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Introduction:  Observations with the Dawn 

spacecraft’s Visible and Infrared mapping spectrome-
ter (VIR) have revealed the presence of aliphatic or-
ganic matter near the Ernutet crater on the dwarf 
planet Ceres with abundance that may be up to 2 
times that of the aliphatic component in carbonaceous 
chondrites [1,2]. These are primarily of aliphatic na-
ture, with probably ≤20-30 wt.% oxygen functions [2] 
and high abundance of methyl groups [2]. Mineralog-
ical relations suggest these organic compounds origi-
nated within Ceres [1,2], while their geologic context 
is associated with small impacts [3,4]. Furthermore, 
combined observations from VIR and Dawn’s gamma 
ray and neutron detector (GRaND) are consistent with 
the presence of possibly up to 20 wt.% of carbon in 
the first meter of Ceres’ regolith [5,6,7]. This suggests 
either that (a) Ceres accreted more organic-rich com-
pounds than CI chondrites, (b) a large amount of or-
ganic matter was produced from accreted CO/CO2 

inside Ceres during hydrothermal alteration, and/or 
(c) organics concentrated in Ceres’ subsurface [2].   

Key questions arising from these and other Dawn 
observations and relevant to other water-rich bodies 
are: What are the sources of carbon and organic com-
pounds in Ceres? What are the fates of (semi-) vola-
tile carbon- and nitrogen-bearing compounds accreted 
from the solar nebula? What is the fraction and which 
types of organics formed in situ vs. accreted (pristine 
or internally processed)? What is the fate of organic 
matter during internal differentiation? Is organic mat-
ter involved in geological activity over the long term? 

We address these questions and suggest that the 
abundant organic matter found in Ceres’ shallow sub-
surface could be concentrated as part of the density- 
and strength-driven differentiation event that led to 
Ceres’ partially differentiated interior [8].  

Geophysical Context: Constraints derived from 
topography and gravity data obtained by the Dawn 
mission indicate Ceres is layered with a ~40-km thick 
volatile-rich crust overlying a rocky mantle starting 
about 40 km deep [8,9]. The presence of material of 
oceanic origin at many sites across Ceres’ surface 
points to the presence of a global ocean in Ceres’ in-
terior at some point in its history [10,11]. The period 
during which a large volume of water could remain 

inside Ceres is debated. Pre-Dawn studies computed a 
freezing timescale of a few 100 My, except for the 
presence of a small fraction of brines [12,13]. The 
recent mudball model instead suggests that slow con-
vection in a muddy ocean could help preserve liquid 
water until the present [14]. These scenarios offer 
opportunities not just for differentiation of the volatile 
phases from the rocky material, but also the fractiona-
tion of organics. Lastly, the crust has an average den-
sity of 1.3 g/cm3 [8] but likely contains macroporosity 
toward the surface [9].  

Origin of Organics in Ceres: A wide array of or-
ganic compounds have been found in carbonaceous 
chondrites [15], most of which originated from the 
interstellar medium and/or solar nebula with a frac-
tion probably formed in situ in the early hydrothermal 
conditions hosted by these bodies [16]. Hence, it is 
also expected that Ceres inherited a large fraction of 
its organics from planetesimals and the solar nebula 
itself. In the case of large bodies hosting water ice 
turned into fluids for extended periods of time, la-
boratory experiments show that new organics species 
should easily form in conditions similar to those in-
ferred at Ceres [16]. Organics could also form from 
reduction of carbon-bearing, volatile building blocks 
[4]. This possibility is contingent upon a number of 
factors. First, there is competition for the use of ac-
creted CO/CO2 with the production of carbonates and 
clathrate hydrates. The latter are suspected to repre-
sent an important fraction of Ceres’ crust with im-
portant implications for removing carbon from the 
system and influencing Ceres’ oceanic environment. 
Alternatively, the use of CO/CO2 for Fischer-Tropsch 
type reactions is sluggish compared to carbonate for-
mation in Ceres’ early ocean conditions [17]. The 
access to catalysts (such as iron-bearing minerals) for 
this latter reaction in the open ocean is uncertain but 
is likely in mud accumulating at depth (similar to 
terrestrial environments [17]).   

Behavior of Organics: Organic molecules display 
a very broad range of thermophysical properties that 
depend both on their family type and on the length of 
the carbon chain (Figure 1). Densities range from 
~0.5 to ~2 g/cm3. Viscosity and melting point are 
roughly correlated with density, i.e., low-density or-
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ganics could be liquid at the temperatures expected in 
Ceres’ crust and most volatile if exposed on Ceres’ 
surface, which can be as warm as 235 K [18]. Studies 
of carbonaceous chondrites indicate that soluble or-
ganic matter tends to be associated with phyllosili-
cates [19]. This may indicate that in Ceres, the solu-
ble organic matter would preferentially concentrate in 
the muddy/rocky mantle whereas more insoluble or-
ganic matter would preferentially remain in the ocean 
and become trapped in the crust upon freezing (poten-
tially in brine pockets).  

 
Figure 1. Thermophysical properties of a wide range 
of organics found in carbonaceous chondrites [20].  
 

Proposed Organic Matter Emplacement Sce-
nario: Two emplacement scenarios can be envisioned 
for the organics found at Ernutet crater and more gen-
erally in the shallow regolith. First, organics that ac-
cumulated in the crust upon differentiation could be 
exposed via impact-produced erosion of the crust over 
the long term [4,21]. Also, many organic compounds 
stored at depth, in the muddy ocean or in remnant 
brines would be low viscosity and buoyant and could 
migrate to the surface, perhaps taking advantage of 
conduits formed by macroporosity, perhaps as part of 
brine-driven volcanism [22] or gas escape for the 
most volatile species. In the shallow subsurface, ma-
terial transfer is likely limited by its increasing vis-
cosity with decreasing temperature and possibly also 
as the density of the background decreases with in-
creasing porosity toward the surface. Hence the phys-
ical properties of the crust may act as a filter where 
low-density organics preferentially make it to the sur-
face. Organic matter fractionation based on density 
and temperature gradients is akin to liquid chromatog-
raphy and has been proposed for Titan [23].  

Implications of Organic Matter Fractionation 
for Ceres and Ocean Worlds: A scenario where cer-
tain organic species preferentially sink with the rock 
or are fractionated based on their nature and their rel-

ative densities and viscosities carries important impli-
cations for the search of biosignatures on ocean 
worlds. Organics on the surface might be filtered in a 
way that renders bio signatures undetectable. Many 
long-chain organic compounds have densities >1.3 
g/cm3 and might not reach the surface in the case of 
passive differentiation and exposure, as in the case of 
the Ernutet region. Active transport of material, either 
via oceanic intrusion in fractures (Europa [24]) or 
plumes sampling the ocean (Enceladus [25]) are, in 
general, more likely to represent the bulk composition 
of the ocean. However, certain soluble organic com-
pounds might be underrepresented. Moreover, in the 
case of Ceres, the most volatile compounds that made 
it to the surface eventually were lost to space.   

Convection in a muddy ocean suggested in the 
case of mid-sized water-rich bodies (Ceres, Pluto, 
Enceladus) might offer a long-term medium for or-
ganic chemistry and complexification of organic 
compounds. An implication of the concentration of 
organics in the shallow subsurface is that the produc-
tion of local melt reservoirs by impacts [26] could 
offer transient liquid reservoirs hosting additional 
chemical processing [10].  
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