
Present Understanding of Comet 
Nucleus Physical and Chemical

Composition

Keck Study – Comet – June 5, 2017

Murthy S. Gudipati
Jet Propulsion Laboratory, California Institute of Technology, 

Pasadena, CA 91109



2

Outline

Comet – Physical Composition

Comet - Chemical Composition

Comet – History
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Comet – Physical Composition

Physical Composition of Comets
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Comet Physical Composition

Gas (Volatiles, now Super Volatiles)

Dust (Silicate Grains)

Water (in the form of Ice – major component)

The Elephant in the Room: How these three 
components are put together in a comet’s nucleus?
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Porosity

Dust/Ice = 0.4 – 2.6
Porosity = 75 -85% 

Science, 349, aab0639, 2015

Dust = Carbonaceous Chondrites 
(high percentages of water & organics; silicates, 

oxides, sulfides, olivine, serpentine, etc.)

Enrichment of Dust
Regions and vice versa?
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Density

Icarus 277 (2016) 257–278

Density = 532 ± 7 kg m−3

Crystalline water-ice = 920 kg m−3

Amorphous water-ice = ~500 - 800 kg m−3

Carbonaceous chondrites = ~3 to 3.7 kg m−3



7

Thermal Inertia

Science, 349, aab0464, 2015

Thermal Inertia:85±35 J m-2K-1s-1/2

Thermal gradient?
How Deep to reach <30 K?
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Surface

Science, 349, aaa9816, 2015

~20 cm granular (soft)
Below hard crust

How thick is the crust – cm range or m range?
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Simultaneous UV & IR Absorption + Fluorescence
Pyrene in H2O Ice 

UV - PAH

Flu - PAH

IR - Ice

Lignell & Gudipati 
J. Phys. Chem A. 
119 (2015) 2607 
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Are Comets Like Deep Fried Ice  Cream?

Lignell & Gudipati J. Phys. Chem A. 119 (2015) 2607 

Comet CG/67P

~0.1 m
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Comet – Chemical Composition

Chemical Composition of Comets
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Composition of Interstellar Medium

At 1 atm. ~3 x 1019 molecules / cm3
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Interstellar Ice Grains: Loaded with Organics 

Dense Molecular Clouds 
(The Eagle Nebulae)

Star-forming Regions / 
Protostars

Amorphous Interstellar Ices
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Connecting Solar System to Interstellar Matter 

Interstellar Ices 
are

Amorphous
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Ices in the Star-forming Regions

Ewine van Dishoeck, Annu. Rev. Astron. Astrophys. 42, 119-167, 2004

1000 
AU

1K AU         1M AU
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Late Heavy Bombardment (LHB)
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Similar Composition: 
Comets and Interstellar Ice Grains 

XC
N
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Comets and Origin of Life
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Earth, Comets & Asteroids, and Life

Humans
Mammals

Plants
Shelly
Invertebrates

Algal
Kingdoms

Macroscopic
Eukaryotes

Cyanobacteria

Bacteria

Origin of Crust
    and Core

Precambrian
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32

1

Billions of Years Ago

Earth's
Biogeologic
ClockOrigin of

Earth

          D. Des Marais
NASA, Ames Research Ctr.

Late Heavy 
Bombardment
(LHB)
Lunar Cataclysm

Water & Organic Matter delivered to Earth by Comets/Asteroids ~4 Billion Years Ago
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The Origin(s) of Life – Role of Comets

Did	Organics	Survive	Comet	Entry	and	Impacts	on	Earth?		
Do	we	fully	understand	Comets?	(Deep	Impact,	Epoxi,	Rosetta)
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Laboratory Simulations

Complex Organic Molecules are made in 
very cold Interstellar Ices.

The Interstellar Ices evolve into large icy 
chunks in the Kuiper Belt and Oort Cloud 

– The Birthplaces of Comets.

Thanks to Laboratory Experimental Research 
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Interstellar Ice Grains:

Interstellar	ice	grains	(a	few	microns	size)	are	made	of	sand	coated	with	ice	
containing	organic	matter.	The	building	blocks	of	life	such	as	amino	aids	and	

quinones	are	made	and	stored	in	these	grains	that	later	form	comets.

The	Primordial	Matter
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Prebiotic Chemistry in Interstellar Ice Analogs

Dworkin et al. Proc. Nat. Acad. Sci. 98, 815 (2001); Bernstein et al. Nature 416, 401 
(2002); Muñoz-Caro et al. Nature 416, 403 (2002)

Amino Acids from VUV-Irradiated 
NASA Ames Group (H2O:CH3OH:NH3:HCN = 20:2:1:1)
Leiden Group (H2O:CH3OH:NH3:CO:CO2 = 2:1:1:1:1)

Laser Desorbed 
Mass Spectra

Micelles from VUV-Irradiated 
H2O:CH3OH:CO:NH3 Ice Residue 
(100:50:1:1) [NASA Ames Group]
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The Missing Link

Photons/Electrons
Cosmic Rays
Debris/Collisions

Temperature

Raw Material
H2O, NH3, CH3OH, CO

Building Blocks
Atoms, Radicals & Ions

Biomolecules
Amino Acids etc.

Cryogenic 
Cosmic Ices

Radicals, 
Ions, 

Electrons, & 
Molecules

Amino Acids,
Micelles, etc.

Photons/Electrons
Cosmic Rays
Debris/Collisions

Temperature
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Extrac'on*
X
Y
Einzel*Lens*

Liner*

Flight*Tube*!*to*Detector*

IR*Laser*
UV*Laser*

Understanding	Prebiotic	Chemistry	in	Comets

Understanding	intricate	
details	of	how	biomolecules	

could	have	evolved	or	
degraded	in Interstellar	Ices	
(Origin	of	Life),	Comets,	and	

on	other	Solar	System	
Bodies.

At Murthy’s Ice Spectroscopy Lab (ISL) @ JPL
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Controlled
Temperature	5	K	– 200	K
(relevant	for	various	Solar	

System	Ices)

Identification	of	atoms	and	
molecules	produced	at	various	ice	
temperatures	and	radiation	does

Interstellar	&	cometary	ice	chemistry

Evolution	of	prebiotic	molecules

Snapshot

Mass Selection

TOF-MS

QMS

Isolation
&

Analysis

Snapshots of Prebiotic Chemistry in Comets

M+3856
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Oxygenation of Organics in Ices under Radiation 

Even under coldest interstellar conditions

2S-LAIMS	Spectrum

Gudipati & Yang ApJL 756, L24, 2012



28

New Chemical Pathways (Brewing) in Ice

Solar	Radiation	
(Light,	electrons,	
and	ions)	and	
Galactic	Cosmic	

Rays	(electrons	and	
ions)	carry	

sufficient	energy	to	
cause	physical	and		
chemical	changes	
in	ices	even	at
10	K.

Individual	particle	
(photon)	energy	
and	the	flux	
determine	the	

equilibrium	state	of	
these	ices.
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Realistic Cometary/Interstellar Ice Analogs

Henderson and Gudipati ApJ - 800:66 (17pp), 2015

Snapshots/Scooping the Evolution of Astrophysical Ice Analogs
Cometary Ice 

Analogs
Produce Key 

Building Blocks
Of Life upon

Radiation 
Processing

Abundant Products
m/z 43: H3CCO?
m/z 29: HCO 
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Molecules found in interstellar ice analogs 

NH3 less reactive than CH3OH under radiation
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A Comet’s Nucleus – What is it?
Amorphous, Crystalline, or Crystalline with Clathrates?
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Cometary and Interstellar Ices: Composition

Helen Fraser’s neutron diffraction studies: amorphous ices are porous indeed!
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Macroscopic Amorphous Ices in the Lab:
Simulating Interstellar & Comet Ices

150 K Deposition 5 K Deposition
(Crystalline) (Amorphous)
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Amorphous to Crystalline – Exothermic?

Robert Wagner and Murthy Gudipti (2013) to be published

Impurities may 
change 

exothermic to 
endothermic 

(amorphous to 
crystalline) 
transition 
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How Primitive is a Comet’s Interior?

~0.1 m

30 K – 50 K

Mastrapa, Grundy, Gudipati (Solar System Ices 2013)
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My Hypothesis
Everything is done in interstellar ices and preserved in a 
comet’s nucleus – yes – a comet’s nucleus is primitive.

Fractal Growth

30 K – 50 K

10 K
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Outstanding Questions

Surface: Hard Shell – how thick?
Interior: When do we hit the coldest temp?
Interior: Separated gas/dust/ice aggregation?
Interior: Interstellar ice grain retained?
Protoplanetary: Disassemble/Reassemble?
Protoplanetary: Amorphous/Crystalline/Clathrates?
Protoplanetary: How the material is exchanged?
Protoplanetary: Ice grains to Cometesimals – how?


