalism:
ν = αC2

s /Ω, where α is a free parameter and Cs the local speed
of sound determined by the equation of state. Using this proce-
dure, we derived the midplane pressure and temperature as well
as the mean turbulent viscosity as a function of r and Σ. These
laws are finally used to solve the diffusion equation (Eq. (13))
and to calculate the pressure- and temperature-dependant forces
on dust grains. Figure 1 represents the temperature, pressure and
surface density profiles in the midplane of the disk characterized
by a mass of 0.03 M! and a lifetime of 6 Myr (see Sect. 3 for
fore details) at different epochs of its evolution.

Following the approach of Mousis et al. (2007), we con-
sider that the disk is not optically thin and that Rayleigh scat-
tering from molecular hydrogen is the dominant dimming effect
in the nebula (Mayer & Duschl 2005) for temperatures below
1500 K and at wavelengths shorter than a few µm. This con-
dition is fulfilled only after 105 yr and beyond 0.5 AU in all
the solar nebula models used in our calculations. For H2, i.e.,
the dominant molecule, the Rayleigh scattering cross section is
σ(λ) = 8.49× 10−45/λ4 (cm2) (Vardya 1962). Assuming the illu-
minating light follows a black body spectrum, the Planck mean
cross section as a function of the black body temperature TB
is found to be σ(TB) = 1.54 × 10−42 T 4

B (cm2) (Dalgarno &
Williams 1962). Note that, in our case, TB is not the temper-
ature of the nebula, but rather the effective temperature of the
illuminating source, the Sun. With a disk’s mean molar mass
of 2.34 g/mol, the mass absorption coefficient is found to be
σm(TB) = 3.96 × 10−19 T 4

B (cm2/g). The effective temperature
and the luminosity of the early Sun were taken from the ZAMS
(Zero Age Main Sequence) model computed by Pietrinferni
et al. (2004), which is available in the BaSTI database (http://
albione.oa-teramo.inaf.it). We chose the parameters rel-
evant for the Sun, i.e., a solar mixture of heavy elements, no
overshooting, a metallicity Z = 0.0198, and a helium content
Y = 0.273 (Z and Y together in the mass fraction). In this
model, the surface temperature of the early Sun is 5652 K and
its initial luminosity is 2.716 × 1026 W. We derived σm(5770) =
4.0×10−4 (cm2/g) from the adopted effective temperature of the
early Sun. Light becomes extinguished close to the star as a re-
sult of the high gas density, while the outer regions play only a
minor role in the extinction.

3. Choice of parameters

We constructed a grid of nine disk models encompassing
the range of thermodynamic conditions that might have taken
place during the solar nebula’s evolution. The three initial disk
masses were fixed to 0.01, 0.03 and 0.1 M! respectively, with
0.01 M! corresponding to the minimum mass solar nebula (here-
after MMSN) defined by Hayashi (1981). The initial mass of
each disk is integrated between 0.25 and 50 AU and the initial
gas surface density is given by a power law Σ ∝ r−3/2, with an
initial value taken to be Σ(5.2 AU) = 100, 300, and 1000 g cm−2

at 5.2 AU for disk masses of 0.01, 0.03 and 0.1 M!, respectively.
Here, the lifetime of the disk is governed both by viscosity and
photoevaporation by the Sun or nearby stars. On the other hand,
the viscosity parameter rules the accretion velocity of the disk

Fig. 1. Temperature, pressure and surface density profiles in the mid-
plane of the disk characterized by a mass of 0.03 M! and a lifetime of
6 Myr. From top to bottom in each panel, times are 1, 2, 3, 4, 5, and
6 Myr.

(Eq. (12)) but this latter is found to be low compared to the veloc-
ities due to photophoresis and gas drag for particles larger than
10−4 m (see Fig. 2, for an example of particle velocities due to
photophoresis, radiation pressure, residual gravity and accretion
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Enrichment	  factor	  f	  (defined	  as	  the	  raXo	  of	  D/H	  in	  H2O	  to	  protosolar	  D/H)	  as	  	  
a	  funcXon	  of	  the	  heliocentric	  distance	  in	  the	  primordial	  nebula.	  The	  solid	  	  
curve	  represents	  the	  value	  of	  f	  acquired	  by	  ice	  as	  a	  funcXon	  of	  its	  formaXon	  	  
distance	  in	  the	  nebula.	  CondensaXon	  epochs	  at	  various	  heliocentric	  	  
distances	  are	  also	  indicated	  in	  the	  plot.	  
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The	  solid	  curve	  represents	  the	  value	  of	  f	  acquired	  by	   ice	  as	  a	  funcXon	  of	   its	  formaXon	  distance	  in	  

the	  	  
nebula.	  The	  ver*cal	  do`ed	  lines	  enclose	  the	  source	  region	  of	  Uranus	  and	  Neptune	  in	  the	  Nice	  	  
model.	  The	  gray	  area	  corresponds	  to	  the	  dispersion	  of	  the	  central	  values	  of	  the	  f	  in	  the	  comets	  for	  	  
which	  measurements	  are	  available.	  
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Conclusions	  

•  In	  situ	  measurements	  of	  the	  chemical	  and	  isotopic	  composiXon	  of	  Saturn’s	  
atmosphere	  are	  mandatory	  if	  one	  wants	  disentangling	  the	  different	  
exisXng	  formaXon	  scenarios	  

	  
•  Noble	  gases	  are	  parXcularly	  relevant	  because	  (1)	  they	  are	  chemically	  inert	  

and	  (2)	  their	  isotopic	  composiXons	  present	  large	  scale	  inhomogeneiXes	  in	  
the	  solar	  system	  that	  make	  them	  isotopic	  tracers	  

	  
•  In	  situ	  measurements	  of	  the	  noble	  gas	  abundances	  and	  the	  D/H	  raXos	  in	  

satellite	  ices	  are	  also	  important	  in	  order	  to	  establish	  the	  link	  between	  the	  
different	  physical	  processes	  that	  led	  to	  the	  formaXon	  of	  the	  giant	  planet	  
and	  its	  surrounding	  satellite	  system	  


