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     Tholins as coloring agents on planetary surfaces: 
Many Solar System bodies exhibit colors in the visible 
spectral region that range from yellow to red to brown.  
From color alone, and in the absence of diagnostic 
spectral bands, the composition of the chromophore(s) 
cannot be unequivocally determined, and many candi-
date materials have no strong absorption bands at 
λ<3μm wavelength.  Some minerals are naturally col-
ored, and others acquire color by space weathering 
processes that abstract iron from Fe- and Ni-bearing 
minerals and deposit nanometer-size blebs on regolith 
grains [1].  In cases of icy surfaces, the red or brown 
colors are interpreted as refractory complex organic 
solids synthesized by the photolysis or radiolysis of 
carbon-bearing components, particularly CH4 ice [2,3].   
In laboratory simulations of astrophysical settings, 
these complex organics are called refractory residues 
[4,5], while those synthesized in simulations of plane-
tary environments are called tholins.  In terms of com-
position, chemical structure, and origin, the definition 
of tholins is broadly encompassing .  The colors of the 
Kuiper Belt object Ultima Thule (UT) emerging from 
a preliminary analysis of data returned from the New 
Horizons spacecraft within a few days of the flyby 
event of January 1, 2019, are described in [6,7] and 
compared with comets.  Both of these investigations 
note that when all the data are available for analysis, 
the explanation for the red color UT will probably re-
quire a coloring agent in the form of a tholin made in 
simulated planetary conditions in the laboratory (see 
[8]). 
     Tholins are relevant both to atmospheres and sur-
faces of planetary bodies. They are created in the labo-
ratory and are broadly characterized as relatively re-
fractory (i.e., stable at T>100 K) organic complexes 
produced by energetic processing of simpler carbon-
bearing and other molecules in the gas or solid phase.  
Tholins are disordered polymer-like materials made of 
repeating chains of linked subunits and complex com-
binations of functional groups.  Khare et al., [9,10] 
showed that colored particles are made by UV 
photolysis of gaseous CH4 and N2 in simulated Titan 
atmosphere conditions.  While the complex refractive 
indices of this "Titan tholin" published by Khare et al. 
[11] have been used in modeling spectra of the sur-

faces of many planetary bodies, the analytical tech-
niques available in the laboratory at the time the tholin 
was synthesized were insufficient to reveal the full 
details of its complex structure (e.g., [9]).  A more 
complete structural analysis of Titan tholins made over 
a range of gas pressures relevant to Titan's atmosphere 
showed that the quantity and size of aromatic ring 
compounds increases with decreasing pressure, and the 
abundance of saturated C-H bonds is less at low pres-
sures, with a concomitant increase in N-H bonds 
[12,8].  Additionally, the C/N ratio is greater at high 
pressure because N is incorporated into the tholin less 
efficiently.  Tholins formed at low gas pressures have 
clusters of N-substituted polycyclic aromatic com-
pounds connected by C- and N- branched networks.  
The pressure also affects the degree of N-substitution 
in both aromatic and aliphatic structures.  In terms of 
color, tholin films formed at low pressure show 
stronger UV/Vis absorptions and are reddish-brown, in 
contrast to yellow-colored tholins formed at higher 
pressure.  The efficacy of using gas-phase tholins to 
model solid surfaces can be questioned, but the ab-
sence of optical constants for tholins made in condi-
tions considered more appropriate has resulted in their 
use as the best available data.  In addition, complex 
organics occurring as a component (together with min-
erals and ices) of the bulk composition of Kuiper Belt 
objects may reflect formation in a gas-rich environ-
ment in the nascent solar nebula.  In terms of modeling 
planetary surfaces, we note that the particular radiative 
transfer model in which the optical constants of tholins 
are used can be a major factor in the interpretation of 
the results, because values for the derived relative con-
centrations, particle sizes and other parameters vary 
significantly [13]. 
     Tholins that appear to be more directly related to 
the surfaces of planetary bodies that are mostly or en-
tirely ice-covered and have extremely tenuous atmos-
pheres (e.g., Pluto) or no atmosphere (e.g., Charon) 
can be synthesized in the laboratory by the energetic 
processing of ices of various compositions.  Early ice 
experiments [3] produced tholins containing carbox-
ylic acids, urea, HCN and other nitriles, alcohols, ke-
tones, aldehydes, and amines, with other unidentified 
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materials of high molecular weight (several hundred 
Da).  Corresponding experiments related to Pluto used 
UV and kilovolt electron irradiation to produce refrac-
tory residues in an ice mix of N2, CH4, and CO 
[14,15].  Those experiments showed that the degree of 
N substitution in both aromatic and aliphatic structures 
was significantly greater in the e- radiolysis runs than 
those photolyzed by UV, because the electrons were 
more efficient in breaking the N≡N bond.  The color, 
composition, and molecular structural properties of the 
radiolytic tholin in [15] were expanded upon in [16] 
(Fig. 1) 
     Preliminary results suggest that both the albedo and 
the color of UT are relatively uniform across the sur-
faces of the two near-spherical components, with the 
notable exception of the neck region where they are in 
contact.  In that zone the albedo is higher and the color 
is less red than elsewhere, possibly as a consequence 
of small particle size and downhill movement of mate-
rial.  Although the bulk composition of UT is expected 
to include fine-grained mineral material, it is likely 
that the dominant components are ices, with H2O being 
the most abundant.  Additional native ices are expected 
to include CH4, NH3, and possibly the more volatile 
CO, and N2, all of which are likely components of the 
early solar nebula.  CH4 and other hydrocarbons are 
most amenable to photolytic and radiolytic alteration 
to refractory complex organics, and in most laboratory 
tholin synthesis experiments is the principal C-bearing 
component.  
     The observed composition of comets may reflect 
the bulk composition of UT, although with much of 
the comets' volatile inventories evaporated away by 
passage(s) through the inner Solar System (see [17]).  
New insight into the composition of refractory organic 
complexes that occur in comets comes from the 
Rosetta investigation of comet 67P/Churyumov-
Gerasimenko, both from remote sensing observations 
of the nucleus from close range [18] and from the in 
situ analysis of solid particles ejected from the nucleus 
and collected by the spacecraft [20].  The low albedo 
of the nucleus of 67P results from a mixture of a dark 
refractory polyaromatic carbonaceous component 
(consistent with the broad definition of tholin) and 
opaque minerals thought to be iron sulfides and Fe-Ni 
alloys [18].  Particles ejected from the nucleus and 
analyzed on the spacecraft are consistent with the re-
mote sensing data with nearly equal fractions by 
weight of organic matter and anhydrous mineral 
phases [19].  While the low albedo of the comet's nu-
cleus is accounted for in this mixture, the ultra red 
color in the visible spectral region is not.   
     The color of UT will be fully evaluated when the 
complete data set is available, and detailed compari-
sons can be made with other Kuiper Belt objects, 

planetary satellites, and comets, and the role of tholins 
can be modeled.  See Fig. 2. 
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Figure 1.  Natural color and texture of Pluto ice tholin 
from [15], made by electron radiolysis of an ice mix-
ture of N2:CH4:CO (100:1:1).  Striations are scratches 
in Al foil substrate on which the ice was deposited.  
Scale bar 1 mm. 
 

 
Figure 2. Ultima Thule from New Horizons. The color 
from a lower resolution Multispectral Visible Imaging 
Camera (MVIC) image was overlaid on a  Long Range 
Reconnaissance Imager (LORRI) image taken on 1 Jan 
2019, 05:01:47 UTC. 
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