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Center of Mass/Center of figure 

•  The center of figure is the same 
as the center of mass when a 
body is homogeneous or 
symmetrically diffirentiated. 

•  If the body contains a mass 
anomaly, the center of mass is 
shifted in the direction of this 
anomaly. 
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Water emission from Enceladus’ south pole 



Existing models 

•  Global ocean, with subsurface 
Ice melting localized in a 
specific region of the equator, 
caused by the tidal effects (?). 

•  Formation of a low density ice 
diapir resulting in a 
reorientation of the satellite’s 
anomaly to the south pole. 

•  Because of this low density 
anomaly, the center of mass is 
shifted northward. 
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Fig. 21.3 A sketch of the potential internal structure of Enceladus,
after Nimmo and Pappalardo (2006), Schubert et al. (2007) and Tobie
et al. (2008). The amplitude of the surface topography is exaggerated.
The arguments for a convective interior and thinning of the lithosphere
near the south pole are presented in Section 21.2.5

about the interior structure cannot be made from the static
gravitational field by assuming hydrostatic equilibrium and a
radially symmetric structure. More complex models will be
required, which will be less likely to yield unique solutions.

Figure 21.3 is a sketch illustrating our current understand-
ing of Enceladus, aspects of which are discussed through the
remainder of this section. The presence of question marks
indicates the uncertainty of many of the inferences made.

21.2.3 Interior Composition and Chemistry

The plume of water vapor and other materials erupting from
Enceladus’ south pole provides the first opportunity to di-
rectly sample material from the interior of an icy satellite.
Cassini INMS data (Section 21.5.2.4) suggest that Ence-
ladus’ gas plume is composed of roughly 90–94% water va-
por by mass, plus 5% CO2, 0.9% CH4, and 0.8% NH3, and
small amounts of organics, H2S, and 40Ar. There may also be
significant N2, though this is uncertain because INMS cannot
distinguish N2 from C2H4 (Waite et al. 2009). CAPS mea-
surements of magnetospheric nitrogen ions detect nitrogen in
the plume: the data imply a source of nitrogen and perhaps
NH3 at Enceladus (Smith et al. 2008a, b). Most E-ring par-
ticles measured by CDA appear to contain a small amount
of sodium, and some are rich in both NaCl and NaHCO3

(Postberg et al. 2009 and Section 21.5.2.5), suggesting an
oceanic provenance. However, the abundances of CO2, CH4,

and perhaps other gas species are too high to originate from
gas dissolved in liquid (Waite et al. 2009), and subsurface
clathrates have been suggested as a source for these species
(Kieffer et al. 2006).

The compositional measurements from Enceladus have so
far been interpreted in two contexts: as a constraint on its
present-day ocean chemistry, and as a constraint on Ence-
ladus’ early thermal evolution. Calculations of the water-rock
chemistry occurring over Enceladus’ lifetime suggest that its
present ocean should include significant Na-Cl-HCO3 (Zolo-
tov 2007), consistent with the CDA measurements of E-ring
particle composition.

Because nitrogen is likely delivered to Enceladus from the
solar nebula in the form of NH3 clathrate within ice grains
during its accretion (Mousis et al. 2002, Lunine and Gautier
2004), the conversion from ammonia to molecular nitrogen
(if present) likely occurs within Enceladus itself (Matson
et al. 2007, Glein et al. 2008). Matson et al. (2007) sug-
gest that N2 is formed from NH3 by thermal decomposition,
which requires high temperatures (!500–800 K) within the
silicate core, and further suggest that the satellite’s interior
had been heated to these temperatures by a combination of
short-lived radioisotopes (SLRI’s, such as 26Al and 60Fe) and
tidal heat early in its history. Glein et al. (2008) favor a differ-
ent evolutionary pathway for nitrogen, in which the NH3 to
N2 conversion occurs within hydrothermal systems created
during an early phase of core volcanism driven by SLRI’s.

The apparent presence in the plume of 40Ar, which origi-
nates from radioactive decay in Enceladus’ silicate fraction,
is also likely to constrain the interior evolution of Enceladus
(Waite et al. 2009).

It should also be noted that if the current plume gas pro-
duction rate of about 200 kg s!1 has been maintained over
the age of the solar system, Enceladus would have lost
about 20% of its mass and 40% of its water, with dras-
tic consequences for its chemical and physical evolution
(Kargel 2006), including a loss of volatile elements and a
major reduction in radius.

21.2.4 Heat Production and Tides

Observations of the south polar heat flow anomaly place di-
rect constraints on heat production within Enceladus. The ob-
served heat flow is at least 5:8˙1:9 GW (Spencer et al. 2006),
and is likely to be higher, because published observations
are insensitive to heat radiated at temperatures below about
85 K. The observed power significantly exceeds the expected
radiogenic contribution of !0:3 GW (Porco et al. 2006,
Schubert et al. 2007), suggesting that the bulk of the energy
is derived from tidal dissipation (cf. Squyres et al. 1983,

Nimmo & Pappalardo 2006 : 



Existing models 

•  No Global ocean, only a 
localized south polar sea. 

•  The density in this area is 
higher than it is in the rest of 
the ice shell. 

•  The center of mass is shifted 
southward. 

Collins & Goodman 2007 



•  The satellites core is formed by 
accretion of large silicate chunks 
(size 10-100 Km). 

•  This model could cause a shift in 
center of mass 

Charnoz et al. 2011 

Existing models 



Objective 

• Astrometric reduction of the ISS-Cassini NAC 
images. 

• Compare the satellite’s observed center of figure 
position obtained from Astrometry to its center 
of mass position predicted by the ephemerides 
(sat317 and sat351). 

• Discriminate between  
   different models.  

✕ 

Observed 
position 

Predicted 
position 



Astrometry 
Algorithm used to convert a position from (RA,DEC) in radians to 
(sample, line) in pixels:  

                gnomonic     
     (α,δ)                     (X, Y) 
               projection 

     s = 511.5 + (1/ρ)(X cosθ - Y sinθ) + Δs 
     l = 511.5 + (1/ρ)(X sinθ + Y cosθ) + Δl 

ρ : Scale factor ( arcsec/ pixels) 



Astrometry 

Scale factor = 1.2354 ± 10-4  arcsec/pixel  
(based on 100 observations of stars clusters with 225 star per image) 



Finding the center of figure 

Contour detection 

Luminosity curve 

Derivative curve 



Finding the center of figure 

- Fit the cartesien equation 
parameters of an ellipse: 
f(x,y) = Ax2+Bxy+Cy2+Dx+Ey+F = 0 
to the bright part of the satellite, to 
finally obtain the ellipse parameters 
(Xc ,Yc , a, b, θ). 

- In this work, a and b were fixed 
using the projection of the satellite’s 
shape given by Thomas (2010). Thus, 
only three parameters are fitted at 
every limb fitting. 

- UCAC2 catalogue was used for 
pointing correction. 













Residuals Mimas: 
   (1006 images) 

SAT317 SAT351 

<O-C>sample 2.69 x 10-2 -5.34 x 10-2 

σ<O-C>sample 0.98 0.97 

<O-C>line 2.10 x 10-2 6.16 x 10-2 

σ<O-C>line 0.94 1.01 



Residuals Enceladus: 
       (1141 images) 

SAT317 SAT351 

<O-C>sample 2.71 x 10-2 -2.69 x 10-2 

σ<O-C>sample 0.83 0.73 

<O-C>line 6.72 x 10-2 4.69 x 10-2 

σ<O-C>line 0.85 0.84 



Coverage (Mimas) 



Coverage (Enceladus) 



COM/COF shift 

Center of mass shift with SAT317 
ephemeris: 

X =  858 m ±  165 m 
Y = -580 m ±  207 m  
Z =   976 m ±  139 m   

Center of mass shift with SAT351 
ephemeris: 

X =  734 m ±  163 m 
Y = -535 m ±  210 m  
Z =   925 m ±  134 m   

Mimas: 



COM/COF shift 

Center of mass shift with SAT317 
ephemeris: 

X =  858 m ±  165 m 
Y = -580 m ±  207 m  
Z =   976 m ±  139 m   

Center of mass shift with SAT351 
ephemeris: 

X =  734 m ±  163 m 
Y = -535 m ±  210 m  
Z =   925 m ±  134 m   

Mimas: 

Charnoz et al. 2011 



What are we expecting to observe on Enceladus ? 

688 J.R. Spencer et al.

silicate core
(no tidal heating)

ice shell
(convecting?)

impact
basin

tiger stripes
(near-surface heating
thins stagnant lid?)

interior melting &
surface subsidence?

vapour
plumes

60–100 km

ocean?

252 km

stagnant lid

upwelling
(focused tidal
heating?)

Fig. 21.3 A sketch of the potential internal structure of Enceladus,
after Nimmo and Pappalardo (2006), Schubert et al. (2007) and Tobie
et al. (2008). The amplitude of the surface topography is exaggerated.
The arguments for a convective interior and thinning of the lithosphere
near the south pole are presented in Section 21.2.5

about the interior structure cannot be made from the static
gravitational field by assuming hydrostatic equilibrium and a
radially symmetric structure. More complex models will be
required, which will be less likely to yield unique solutions.

Figure 21.3 is a sketch illustrating our current understand-
ing of Enceladus, aspects of which are discussed through the
remainder of this section. The presence of question marks
indicates the uncertainty of many of the inferences made.

21.2.3 Interior Composition and Chemistry

The plume of water vapor and other materials erupting from
Enceladus’ south pole provides the first opportunity to di-
rectly sample material from the interior of an icy satellite.
Cassini INMS data (Section 21.5.2.4) suggest that Ence-
ladus’ gas plume is composed of roughly 90–94% water va-
por by mass, plus 5% CO2, 0.9% CH4, and 0.8% NH3, and
small amounts of organics, H2S, and 40Ar. There may also be
significant N2, though this is uncertain because INMS cannot
distinguish N2 from C2H4 (Waite et al. 2009). CAPS mea-
surements of magnetospheric nitrogen ions detect nitrogen in
the plume: the data imply a source of nitrogen and perhaps
NH3 at Enceladus (Smith et al. 2008a, b). Most E-ring par-
ticles measured by CDA appear to contain a small amount
of sodium, and some are rich in both NaCl and NaHCO3

(Postberg et al. 2009 and Section 21.5.2.5), suggesting an
oceanic provenance. However, the abundances of CO2, CH4,

and perhaps other gas species are too high to originate from
gas dissolved in liquid (Waite et al. 2009), and subsurface
clathrates have been suggested as a source for these species
(Kieffer et al. 2006).

The compositional measurements from Enceladus have so
far been interpreted in two contexts: as a constraint on its
present-day ocean chemistry, and as a constraint on Ence-
ladus’ early thermal evolution. Calculations of the water-rock
chemistry occurring over Enceladus’ lifetime suggest that its
present ocean should include significant Na-Cl-HCO3 (Zolo-
tov 2007), consistent with the CDA measurements of E-ring
particle composition.

Because nitrogen is likely delivered to Enceladus from the
solar nebula in the form of NH3 clathrate within ice grains
during its accretion (Mousis et al. 2002, Lunine and Gautier
2004), the conversion from ammonia to molecular nitrogen
(if present) likely occurs within Enceladus itself (Matson
et al. 2007, Glein et al. 2008). Matson et al. (2007) sug-
gest that N2 is formed from NH3 by thermal decomposition,
which requires high temperatures (!500–800 K) within the
silicate core, and further suggest that the satellite’s interior
had been heated to these temperatures by a combination of
short-lived radioisotopes (SLRI’s, such as 26Al and 60Fe) and
tidal heat early in its history. Glein et al. (2008) favor a differ-
ent evolutionary pathway for nitrogen, in which the NH3 to
N2 conversion occurs within hydrothermal systems created
during an early phase of core volcanism driven by SLRI’s.

The apparent presence in the plume of 40Ar, which origi-
nates from radioactive decay in Enceladus’ silicate fraction,
is also likely to constrain the interior evolution of Enceladus
(Waite et al. 2009).

It should also be noted that if the current plume gas pro-
duction rate of about 200 kg s!1 has been maintained over
the age of the solar system, Enceladus would have lost
about 20% of its mass and 40% of its water, with dras-
tic consequences for its chemical and physical evolution
(Kargel 2006), including a loss of volatile elements and a
major reduction in radius.

21.2.4 Heat Production and Tides

Observations of the south polar heat flow anomaly place di-
rect constraints on heat production within Enceladus. The ob-
served heat flow is at least 5:8˙1:9 GW (Spencer et al. 2006),
and is likely to be higher, because published observations
are insensitive to heat radiated at temperatures below about
85 K. The observed power significantly exceeds the expected
radiogenic contribution of !0:3 GW (Porco et al. 2006,
Schubert et al. 2007), suggesting that the bulk of the energy
is derived from tidal dissipation (cf. Squyres et al. 1983,

A more important shift ? 

Southward ? 

Northward ? 



COM/COF shift 

Center of mass shift with SAT317 
ephemeris: 

X =  -73 m  ±  159 m 
Y = -120 m ±  171 m  
Z = - 5 m    ±  132 m   

Center of mass shift with SAT351 
ephemeris: 

X =  -345 m ±  155 m 
Y =  -276m  ±  170 m  
Z =  -136m  ±  133 m   

Enceladus: 
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Don’t be.. 

-  Collins and Goodman (2007) explained 
the observed south polar depression by 
Isostasy. 
-  Isostasy causes mass compensation 
within Enceladus’ interior. 
-  Center of Mass is back again at the center 
of figure and no shift is observed 

Collins & Goodman 2007 



Why Isostasy did not take effect on Mimas ? 

Since tidal heating is way more 
important on Enceladus than on Mimas.  
trelax(Enceladus) < trelax(Mimas)  

And since Enceladus is older than 
Mimas. This latter, did not have enough 
time to relax and Isostasy did take effect 
on Mimas. 



Summary 

•  We used astrometry to study the internal structure 
of Mimas and Enceladus. 

•  On Mimas we have detected a shift of the center of 
mass of about 800 meters in positive (X,Z) 
direction. Possible asymmetry in Mimas’ core (closer 
to Charnoz et al. model). 

•  No shift in center of mass has been detected on 
Enceladus. Strong dissipation on Enceladus causes 
Isostasy in its interior, therefore mass compensation 

•  Next step: Fit NOE dynamical model to these 
observations adding the center of mass shift in the 
model. 


