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Introduction:  After hydrogen, oxygen is the most 
ubiquitous of all the chemical elements  in the cosmos 
that are essential to life on Earth. However, the abund-
ance  and  distribution  of  O  in  the  environments  that 
give birth to new stars and planetary systems are poorly 
constrained and hotly debated quantities. Observations 
provide a robust inventory of O uptake into ices and 
silicate  dust  in  molecular  clouds  [1,  2].  The  corres-
ponding inventory of important O-bearing species ob-
served in the gas phase, such as CO, H2O and O2, ap-
pears insufficient to account for the elemental oxygen 
not  tied  up  in  dust  and  ices,  even  in  regions  dense 
enough for atomic O to be converted entirely into mo-
lecules on timescales short compared with cloud life-
times [3, 4, 5]. The existence of a missing reservoir of 
oxygen is implied.

The Interstellar  Oxygen Crisis: The  interstellar 
medium (ISM) is a dynamic ecosystem in which matter 
cycles between tenuous inter-cloud gas and the relat-
ively dense molecular clouds in which stars and planet-
ary systems are born. An important goal is to develop 
an integrated model that explains the distribution of O 
and other key elements over all relevant environments 
in the ISM and traces  their  evolution toward greater 
molecular  complexity.  Outside  of  molecular  clouds, 
where interstellar matter is exposed to harsh conditions 
(UV  radiation  and  shocks)  that  sublimate  volatiles, 
much of the O is expected to be in the form of atomic 
gas, with only relatively robust materials such as silic-
ates able to retain it in solid form. One method astro-
nomers use to study the dust in such regions is to meas-
ure the “depletions” of atomic O and other  elements 
from gas into the surfaces of the dust grains as a func-
tion  of  environment.  Recent  work  by  Jenkins  [6] 
demonstrates that O is being removed from the inter-
stellar gas at a rate that increases with density and far 
exceeds that at which it can be incorporated into silic-
ates  and  other  O-bearing  minerals.  This  finding  has 
caused something of a crisis  in our understanding of 
the nature of interstellar dust. The aim of the work de-
scribed here is to link these new results for the diffuse 
ISM  to  observations  of  dense  molecular  clouds  that 
give birth to new stars.

Overview  of  Known  Reservoirs:  Figure  1 
presents  a  schematic  overview of  the  distribution  of 
elemental oxygen between major reservoirs in the ISM. 
This plot integrates the results of spectroscopy collec-

ted over a wide span of wavelengths, from the satellite 
ultraviolet  (gaseous  atoms)  to  the  infrared  (ices  and 
silicates)  and the millimeter-wave radio  (CO gas).  It 
also integrates data for vastly different environments: 
note the logarithmic scale for the density, expressed in 
terms of H atoms per cm3 on the abscissa, with a range 
of over 5 orders of magnitude. The range of the ordin-
ate is set to the standard reference abundance of oxy-
gen (575  parts  per  million relative to  hydrogen [7]). 
The dotted part of the diagonal curve is an extrapola-
tion of the data for oxygen depletion in the diffuse ISM 
to densities higher than those sampled by the relevant 
observations.

Fig. 1: Schematic of the oxygen abundance relative to 
mean number density of hydrogen (see text).

In summary, Figure 1 illustrates the existence of a 
major discrepancy, extending over a wide range of in-
terstellar environments, between the uptake of atomic 
O into known primary reservoirs (silicates,  metal ox-
ides, ices, gaseous CO) and the observed rate of deple-
tion from the gas with respect to density. The implica-
tion  is  that  O  is  being  sequestered  into  some  other 
form, referred to as “unidentified depleted oxygen”. 

Discussion: A number  of  possible  identifications 
for the missing oxygen have been suggested [6, 8] but 
none are entirely convincing. Only three elements, H, 
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C, and of course O itself, are abundant enough to com-
bine with atomic O in quantities sufficient  to have a 
major impact on its dominant chemical form. Molecu-
lar oxygen (O2) seems unlikely to be the answer be-
cause it is rapidly dissociated in tenuous inter-cloud re-
gions, and existing observations suggest that it is not a 
major reservoir even in molecular clouds [5]. Similar 
arguments apply to H2O in the gas phase, and its con-
tribution to the solid phase is well documented (Fig.1). 
Another possibility for H-bonded oxygen is hydration 
in silicates,  but  again the available  data  suggest  that 
this can account for no more than a tiny fraction of the 
total O abundance [8]. 

The  remaining  possibility  is  that  O  is  being  se-
questered into carbonaceous matter. The nature of the 
carbonaceous component of interstellar dust has been a 
controversial topic over the years. Current models [9, 
10]  favor  a  mix  of  graphitic  or  amorphous  carbon 
grains and polycyclic  aromatic  hydrocarbons with an 
appropriate distribution of sizes; together with silicates, 
these  particles  are  capable  of  explaining  the  optical 
properties  of  the dust  (extinction,  polarization,  emis-
sion) over the entire observed spectral range from the 
ultraviolet  to  the  far  infrared.  However,  alternative 
models  postulate  a  major  organic  component  of  the 
dust  [11,  12]  composed primarily of refractory kero-
gen-like  matter  with significant  oxygen  content.  The 
existence of organic refractory matter is supported by 
laboratory experiments that demonstrate synthesis as a 
residue formed by energetic processing of ices under 
simulated  interstellar  conditions.  Such  products  are 
likely to have contributed to the organic inventories of 
primitive bodies such as comets and asteroids  in the 
Solar System, and it is notable that samples of comet-
ary dust  returned by the Stardust  mission contain re-
fractory organics [13] with O/C ratios as high as 0.5, 
sufficient to account for the missing oxygen.

Spectroscopy provides an observational test for the 
proposal  that  O-bearing organics  are,  indeed,  an im-
portant constituent of interstellar dust and sufficiently 
abundant  to  resolve the missing oxygen paradox.  Of 
the various features seen in laboratory analogs [11], the 
C=O carbonyl feature centered at 5.85 µm is the most 
diagnostic.  Existing observations appear  to be incon-
sistent with a major reservoir of oxygen existing in this 
form [14], but the available data are not of ideal quality 
and they sample a very limited range of relevant envir-
onments  [8].  Further  observations  are   needed  to 
provide a definitive test. 

Conclusion:  It  will  be important  in the future to 
obtain spectra of the highest quality for stars in lines of 
sight that sample interstellar dust over a range of envir-
onments,  especially  in  the  waveband  containing  the 
5.85 μm carbonyl feature present in organic refractory 
matter. Both the Stratospheric Observatory for Infrared 
Astronomy and the James Webb Space Telescope will 
carry  instruments  well  matched  to  this  task.  Further 
laboratory work should also be  done  to  measure the 
band strengths of carbonyl  and other vibrational  fea-
tures  in  organic  refractory  residues  produced  over  a 
range of realistic conditions. 
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