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Chapter 1
Introduction: On the Early Evolution
of the Atmosphere of Terrestrial Planets: COST
Action CM#0805

Josep M. Trigo-Rodrı́guez, Christian Muller, Conor Nixon,
and François Raulin

Abstract The early setting and evolution of planetary atmospheres of rocky
planets is a hot, but still immature research topic. A better understanding of the
processes at work at that early epoch in the history of our solar system is certainly
required, particularly at this historical juncture when we are just discovering the first
exoplanets similar to Earth. These new worlds need to be put in their astrophysical
and cosmochemical context, as we understand stars in the Cosmos as physical
entities similar to the Sun, but with different masses, composition, and distinctive
evolutionary stages. Exoplanets discovered so far exhibit large diversity as a direct
consequence of having experienced differing births, evolutionary stages, and being
subjected to stochastic processes in the early stages of their growth and evolution.
To understand what is going on in the first stages of planetary evolution we must
promote interdisciplinary research. That should yield better answers about the role
played in planetary setting and evolution by processes such as accretion, chemical
differentiation, outgassing, impacts, and the different energy fluxes from their host
stars. Our current knowledge regarding the initial atmospheric evolution of the Earth
is scarce. State-of-the-art analyses of primitive meteorites, together with returned

J.M. Trigo-Rodrı́guez (�)
Institute of Space Sciences (CSIC-IEEC), Campus UAB, Facultat de Ciències,
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2 J.M. Trigo-Rodrı́guez et al.

asteroidal and cometary materials will be able to offer us more realistic starting
chemical compositions for the primordial building blocks of terrestrial planets.
Searching for chemical signatures in Earth-like exoplanets could be an interesting
future field of research, and the matches found will provide new points to be
compared with increasingly sophisticated atmospheric models. Then, new evidence
in other worlds can contribute to a better understanding of the transition point from
a hostile to a habitable world. To define the role of N in such context was one of the
main goals to promote this COST CM0805 workshop.

Introduction: The Earliest Setting of Planetary Atmospheres

The origin, and evolution of the atmospheres of terrestrial planets is of crucial
importance to understand many cosmochemical, and astrobiological related issues
(Holland 1962; Kasting 1993, 1997). We asked ourselves if the contents of the
(Lewis and Prinn 1984) book or of the review chapters published in Atreya
et al. (1989) compilation should be revisited in the context of recent computational
capabilities, and geochemical evidence. After several space missions devoted to
gain insight on remote solar system objects we know much more, for exam-
ple, on the composition of comets and primitive meteorites. Also a significant
progress has been made in photochemistry of planetary atmospheres since Yung
and DeMore (1999) book dedicated to that issue. Consequently, we think that
this proceedings book is making a significant contribution to these fields because
different researchers have put all the effort in providing new clues in their respective
fields on aspects scarcely treated in scientific literature. This book provides an
interesting update to different research areas concerning the origins and the early
evolution of planetary atmospheres.

Exoplanet research might provide additional clues for our understanding of the
Earth transition from a hot accretionary phase to become a habitable world. Solar
system planets have evolved with time to the present stage, and we have lost part of
this information during their evolutionary way. Clues on the first stages in planetary
evolution can be obtained from new discoveries around other stars as the exoplanets
can be in different evolutionary stages, and be the product of similar or different
formation processes. Many questions arise in the interpretation of these findings as
e.g.: what is the potential role of N2 in these atmospheres? How complex can be the
organics formed in N-rich planetary environments? What are the processes involved
in this chemical evolution?

In this context, the abundance of N and other volatile elements in planetary
atmospheres can provide highly valuable information about the processes that
brought them to terrestrial planets. N2 is assumed to be a by-product after the
release of NH3 during outgassing, but it can be easily dissociated by EUV solar
radiation in the upper atmosphere. An example of how important is assessing the
depletion mechanisms of chemical species in planetary atmospheres. In any case,
our current knowledge of the initial atmospheric composition of the Earth is scarce
because we still have not identified paleosols older than 3.8 Gyr. Despite this, zircon
grains suggest that liquid water, and probably other volatiles, were present on the
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Earth’s surface about 4.3 Gyr ago, even though we initially imagined our early world
marked by volcanic activity (Valley et al. 2001).

Nitrogen is also one of the atoms of life and its delicate balance with oxygen in
the Earth’s atmosphere conditions the habitability of the surface. Cyanhydric acid,
and nitric oxide, among other N-bearing compounds, could have played roles in
the chemical evolution of early life. The biomarker character of nitrogen containing
molecules in planetary systems was a theme of this meeting. Nitric oxide is also one
of the main elements of the formation of the Earth’s ionosphere and thus contributes,
together with the magnetic field, to the habitability of the planet. These are some of
the main issues that motivate us to organize this workshop.

Book Contributions in These Proceedings

The book starts with a general overview on the origin of N, and the role of Solar
System minor bodies in the delivery of volatiles to Earth. This review chapter is
written by Trigo-Rodrı́guez (2013). Oxygen isotopic data is particularly suggestive
that enstatite and ordinary chondrites were the main primordial building blocks of
the Earth (Wasson 2000). Such meteorites host several orders of magnitude less
abundance in volatiles than those contained in some water-rich asteroids and comets.
Does this suggest that the atmospheres of N-rich planetary bodies like Earth and
Titan are the consequence of post-accretional delivery of volatile-rich bodies as
predicted by recent models of the migration of giant planets?

Probably existed different pathways for massive delivery of N at early times. N-
rich planetary atmospheres like Earth and Titan are consequence of the continuous
delivery of volatiles along their evolutionary histories. Our current scenario for the
delivery of volatiles is quite different from the envisioned by Chyba et al. (1990)
and Chyba and Sagan (1992) as a byproduct of more complete, but still naı̈ve,
understanding of the bulk chemistry of undifferentiated asteroids and comets:
authentic planetary building survivors.

The following chapter by Delgado-Bonal and Martı́n Torres (2013) deals with
the abiotic sources of nitrogen fixation in early Earth, and their role in triggering
a selection pressure favoring the evolution of nitrogenase and an increase in the
nitrogen fixation rate. They introduce a mathematic method to analyze the amount
of fixed nitrogen, both biotic and abiotic, through Earth’s history.

In the field of exoplanets this book compiles very relevant contributions. Lammer
et al. (2013) discuss the stability of Earth-like N2-rich atmospheres and the main
implications that such gaseous environments have for atmospheric, and planetary
evolution and habitability. Evidence for such type of atmospheres in recently
discovered exoplanets is discussed. Miguel and Kaltenegger (2013) introduce the
reader into the fascinating topic of the new exoplanets called as super-Earths. These
are planets with less than ten Earth masses that are very close to the Sun, that are
unknown in our Solar System. A general review of the nitrogen chemistry in hot
Jupiters atmosphere is given in the chapter by Venot et al. (2013).
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It is usually considered that the earliest atmosphere of the Earth was produced by
mantle outgassing, but it seems obvious that impacts participated in its evolution,
as discussed in the Trigo-Rodrı́guez and Martı́n-Torres (2013) chapter. Impacts
delivered water and organic compounds to a world mostly formed by anhydrous
building blocks and even promoted catalytic reactions in the atmospheres of
rocky planets. The authors invoke the need to accurately evaluate endogenous and
exogenous sources of volatiles according to the geological and lunar evidence. They
also discuss how laboratory experiments could be crucial to explain the evolution of
the terrestrial atmosphere in that period.

Muller (2013) chapter deals with the intriguing presence in the Earth’s atmo-
sphere of N2O. Since the discovery of this compound in 1938, N2O sources and
sinks have been a puzzle. N2O has now been identified as produced by anaerobic
bacteria’s in soils which are sufficiently acid. The chapter also discusses the possible
importance of N2O as a biomarker in the characterization of exoplanet atmospheres.

The book starts a section with several chapters on Titan. The chapter by
Sekine (2013) reviews pre- and post-Cassini-Huygens theories for the formation
of a N2 atmosphere in Titan. Before the arrival of Cassini, it was considered that
Titan’s N2 atmosphere formed as a result of a major differentiation during accretion
and subsequent chemical reactions (such as shock heating and photolysis) in a hot
and prolonged proto-atmosphere, mainly composed of NH3 and CH4. However, the
new gravitational data provided by Cassini has revealed that Titan’s core consists
of a low-density material, suggesting that it remains relatively cold throughout its
history.

Another fascinating result of the Cassini-Huygens (NASA-ESA) mission was
to identify different common features among the atmospheres of Earth and Titan.
An example is the assessment that molecular nitrogen is the major component of
Titan’s dense atmosphere, and is the basis for a very complex chemistry (Nixon
et al. 2013). This chemically inert molecule is activated in the upper atmosphere
by VUV radiations and particle impact ionization, causing its partial dissociation
and ionization. The chapter by Carrasco et al. (2013) describes laboratory analyses
performed with the goal of explaining the way in which nitrogen is retained
in Titan’s organic aerosols. As N2 is a rather chemically inert molecule, the
processes leading to the high nitrogen content of Titan’s aerosols are far from
being understood. Recent laboratory analogues and experimental results are then
presented. Balucani et al. (2013) are discussing N fixation by photochemical
processes in the atmosphere of Titan and the implications for prebiotic chemistry.
Titan upper atmosphere chemistry involving nitrogen active forms and hydrocarbons
is discussed, and the plausible intermediate molecular species that, via addition
reactions, polymerization and copolymerization form the N-rich organic aerosols
are presented.

The Moyano-Cambero et al. (2013) chapter describes the applications of Martian
meteorite studies to assess the atmospheric composition of Mars over time. Most
Martian meteorites have experienced significant shock during the impact that
released them from the red planet, and during the flight through the Martian at-
mosphere some of the gases were retained in the shock-altered glasses. As different
radiogenic systems allow dating such processes, these meteorites can be considered
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as time capsules capable of providing valuable information on the atmospheric
evolution of Mars. Different SNCs were released by impacts at different times,
having then different atmosphere-implantation ages, so in practice we can obtain
clues on the composition of Mars’ atmosphere at different times. Taking this
information into account, they have developed a simple model of the evolution of
Mars’ atmosphere.

Finally, four authors (Moyano-Cambero, Martı́n-Torres, Serrano and Trigo-
Rodrı́guez) contributed to the text by writing the book glossary. This quite ex-
haustive compilation will make general concepts and definitions accessible to
students, and researchers of other areas. It is particularly useful for making this
book understandable to a general reader, one of our main goals after all.

Putting the COST CM#0805 Workshop in Context

The scientific meeting that has led to these proceedings was organized by the
Institute of Space Sciences (CSIC) and the Institut d’Estudis Espacials de Catalunya
(IEEC) with the collaboration of the Scientific Secretariat of the Institute for
Catalan Studies (IEC). Spanish Ministry of Science funded the complementary
action called AYA2011-13250-E that has allowed the publication of this book.
The workshop took place from 21 to 23 September, 2011 in the IEC historical
building located in Carme street 47, nearby the famous Ramblas. A memorable
poster session took place at IEC historical cloister on Wednesday 21st (see Fig. 1.1).

Fig. 1.1 A general view of workshop participants in the IEC historical cloister during the coffee
break preceding the poster session (Alina Hirschman/CSIC-IEEC)
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Fig. 1.2 A group picture of workshop participants in the IEC historical cloister during the coffee
break preceding the poster session (Helmut Lammer/AAS)

All participants agreed that the meeting location was a perfect place to discuss many
interdisciplinary issues concerning the formation and the evolution of planetary
atmospheres. Consequently, this meeting resulted in a rewarding experience for all
participants (Fig. 1.2), most of them granted by an European COST action.

The Proceedings Book

This interdisciplinary book is fruit of a common effort of authors and editors for
promoting research on these disciplines. The book is published with funds received
on 2011 from the Spanish Ministry of Science in a complementary action called
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AYA2011-13250-E. We are all grateful to Spanish government for being sensitive
to our research on the first stages in the evolution of planetary atmospheres.

As editors of this volume we are also especially grateful to all distinguished au-
thors for preparing texts of high quality despite having long peer-review publication
duties ahead in their agendas. We also thank the additional effort made by internal
reviewers to read and correct the book contributions. They deserve all the credit
to produce this comprehensive and enthusiastic book of proceedings that compiles
most of the work presented during the COST CM#0805 workshop of Barcelone.
We sincerely hope that all this common effort is useful for having many readers
keeping the track on this fascinating research area.

Acknowledgements Workshop attendance was financially supported by COST action CM0805.
We also thank the Spanish Ministry of Science for funding this book as part of the complementary
action called AYA2011-13250-E. We are very grateful to the Scientific Secretary of the Institute
for Catalan Studies (IEC), Prof. Ricard Guerrero, who give us access to IEC facilities where the
workshop took place with big success. Finally, the Institute of Space Sciences (CSIC) and the
Institut d’Estudis Espacials de Catalunya (IEEC) provided the needed logistics.
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Chapter 2
Nitrogen in Solar System Minor Bodies:
Delivery Pathways to Primeval Earth

Josep M. Trigo-Rodrı́guez

Abstract Oxygen isotope data point towards enstatite and ordinary chondrites as
presumable building blocks of primordial Earth. Nitrogen was incorporated as ni-
trides to these first building blocks and was outgassed in the early stages of chemical
segregation. However, giant impacts with planetesimals played an important role in
partially eroding the atmosphere of Earth, and promoting thermal escape of diverse
components. As a consequence, the Earth’s atmospheric composition could have
been subjected to important changes along the eons. A last, and probably less
massive, delivery of volatiles took place at the time of a gigantic cataclysm known as
Late Heavy Bombardment. During a short interval roughly between 3.9 and 3.8 Gyr
ago, a gravitational migration inwards of Jupiter and Saturn occurred, that perturbed
hundreds of small bodies rich in water, ammonia, methane and organic compounds
that were stored until then in the outer regions. Current atmospheric signatures
suggest that by that mechanism a continuous shower of outer-disk primordial
components enriched the volatile inventory of terrestrial planets. The relevance of
such contribution is still debated, but significant progress has been made in the
last decades from the study of undifferentiated bodies. Consequently, planetary
scattering of undifferentiated bodies delivered to Earth a significant fraction of
minerals, and light elements that could have played a key role in the volatile
enrichment the terrestrial crust. I suggest some unexplored pathways to allow a
safe delivery of organics to Earth’s surface, following recent evidence on meteoroid
fragmentation, fireball spectra and Antarctic micrometeorite discoveries. Recent
compositional studies of asteroids, comets and meteorites corroborate the need
of having more precise data on the abundance and isotopic ratios of N in these
minor bodies. Future space missions to primitive bodies like Rosetta, OSIRIS-
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Rex, Hayabusa II, or Marco Polo-R could help us to complete the big picture, and
this chapter tries to compile our present knowledge of its delivery to Earth along
the eons.

Introduction: The Sources of Terrestrial Nitrogen

Oxygen isotope ratios demonstrate a distinctive origin of meteorites in different
parent bodies (Alexander et al. 2012). Such evidence points towards a differentiated
accretion of planetary bodies from ring-like populations of building blocks mostly
located at well-constrained solar distances, and then inheriting distinctive O isotope
ratios. Oxygen isotope clues, and bulk chemistry point towards enstatite and
ordinary chondrites as presumable building blocks of primordial Earth (Anders
and Grevesse 1989; Wasson 2000; Lodders 2010). Such components were poor
in volatile elements, but N was probably incorporated as nitrides (Rubin and
Choi 2009). The primordial solar N and O isotopic composition has been inferred
from first condensates (Meibom et al. 2007). This evidence allows the comparison
of different sources of volatile elements, and helps establish plausible pathways for
their delivery to Earth (Marty and Yokochi 2006). It seems likely there was an N-rich
early atmosphere from direct outgassing. Despite this, during the late accretionary
period large impacts eroded significant amounts of the Earth’s volatile inventory. In
this sense, a depletion in N and Xe has been noted with respect to other volatiles
that are in chondritic proportions (Marty 2012). Such depletion could be explained
as a consequence of large impacts producing a thermal escape and affecting the
atmospheric components. In fact, a giant impact probably originated the Moon and
eroded the early atmosphere of Earth (Cameron and Ward 1976).

Urey (1952) treated the origin of planets and their atmospheres in great detail
for his time. Bukvic (1979) and Zahnle et al. (1988) and more recently Schaefer
and Fegley (2007) and Schaefer et al. (2012) have modeled the equilibrium gas
chemistry of an outgassed chondritic-vaporized reducing atmosphere, but several
processes that can take place in the aftermatch of the impacts are scarcely known
(Trigo-Rodrı́guez and Martı́n-Torres 2013). Other authors have an opposite view
where the outgassed vapors (Delano 2001), or the degassed vapors during impacts
(Ahrens et al. 1989) produced oxidizing products (H2O+CO2). It is even possible
that the degassed products varied significantly depending on variability of Earth’s
surface redox properties along the eons (Kasting and Catling 2003). Relative
abundances of bioelements are in Table 2.1.

Current models accounting for the growth of terrestrial planets support the
existence of a gigantic cataclysm over the entire solar system as the cause of the
Late Heavy Bombardment (Gomes et al. 2005). Then, roughly between 3.9 and
3.8 Gyr ago, an inwards migration of Jupiter and Saturn occurred that gravitationally
perturbed hundreds of minor bodies rich in water, ammonia, methane and organic
compounds. That mechanism probably delivered to Earth a significant fraction of
nitrogen and other bioelements currently present in the terrestrial hydrosphere, and
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Table 2.1 Relative abundances of bioelements in the Sun, some Earth reservoirs and simple life
forms (Adapted from Golsmith and Owen 2003))

Element Sun Earth crust Earth’s atmosphere Ocean Microbium

H 91 0.14 < 0.001 11 63
O 0.08 46 21 86 26
C 0.03 0.02 0.04 0.003 6.4
N 0.010 0.002 78 5×10−5 1.4
S 0.002 1.6 < 0.001 0.09 0.06
P 3×10−5 0.11 < 0.001 6×10−6 0.12

Table 2.2 Distinctive N isotopic composition of chondritic meteorites
(According to data compiled by Rubin and Choi (2009)

Chondrite classes δ 15N N location

Enstatite ≈−20 Forming nitrides
Ordinary −5 to 20 In chondrules
Carbonaceous 20–190 Mostly in matrix, and minor in chondrules

biosphere. Recent discoveries in minor bodies emphasize the enriching role of this
late veneer population, and this chapter tries to compile current evidence in this
regard. However, future sample-return missions like e.g. OSIRIS-Rex, Hayabusa
II, or Marco Polo-R could provide a significant breakthrough in our knowledge
(Barucci et al. 2012).

The D/H, and the 15N/14 N Ratios in Transitional Bodies

The most primitive materials arriving to Earth come from undifferentiated comets
and asteroids. A continuous flux of low-strength aggregates associated with
comets are preferentially disrupted in the upper atmosphere (Trigo-Rodrı́guez
and Llorca 2006, 2007; Trigo-Rodrı́guez and Blum 2009a). Some arrive with the
right geometry and velocity to survive as Interplanetary Dust Particles, but most
are ablated and or disaggregated in the upper atmosphere as a consequence of
their aerodynamic deceleration. Stardust studies of comet 81P/Wild 2 demonstrated
that most of the N was present in the micron-sized matrix that was preferentially
sputtered during aerogel capture in the tracks walls (Brownlee et al. 2006). In any
case, in some surviving 81P/Wild 2 particles (e.g. shown by Febo) had matrix
contained 15N hotspots with isotopic signatures typical of the interstellar medium
(Matrajt et al. 2008). This is not so surprising as carbonaceous chondrites also have
distinctive heavy bulk N(20 < δ 15N < 190) that are suggestive of a significant
flux of interstellar materials moving inwards towards the disk regions where these
primitive meteorites accreted. Consistent this picture and with the origin of the
different chondrite classes, the amount of 15N decreased going inwards in the disk
(see Table 2.2).
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Fig. 2.1 A large specimen of the Murchison CM2 chondrite fell in Australia in 1969. The dark
appearance of the matrix is due to its C content. Grey chondrules, and white Ca-Al rich inclusions
(CAIs) are clearly distinguishable even at this naked-eye resolution (This picture made by the
author is from a specimen belonging to the Leonard collection (IGPP/UCLA))

Chondritic meteorites are undifferentiated materials (e.g. non metamorphosed in
large bodies) that comprise carbonaceous, ordinary and enstatite classes that are
subdivided into 15 groups (Weisberg et al. 2006). All chondrites are considered
chemically primitive by the fact that the ratios of their major, non-volatile elements
(Fe, Si, Mg, Al, Ca, etc. . . ) are close to those observed in the Sun (Anders
and Grevesse 1989). It is thought that the different groups formed at different
heliocentric distances, and slightly different times. Consequently, they inherited
important chemical differences from the environment. Among chondrites, the
carbonaceous chondrite (CC) class is thought to be especially pristine (Zolensky
and McSween 1988). Inside CCs, several groups (mainly CI, CM, CO and CRs)
exhibit important water contents and are formed by hydrated or aqueously-altered
minerals (see e.g. Brearley 2006). Other volatile elements, e.g. N, are mainly located
in the fine grained dust (so called matrix) that is cementing these rocks with typical
grain sizes of 1μm or less (see Fig. 2.1).

In summary, the different chondrite classes are basically conglomerates of fine
dust (a mixture of silicates, oxides, metal, sulfides and organic constituents, see
Fig. 2.2), chondrules, and refractory or mafic inclusions (Brearley and Jones 1998).
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Fig. 2.2 A thin section of the Allende CV3 chondrite fell in Mexico in 1969. A barred olivine
chondrule is seen in the center, and a CAI in the bottom-right quadrant. Notice the dark fine-
grained matrix compacting the structure all around (J.M.Trigo/CSIC-IEEC)

The primordial water content in the different groups is difficult to assess, but those
chondrites containing Fe-metal are indicative of being anhydrous in origin. We
also know that many carbonaceous chondrite groups are unprocessed because they
exhibit unequilibrated minerals, and also contain interstellar grains with isotopic
anomalies that survived processing in the solar nebula and accretionary processes
when incorporated to these rocks (Anders and Zinner 1993; Huss et al. 2006; Trigo-
Rodrı́guez and Blum 2009b). Aqueous alteration plays against pristinity as there is
clear evidence that some isotopic ratios (like e.g. D/H) are altered during parent
body aqueous alteration processes (Alexander et al. 2012). Secondary minerals
produced as consequence of aqueous alteration in carbonaceous chondrite parent
bodies suggest that these processes occurred during the first 10 million of years
after the birth of the solar system (Fujiya et al. 2013)

On the other hand, the N abundances and isotopic ratios in comets are poorly
known. A significant achievement was obtained when the PIA mass spectrometer
onboard Giotto (ESA) spacecraft was able to infer the composition of 1P/Halley
dust particles. A big surprise was having most of the particles in the coma formed by
light elements (H, C, N and O), the so-called CHON component (Kissel et al. 1986,
see Fig. 2.3). Despite this, obtaining information about the light component is not
trivial. For example, molecular nitrogen cannot be directly detected by remote
spectroscopic techniques, and the usual inferences regarding N isotopic ratios
are come directly from other species, such as NH3 and HCN (Bockelée-Morvan
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Fig. 2.3 A comparative view of the similitude between the proportions in the CHON elemental
distribution found in comet 1P/Halley and humans

et al. 2004). All these species from which reasonable isotopic information is
extracted are observed in cometary comae (see e.g. review by Rauer 2008). To have
a better idea of the N content in comets we must wait for in situ studies of comets
as precognized (Oró 1961). The Rosetta spacecraft is an ESA mission that plans
to perform accurate studies of the isotopic composition of the CHON component
in comet 67P/Churyumov-Gerasimenko by using Ptolemy: a gas chromatograph
coupled to a mass spectrometer (Morse et al. 2008).

Calculations by Marty and Meibom (2007) suggest that a cometary contribution
capable of fitting the abundances of noble gases is unable to produce more than
∼6 % of the nitrogen inventory in the terrestrial atmosphere. A similar amount
is obtained in the review made by Marty (2012). Obviously we do not know the
exact composition, and neither do we know the nature of the bodies that were able
to reach the Earth during the LHB. Despite this, it is reasonable to consider the
relevance of two still remaining water-rich populations. One is represented by the
recently discovered Main-Belt comets (Hsieh and Jewitt 2006), and the other is
represented by the Jupiter Family Comets that are collisionally generated fragments
of Kuiper Belt Objects or KBOs (Jewitt 2008). In coming decades, we must explore
those transitional objects that could be of interest for understanding this additional
source of water and organics. An example is comet 29P/Schwassmann-Wachmann
1 that is considered the archetype of comets exhibiting outbursts and subsequent
changes in their coma appearance and brightness (Sekanina 1982). This comet is
defined as a Centaur due to its movement along a quasi-circular orbit that crosses
the orbits of giant planets with eccentricity e ∼ 0.044 and semimajor axis a∼ 6AU.
To get new clues on the structure, composition, and physical processes causing
outbursts at these heliocentric distances we have promoted more than a decade
of multiband photometric monitoring (Trigo-Rodrı́guez et al. 2008, 2010). During
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Fig. 2.4 A thin section of GRA95229 from the NASA Antarctic collection that shows several
silicate chondrules and the dark fine-grained matrix compacting the structure (J.M.Trigo/CSIC-
IEEC)

an outburst its nuclear magnitude typically increases by 2 or 5 magnitudes in a
behavior that seems unusual, but that would be typical for primitive objects like
e.g. Centaurs, that evolve from Trans-Neptunian Objects (TNOs) located at the
appropriated heliocentric distances.

Recent studies have identified a population of N-rich chondrites in the CR group
of carbonaceous chondrites like e.g. GRA95229 (Fig. 2.4), suggesting that some
regions in the protoplanetary disk had N-rich environments (Martins et al. 2007;
Martins 2011; Pizzarello and Williams 2012). This enrichment in N and organics
could be explained by gas drag effects that will transport inwards ice-rich bodies
accreted in the trans-Neptunian region. A continuous disruption of such bodies at the
particular time in which CR chondrites accreted could be envisioned as the source of
N. In fact, high-eccentricity TNOs are probably the source of Jupiter Family comets
(Emel’yanenko et al. 2004). Water and ammonia-rich TNO surfaces (covered by
complex ice mixtures) have been found in the TNO population (DeMeo et al. 2010;
Barucci et al. 2010). TNOs exhibiting such ices on their surfaces, could feasibly
have experienced exhalation, perhaps by regular hydrothermal activity.

The contribution of the previously mentioned sources to the Earth’s atmosphere
and hydrosphere could be better explored when we acquire samples from prim-
itive solar system objects. Future progress in modeling large impacts and the
dynamic routes of minor bodies through solar system history could also be crucial
(Kaula 1979; Wetherill 1985). For example, it has been recently demonstrated
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that the cataclysmic impact forming the Moon probably did not completely erode
the atmosphere of the Earth as previously thought (Genda and Abe 2003, 2005:
Newman et al. 1999). This huge impact was probably an inflexion point followed
by less massive impacts that brought volatile-rich materials and released reduced
gases when subjected to subduction. Bukvic (1979) and more recently Schaefer
and Fegley (2007) have modeled the equilibrium gas chemistry of an outgassed
chondritic-vaporized reducing atmosphere, but several processes that can take place
in the aftermath of the impacts are scarcely known. Other authors have an opposite
view where the outgassed vapors (Delano 2001), or the degassed vapors during
impacts (Ahrens et al. 1989) produced oxidizing products (H2O + CO2). Both
scenarios are briefly explored, together with the influence of an enhanced shortwave
solar activity during the early Hadean in Trigo-Rodrı́guez and Martı́n-Torres chapter
(2013).

Ammonia, and Aqueous Alteration in Pristine Transitional
Bodies

The chemical and structural differences observed in the different groups of carbona-
ceous chondrites are suggestive of their accretion in different outer regions of the
protoplanetary disk where a moderate gas pressure and temperature allowed the
ices and organics to remain in solid form. These aggregates formed the matrix in
which the rest of components were accumulating. When the free-floating materials
encountered each other under moderate relative velocities, progressive growth
occurred until completion of the accretionary stage (Blum et al. 2006). Comets and
carbonaceous asteroids were formed in the same way, but with different ice:dust
ratios. As a direct consequence of their origin, the volatile elements were mostly
retained in the fine-grained matrix.

Once the undifferentiated bodies completed their growing, some internal heat
was released from the accreted radionuclides. Of particular interest in our discussion
is the role of hydrostatic compaction in hydrous chondritic asteroids/comets. In
other words, compaction due to the body’s own gravity. In the last decade the idea of
having a continuum of bodies with variable ice:rock ratio has received considerable
support (see e.g. Gounelle 2011). In fact, accretionary models suggest that initial
chondritic building blocks had porosities larger than 60 % (Blum et al. 2006; Trigo-
Rodrı́guez and Blum 2009a). Depending on the ice:rock ratio and the final size of the
body formed, they could have experienced hydrostatic inner pressures of the order
of 0.1–3 MPa (Warren 2011). Under such hydrostatic pressure the water initially
available as ice or as hydrated phases would be released, soaking the body. This type
of aqueous alteration could be consistent with the observed typically static alteration
features in hydrated groups like the CM chondrites (Trigo-Rodrı́guez et al. 2006,
Rubin et al. 2007). Another clear type example are the Fe-rich aureoles found in the
same group by Hanowski and Brearley (2000).
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Significant progress has been made concerning the CM group of carbonaceous
chondrites. The members of this group have experienced aqueous alteration to
different degrees (Rubin et al. 2007). We infer that a large variety of mineral phases
(e.g. phyllosilicates, sulfides, carbonates, oxides, and other poorly characterized
phases or “PCP”) contained in these meteorites were produced via alteration of
primitive materials by the pervasive action of water. The source of this water
is unknown but could include water of hydration in phyllosilicates within the
chondrites (Petaev and Wood 1998) or accreted ice (Stevenson and Lunine 1988).
Parent-body processing like e.g. the produced primordially by radionuclide decay,
or the induced by compaction of the materials due to gravity-sintering or impacts
occurred along the eons caused water to be released from the initial host phases and
produced aqueous alteration of primitive CM materials. Petrographic observations
and the mineralogy of CM matrices are consistent with aqueous alteration at
temperatures <400K (Bunch and Chang 1980). The presence of PCP clumps in
CM matrices and the absence of glassy mesostases in CM chondrules attest to
microscopic-scale aqueous alteration.

The presence of ice could have promoted hydro cryogenic alteration of anhy-
drous material through the action of unfrozen water over long time scales, but
other processes involved soaking some regions of the CM parent body over shorter
time scales. Obviously, an extended period of aqueous alteration would require the
presence of liquid water and would imply a heating mechanism. As a consequence
of heating, water exhalation or convection could be generated on the CM parent
body (Young et al. 2003). The examination of newly discovered CM chondrites
from Antarctica and hot desert regions provides new evidence bearing on the nature
of aqueous alteration on the CM parent asteroid. We examined a suite of CM
chondrites spanning the aqueous alteration sequence and found that one of these
chondrites (MET 01070) contains cm-long, PCP-rich lenses that appears to be a
product of aqueous flow on the parent body (Trigo-Rodrı́guez and Rubin 2006;
Rubin et al. 2007). This is the first evidence of aqueous flow in CM chondrites
(Fig. 2.5).

Discussion and Conclusions

N and other biogenic elements arrived at the Earth affected by different evolutionary
cycles experienced in the inner solar system. The big picture is complex, but we
are starting to understand the main evolutionary pathways. Current space missions
are producing a large amount of information on the composition of comets and
asteroids, which is paradoxical considering our scarce knowledge of the interaction
of cometary materials with the atmosphere of Earth. However, Pierazzo and
Chyba (2010) have recently made a significant computational progress developing
a high-resolution hydrocode capable to predict shock temperatures and amino acids
survival under particular entry conditions. The idea is not new, the delivery of
organic compounds from comets was revisited in a couple of pioneering papers
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Fig. 2.5 A PCP lens identified in the SEM image of the Antarctic CM chondrite MET 01070. A
X-ray mapping of the black square shows in the right images the presence of different elements
mobilized by aqueous alteration (From Rubin et al. 2007)

(Chyba et al. 1990; Chyba and Sagan 1992). Current models suggest that water-
rich asteroids and comets impacting the atmosphere of Earth are delivering volatile
elements during the bolide phase, but the amounts of surviving organic species
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are scarce if the impact geometry and velocity are not favorable for an efficient
deceleration and settling of the materials in the atmosphere (Blank et al. 2001).
With this in mind, other direct pathways should be explored. For example, during
the LHB period the scattered asteroids/comets should be fragile and could be
efficiently disrupted during close approaches to terrestrial planets. If this is correct,
the dense dust trails produced could efficiently deliver pristine materials with lower
entry velocities. Fireball spectroscopy of cm- to mm-sized meteoroids suggests
that catastrophic disruptions in the atmosphere can disperse dust far away from
the shock wave frontal region where the bolide experiences higher temperatures
(Trigo-Rodrı́guez et al. 2003; Trigo-Rodrı́guez and Blum 2006). Consequently,
the exposure to heat is minimized and there is room for a percentage of body
survival, at least as small fragments that are slowly setting down towards the surface.
Such a scenario could be consistent with the recent discovery of ultracarbonaceous
micrometeorites in Antarctica (Duprat et al. 2010).

Consequently, the main conclusions of this brief review are:

1. Current evidence suggests that N, and other light elements are abundant in
undifferentiated bodies e.g. chondritic asteroids, comets, and TNOs. They are
present in the fine-grained matrix forming these bodies, but probably also
associated with aqueous alteration minerals.

2. Mobilization of light elements during aqueous alteration processes occurred at
early times in the evolution of minor bodies. Such alteration processes provide a
way to avoid outgassing of volatiles.

3. Due to the intrinsic difficulties associated with the remote detection of N and
its isotopic ratio in minor bodies, the best way to proceed is by promoting
future sample return missions like OSIRIS Rex, Hayabusa II or Marco Polo-R.
Developing new technology to achieve a cryogenic return of cometary samples
could also be the following step after them.

4. A significant part of Earth’s atmosphere could have been delivered at the time
of the Late Heavy Bombardment. However, a better knowledge of the volatile
abundances in comets will allow us to revisit current models.

5. Fragmentation of meteoroids in the upper atmosphere of Earth could have
provided a significant pathway for the delivery of the CHON component to
primeval Earth.
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Chapter 3
A Mathematic Approach to Nitrogen Fixation
Through Earth History

Alfonso Delgado-Bonal and F. Javier Martı́n-Torres

Abstract Nitrogen is essential for life as we know it. According to phylogenetic
studies, all organisms capable of fixing nitrogen are prokaryotes, both bacteria
and archaea, suggesting that nitrogen fixation and ammonium assimilation were
metabolic features of the Last Universal Common Ancestor of all organisms.
At present time the amount of biologically fixed nitrogen is around 2× 1013 g/year
(Falkowski 1997), an amount much larger than the corresponding to the nitro-
gen fixed abiotically (between 2.6× 109 and 3× 1011 g/year) (Navarro-González
et al. 2001). The current amount of nitrogen fixed is much higher than it was on Earth
before the Cambrian explosion, where the symbiotic associations with leguminous
plants, the major nitrogen fixer currently, did not exist and nitrogen was fixed only
by free-living organisms as cyanobacteria. It has been suggested (Navarro-González
et al. 2001) that abiotic sources of nitrogen fixation during Early Earth times could
have an important role triggering a selection pressure favoring the evolution of
nitrogenase and an increase in the nitrogen fixation rate. In this study we present
briefly a method to analyze the amount of fixed nitrogen, both biotic and abiotic,
through Earth’s history.

Introduction

Nitrogen is an essential component of all living organisms on Earth (Fig. 3.1). It is a
basic component of aminoacids and nucleobases, and therefore of proteins and
nucleic acids. In the human body, the quantity of nitrogen in our cells is about a 3%,
i.e. around 1.860 Kg of the average mass. In prokariotic cells, present nowadays in
a quantity of 4–6× 1030 cells, i.e., around 85–130× 1030 g of Nitrogen (Whitman
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Fig. 3.1 Phylogenetic tree of the three domains of life (Bacteria, Archaea, and Eucarya) (Adapted
from Barns et al. (1996)). Members of the Eucarya are omitted for clarity. The genera listed are
representative of major lineages of the two domains

et al. 1998), more than a half of the biomass. That this is an outstanding number can
be easly seen when we compare it with the total amount of nitrogen content in the
atmosphere (1.3× 1016 g (Ehrlich 1996)).

Nitrogen is not a basic component of the Lithosphere, (although it can be
found on clay minerals as NH+

4 occuping the interlayer place of K+), and then
can be assumed that the source of the nitrogen incorporated to the biomass is
the atmosphere. A relevant fact is that nitrogen in its molecular stable form,
N2, cannot be used generally as nutrient. This is because the strong triple bond
between the N atoms of N2 molecule makes it relatively inert. In fact, in order
for plants and animals to be able to use nitrogen, N2 gas must first be converted
to more a chemically available form such as ammonium (NH+

4 ), nitrate (NO−
3 ),

or organic nitrogen (e.g.urea − (NH2)2CO). The inert nature of N2 means that
biologically available nitrogen is often in short supply in natural ecosystems,
limiting plant growth and biomass accumulation. This need to convert N2 before
beeing incorporated to organisms is an important difference with respect to other
elements like Carbon (C) or Hydrogen (H).

If nitrogen atoms incorporated in living organisms have their origin in Earth’s
atmosphere then the atmosphere must be different now from the one present
before the origin of life. Nowadays Nitrogen is the main compound in the Earth’s
atmosphere with a 78.1%, and current models of the composition of Early Earth’s
atmosphere conclude that nitrogen abundance was more than 98% (Kasting 1993).
In this paper we present a simple method to estimate the effects of life in the fixation
and uptaken of nitrogen from Earth atmosphere through history.
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Nitrogen Fixation

Nitrogen fixation is the process wherein N2 is converted to ammonium. It is
essential because it is the only way that organisms attain nitrogen directly from
the atmosphere. It is not a static process, because although there are abiotic methods
(lightning) and biotic (nitrogen fixers) to fix nitrogen to the ground, there are several
processes that give back nitrogen to the atmosphere.

We describe abiotic and biotic nitrogen fixation briefly:
– Abiotic nitrogen Fixation

High-energy natural events such as lightning, forest fires, and even hot lava flows
can cause the fixation of smaller, but significant amounts of nitrogen. The high
energy of these natural phenomena can break the triple bonds of N2 molecules,
thereby making individual N atoms available for chemical transformation.

In particular the enormous energy of lightning breaks nitrogen molecules and
enables their atoms to combine with oxygen in the air forming nitrogen oxides.
These oxides dissolve in rain, forming nitrates, that are carried to the surface.
Lightning plays a minor part in the fixation of atmospheric nitrogen. Atmospheric
nitrogen fixation probably contributes some 5–8% of the total nitrogen fixed.
Nevertheless in the early stages of emergence of life its role could have been very
important (Navarro-González et al. 2001).

In the abiotic fixation, N2 would have been oxidized with CO2 by lightning:

N2 + 2CO2 − −> 2NO+ 2CO

After this process, NO then gets converted to soluble nitrosyl hydride (HNO).
An important point is that the fixed nitrogen depends on the abundance of CO2.
According to Navarro-González et al. (2001), for CO2 mixing ratios from 0.04 to
0.5, the rate of fixation would be 2.6× 109 to 3 × 1011 gN year −1(Catling and
Kasting 2007), and references there in Hill et al. (1980).

In the Ocean, dissolved N2 would have been converted into NO−
3 and NO−

2 ,
according to Mancinelli and McKay (1998). However, the cycle of nitrogen also
works in the Ocean, and ferrous iron Fe2+ can reduce the dissolved forms to produce
ammonia, NH3, some of which would flux to the atmosphere, where it would be
photolyzed to N2 and H2.

Another way that nitrogen could have been fixed abiotically was through HCN
synthesis in atmospheres containing trace levels of CH4.HCN is hydrolyzed in
solution to form ammonium, NH+

4 .
– Biological Nitrogen Fixation

Between living beings the ability to fix nitrogen is found only in certain bacteria
and archaea:

– Certain bacteria, for example those among the genus Rhizobium, are the only
organisms that fix nitrogen through metabolic processes.
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– Some live in a symbiotic relationship with plants of the legume family (e.g.,
soybeans, alfalfa). Symbiotic nitrogen fixation occurs in plants that harbor
nitrogen-fixing bacteria within their tissues. Each of these is able to survive in-
dependently (soil nitrates must then be available to the legume), but life together
is clearly beneficial to both. In this relationship, nitrogen fixing bacteria inhabit
legume root nodules and receive carbohydrates and a favorable environment from
their host plant in exchange for some of the nitrogen they fix. Only together can
nitrogen fixation take place.

– Some establish symbiotic relationships with plants other than legumes (e.g.,
alders).

– Some establish symbiotic relationships with animals, e.g., termites and “ship-
worms” (wood-eating bivalves).

– Some nitrogen-fixing bacteria live free in the soil.
– Nitrogen-fixing cyanobacteria are essential to maintaining the fertility of semi-

aquatic environments like rice paddies. In aquatic environments, blue-green algae
(really a bacteria called cyanobacteria) is an important free-living nitrogen fixer.

– Within the last century, human activities have become as important a source of
fixed nitrogen equivalent to all natural sources combined. Burning fossil fuels,
using synthetic nitrogen fertilizers, and cultivation of legumes all fix nitrogen.
Through these activities, humans have more than doubled the amount of fixed
nitrogen that is pumped into the biosphere every year

In order to model the amount of nitrogen taken from the atmosphere and biologically
reduced we need to know the population of bacteria at each time since life appeared
on Earth.

Nitrogen Cycle

The nitrogen cycle is the set of biogeochemical processes by which nitrogen under-
goes chemical reactions, changes form, and moves through difference reservoirs on
earth, including living organisms. The nitrogen cycle has changed through Earth’s
history (Fig. 3.2). For example it is believed that during the Archean there was no-
denitrification, which means that all the nitrogen fixed remained in that way. After
that period of time, denitrification is a fact and nitrogen cycle started, coupled to
other biochemical cycles such as Carbon cycle and Phosphate cycle.

In this work, we assume a rate of denitrification about 11% (Do-Hee Kim
et al. 1997). This value is similar to the denitrification rate at present day, knowing
that, although is very probable that during that time the denitrification rate was
smaller, we are trying to estimate the minimum value of the nitrogen fixed. Also,
the organic nitrogen formed in the atmosphere is photodissociated with a rate of
25% (Kasting and Walker 1981).
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Fig. 3.2 Left: A simplified modern nitrogen cycle with known fraction effects for the nitrogenous
reaction product. Right: The proposed nitrogen cycle operating during the Archean (From Papineau
et al. (2005))

The Population of Bacteria

It is usually attributed to Malthus (1798) the merit to propose the first model for
population growth based on a geometrical equation. Its mathematical expression is
an exponential dependent of one parameter, μ , called the growth factor:

P = P0 · eμt

Other more sophisticated models of growth have been proposed in the past, as
for example the logistical model proposed by Verhust (1838), dependent on three-
parameters: k (maximum of the population), μ (the growth constant), and τ (the
instant in which the population is k/2):

P = k/[1+ e− μ(t− τ)]

More detailed formulations of the population growth have been done increasing the
number of parameters of the equation. Independently of the model, the fundamental
parameter that determine the population at one instant of time will be the growth
constant, μ .

The population growth depends mainly on temperature and nutrients (Ratkowsky
et al. 1982; Savage et al. 2004). During the glaciations periods for instance, the
growth constant was near zero due to the fact that most known bacteria need
a range of temperature very limited, and if it goes below 0◦C, it cannot grow
properly. Also, the availability of nutrients is a very big limitation for the population
of bacteria, nitrogen and carbon being the main compounds affecting the growth
constant (Demoling and Figueroa 2007).



28 A. Delgado-Bonal and F.J. Martı́n-Torres

In this work, the influence of these parameters is not taken into account directly
but it is actually included in the formulation, as we have taken stromatolites as a
reference, and the natural conditions at any time are having influence in the number
of cells and therefore in the growth constant we obtain from the fit.

Stromatolites as a Test for the Model

The arrow of time goes in one unique direction and it is not possible to have direct
proof of the validity of a model estimating the evolution. A source of information
from the past that can help us to test our model is the fossile record, particulary
stromatolites. Stromatolites are the fossiles that bacteria and archea left behind
after their dead. This fossilized microbial mat changes their abundance with time
as showed in Table 3.1. Although the different opinions about the appearance
of metazoa and the decline of stromatolites are well explained, there seems to
exist in fact a relation, due to the change of sediments by metazoa and the
possible fossilization of microbial mats associated to it (Awramik 1984; Walter and
Heys 1985).

Although stromatolites are not only composed of cyanobacteria but other
organisms such as Planctomycetes, Proteobacteria or Archea, and their abundance
is only about 5% of the total number of cells (Papineau et al. 2005), it can be used
as a marker for estimating the cyanobacteria growth factor. We understand that this
is a good assumption, even when the % of cyanobacteria is different from one fossil
to another.

Taking into account the amount of stromatolites, we can fit the data to an
exponential function since 3,500 Myr until approximately 0.600 Ma (Fig. 3.3), the
time in which the Cambrian explosion modified the fossil record. The parameters of
this fit are:

μ = 2.1319+ /− 0.06374(2.99 %)

and the data are plotted in Fig. 3.4.

Table 3.1 Abundance of
stromatolites classified as
function of geological epoch
(Adapted from Walter and
Heys (1985))

Boundary Interval Duration (Ga) Abundance

0.5 Cambrian 0.07 86
0.57 Vendian 0.11 140
0.68 Late Riphean 0.38 357
1.05 Middle Riphean 0.3 274
1.35 Early Riphean 0.3 170
1.65 Late Proterozoic 0.55 153
2.2 Early Proterozoic 0.3 8
2.5 Archean
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Fig. 3.3 Relative abundance of stromatolites (Adapted from “The Ecology of Cyanobacteria;
Their diveristy in time and space”, Whitton and Potts (2002))

Fig. 3.4 Exponential fit for stromatolites in time

Summary and Conclusions

We have developed a very simple model to estimate the effect of nitrogen fixation
and uptaken from life in the abundance of atmospheric nitrogen through Earth’s
history.

Although the first cyanobacteria fossiles found in stromatolites are dated back
from 3.5 Gyr ago there are evidences for the existence of life on Earth before
3.8 Gry ago based on Carbon isotopes studies (Mojzsis et al. 1996), although this
is still debated. Assuming that only one living cell was present at that time, we
have modelled the evolution of a population of cells based on a realistic value for
the growth constant from stromatolites and estimated the amount of cells during
the evolution of Earth till the Cambrian Explosion. This calculation provides a
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Fig. 3.5 Biological nitrogen fixed since the origin of life until the Cambrian explosion

minimum value for the number of cells present at each instant of time and, with that
value, it is possible to estimate the biological fixation during the Precambrian epoch.
Therefore, this is not a very precise model for the estimation of biological fixation,
but it is useful to understand the relative importance of lighting and abiotical fixation
with respect to the biological fixation.

From the data showed in Table 3.1 and Fig. 3.5 we conclude that the nitrogen
biological fixed at the time of the Cambrian explosion was about 1.4× 10−9 g

Considering that 3% of a cell is nitrogen, and an average cell weight is about
10−12 g, the amount on nitrogen present in a cell is 3 × 10−14 g. By the time
of the cambrian explosion, our model provides a value for the number of cells
around 900,000 cells, which means 2.7× 10−8 g of nitrogen needed to maintain
the population.

This estimated number of cells needs more biological nitrogen than the amount
they can fix, so this result indicates that an additional source of abiotic nitrogen
fixation was needed during the Precambrian to substain this amount of living
systems.

This additional source could be, for example lightning, as proposed by Navarro-
González et al. (2001). According to these authors, lightning could be a source of
nitrogen fixation of about 1012gNyear−1, which means that can be fixed abiotically
in a year more than bioticaly in all the Precambrian.

Nevertheless, today the biological fixation is many times bigger than the abiotical
one, and this is not because the number of cells increased, but because of the
associations between different organisms. A symbiotic association of leguminous
can fix nitrogen thousand times more efficiently than a free-living organism.
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Chapter 4
Stability of Earth-Like N2 Atmospheres:
Implications for Habitability

Helmut Lammer, Kristina G. Kislyakova, Manuel Güdel, Mats Holmström,
Nikolai V. Erkaev, Petra Odert, and Maxim L. Khodachenko

Abstract According to recent studies related to the EUV heating by the young
Sun of Earth’s nitrogen atmosphere, upper atmosphere temperatures could rise
up to several thousand Kelvin. For fluxes larger ≥7 times that of today’s Sun
the thermosphere changes from a hydrostatic to a dynamically expanding non-
hydrostatic regime, adiabatically cools but expands beyond the magnetopause so
that the magnetosphere is not able to protect the upper atmosphere from solar
wind erosion. A N2-rich terrestrial atmosphere would have been lost within a few
million years during the EUV active period of the young Sun ≥4 Ga ago. These
results indicate that a hydrogen-rich gaseous envelope, which could have remained
from Earths protoatmosphere and/or higher atmospheric CO2 amounts may have
protected Earth’s atmospheric nitrogen inventory against efficient escape to space.
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An alternative scenario would be that the nitrogen in Earth’s early atmosphere was
degassed or delivered during the late heavy bombardment period, where the solar
EUV flux decreased to values <7 times of the modern value. Finally, we discuss
how EUV heated and extended upper atmospheres and their interaction with the host
star’s plasma environment could be observed around transiting Earth-like exoplanets
at dwarf stars by space observatories such as the WSO-UV. Such future observations
could be used to test the discussed atmospheric evolution scenarios and would
enhance our understanding on the impact on the activity of the young Sun/star on
the early atmospheres of Venus, Earth, Mars and exoplanets.

Introduction

The evolution of planetary atmospheres can only be studied properly by taking into
account that the radiation and particle environment of the Sun or a planet’s host
star is changing with time (e.g., Güdel et al. 1997; Ribas et al. 2005; Güdel 2007;
Lundin et al. 2007). The total radiative output of the young Sun can be assessed
from two sources: First, the theory of stellar evolution indicates that the young Sun
at a time when it started core hydrogen burning on the main sequence emitted 30%
less electromagnetic radiation than at present (e.g., Sackmann and Boothroyd 2003).
Second, the total luminosity of stars with known masses and ages can in principle be
derived from observations; stellar masses and ages are, difficult to infer accurately.

However, geologic evidence on Earth (Peck et al. 2001; Valley et al. 2002)
and Mars (e.g., Phillips et al. 2011; Smith et al. 2001; Carr and Head 2003;
Head and Marchant 2009; Barrat and Bollinger 2010) indicate that both planets
maintained early environmental conditions allowing liquid water – a prerequisite for
the formation of life as we know it – to exist on the surface. This mystery is called
Faint Young Sun Paradox (FYSP), because according to the standard solar evolution
model and the lower luminosity which increased only slowly during the next billion
years both planetary surfaces would thus have been completely frozen. To solve
this apparent paradox, various hypotheses have been tested although a conclusive
answer is still outstanding. The most popular theory assumes higher admixtures of
greenhouse gases in the atmospheres of Earth and Mars; such gases include carbon
monoxide, ammonia, and methane (CO2, NH3, and CH4, respectively). A more
radical remedy of the FYSP would be a young Sun that was significantly more
massive than at present, losing the excess mass during its main-sequence life in
an enhanced ionized wind (Whitmire et al. 1995; Sackmann and Boothroyd 2003).
The bolometric luminosity of main-sequence stars scales approximately with stellar
mass to the third power; further, the radius of the Earth’s orbit would have been
smaller for a more massive Sun because the orbital radius scales inversely with the
solar mass. Both effects combine to a scaling of the received flux with the fifth
power of the solar mass. Constraints on this model come from the requirement
that the young Martian atmosphere was warm enough to maintain water in liquid
form, but the Earth’s atmospheric temperature was moderate enough to prevent loss
of the water oceans in a runaway greenhouse. The appropriate mass range for the
young Sun was thus 1.03–1.07MSun. Corresponding solar models are in acceptable
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agreement with helioseismology results (Sackmann and Boothroyd 2003) but the
observational evidence is presently unclear (Gaidos et al. 2000; Wood et al. 2005;
Minton and Malhotra 2007).

Multi-wavelength satellite observations at short wavelengths of solar proxies
with ages covering a time span between ∼0.1–7 Ga indicate that young Sun-like
stars rotate more than 10 times faster compared to the present Sun and have much
stronger dynamo-driven high energy photon emissions. Astrophysical observations
suggest that the coronal X-ray, soft X-ray (SXR) and EUV emissions of the young
main-sequence Sun might have been ∼100–1,000 times stronger than at present
(e.g. Güdel et al. 1997; Ribas et al. 2005; Güdel 2007).

The extreme radiation in short wavelengths together with the plasma environment
of the young Sun or star has important implications for the evolution of the planetary
atmospheres both in our solar and in extrasolar planetary systems. The solar/stellar
radiation and the particle flux have a tremendous influence on the energy budget,
thermal structure, and photochemistry of the upper atmosphere and can result in
significant thermospheric expansion and enhanced erosion (Kulikov et al. 2006;
2007; Lammer et al. 2007; Lichtenegger et al. 2010). Depending on atmospheric
composition and planetary mass, when the solar/stellar SXR and EUV flux exceeds
a critical value, the outward flow of the bulk upper thermosphere starts cooling
due to adiabatic expansion. This cooling results in a decrease of the temperature in
the upper atmosphere and acts against further expansion of the thermosphere (Tian
et al. 2008a, b).

Thus, an upper atmosphere can transit from a hydrostatic to a hydrodynamic
outflow state, depending on the solar/stellar SXR/EUV flux and planetary and atmo-
spheric parameters. Such expanded thermosphere-exosphere regions are expected to
suffer high non-thermal atmospheric loss rates (Lundin et al. 2007; Tian et al. 2008a,
b; Lichtenegger et al. 2010). If the early Earth’s nitrogen atmosphere would have
indeed experienced strong thermal or non-thermal escape to space we would expect
that the present atmosphere would be enriched by heavier 15N isotopes compared to
the lighter 14N isotope, as observed on Mars and Titan (Lammer and Bauer 2003).

However, from 15N/14N isotope observations in Earth’s atmosphere there is
no indication that Earth’s nitrogen experienced strong escape during the planet’s
history (Lammer and Bauer 2003). In this work we will briefly address the expected
atmospheric response of Earth’s nitrogen atmosphere to high EUV fluxes of the
young Sun. Then we discuss several possibilities which may have protected the
atmospheric nitrogen abundance against efficient thermal and non-thermal escape
during the extreme EUV activity of the young Sun. Furthermore, we present an idea
how we can test the atmospheric evolution hypotheses by future UV observations
during transits of terrestrial exoplanets around M-type dwarf stars.

Atmospheric Response to High Solar/Stellar EUV Radiation

In recent studies Tian et al.(2008a, b) investigated the response of Earth’s upper
atmosphere to extreme solar EUV conditions and discovered that the upper atmo-
sphere of an Earth-mass planet with the present Earth atmospheric composition



36 H. Lammer et al.

Table 4.1 Upper atmosphere response modeled for an Earth-size and mass planet by hydrody-
namic upper atmosphere models based on Penz et al. (2008) for the hydrogen-rich thermosphere
(see also Tian et al. 2005) and for the nitrogen-rich thermosphere from Tian et al. (2008a). The
EUV response of the CO2 atmosphere is calculated from a diffusive-gravitational equilibrium
and thermal balance model described in Kulikov et al. (2006). The exobase temperature Texo and
exobase distance rexo is given in units of Kelvin and planetary radius rpl to atomic hydrogen-,
nitrogen-, and CO2-rich upper atmospheres as a function of solar/stellar EUV flux

1 EUVSun 5 EUVSun 10 EUVSun 20 EUVSun

Texo[K] rexo/rpl Texo [K] rexo/rpl Texo [K] rexo/rpl Texo/[K] rexo/rpl

H 240 7.5 360 9.5 485 10.5 850 12
H2 460 6 525 7 625 7.7 790 8.5
N 900 0.078 7,500 2.5 5,600 5 2,500 12.7
CO2 280 0.028 550 0.03 620 0.036 1,000 0.047

would start to rapidly expand if the thermospheric temperatures exceeded 7,000–
8,000 K. If these temperatures are reached, the upper part of the thermosphere is
cooled adiabatically due to the outflow of the dominant dissociated atoms such as
O, N, etc. From these studies a problem to the evolution of early Earth’s atmosphere
occurs. Similar to hydrogen-rich upper atmospheres, a nitrogen dominated thermo-
sphere of the early Earth would also experience a rapid transition to a hydrodynamic
expansion, which is affected by adiabatic cooling. However, for EUV fluxes >10
EUV the location of the exobase which separates the collisional regime from the
collisionless regime will move above the present average geocentric subsolar mag-
netopause stand-off distance of ∼10REarth, so that the neutral constituents beyond
the magnetopause can be ionized and picked up by the solar wind. This mechanism
is capable to erode a ∼1 bar nitrogen atmosphere during ∼10 Ma (Lichtenegger
et al. 2010; Lammer et al. 2012).

Table 4.1 compares hydrogen-rich, nitrogen-rich and Venus-type CO2 thermo-
sphere responses for an Earth-analogue planet which is exposed to solar/stellar
EUV flux which is 1, 5, 10 and 20 times that of the present solar value. One
can see in Table 4.1 that hydrogen- and nitrogen-rich atmospheres may expand to
several Earth-radii, while Venus-type CO2-dominated atmospheres remain close
to the planet surface. The reason for this low expansion is related to the fact that
CO2 molecules are good IR-coolers so that a large fraction of the incoming EUV
radiation is emitted back to space due to emissions in the 15μm band (e.g., Kulikov
et al. 2006; 2007).

One can also see from Table 4.1 that the exobase temperature Texo remains
relatively cool for hydrogen-rich upper atmospheres compared to one which is
dominated by nitrogen. The reason for this behavior is that an upper atmosphere
which is dominated by atomic hydrogen starts to change from a hydrostatic to a
non-hydrostatic dynamically expanding regime at lower temperatures compared to
a nitrogen-rich thermosphere. This can be also seen in the Texo for N atoms which
are hydrostatic until ∼5 EUV and began to expand but adiabatically cool for higher
EUV values. In the case of a nitrogen dominated atmosphere and in the absence of
strong IR-cooling molecules the gas can be heated up to a few thousand Kelvin



4 Stability of Earth-Like N2 Atmospheres. . . 37

before the thermosphere changes from hydrostatic to hydrodynamic conditions
(Tian et al. 2008a, b).

According to Lichtenegger et al. (2010) the non-thermal nitrogen escape rates
corresponding to EUV periods with fluxes ≥7 EUV times that of the present Sun,
would result in the loss of the entire current nitrogen atmosphere within a few
million years. Although there are uncertainties in the solar wind parameters, these
authors showed that even if one assumes a present-day solar wind ∼4.2 Ga ago, the
Earth would have lost its present nitrogen atmosphere during about 10 Ma.

After the late heavy bombardment (LHB) period, the EUV flux and also the
solar wind ram pressure decreased, which resulted in a decreasing exobase distance
and an increasing magnetopause standoff location. Then, the atmosphere eventually
became protected by the magnetosphere and the nitrogen escape rate substantially
decreased. Because there is no evidence that Earth’s atmospheric nitrogen inventory
experienced strong escape it remains an aeronomical mystery how the planet could
keep its nitrogen dominated atmosphere during the first ∼500 Ma after the planets
origin. In the following sections we discuss several scenarios which may help to
shed some light on this complex problem.

Formation of Protoatmospheres

For understanding how planetary atmospheres originated and evolved it is important
to know the potential sources and sinks, which contributed to their initial formation.
The earliest protoatmospheres of terrestrial planets can be linked to three formation
scenarios which are illustrated in Fig. 4.1. The first protoatmosphere may originate
by the accumulation of a hydrogen- and He-rich gaseous envelope from the nebula
around the growing protoplanet before its accretion is finished (e.g. Hayashi
et al. 1979; Ahrens et al. 1989; Ikoma and Hori 2012). A second protoatmosphere is
produced after the young planet finished its accretion. By using bulk compositions
related to primitive and differentiated meteorite compositions, outgassing alone can
create a wide range of masses of initial planetary atmospheres.

According to Elkins-Tanton and Seager (2008) these protoatmospheres can range
from ≤1 % of the planet’s total mass up to ∼6 % by mass of hydrogen, to ∼20 mass
% of H2O, and/or ∼5 mass % of carbon compounds. Hydrogen-rich atmospheres
can be outgassed as a result of oxidizing metallic iron with water, and excess
water and carbon can produce atmospheres through simple degassing. During the
solidification of the planet’s magma ocean, dense water dominated H2O/CO2-rich
steam atmospheres build up (e.g., Elkins-Tanton and Seager 2008; Elkins-Tanton
and Seager 2008, 2011). CH4 and NH3 should also be outgassed and/or produced
via mineralogical reactions in the crust on top of the lava ocean. Due to the
dissociation of these molecules by the high X-ray flux of the young and active
star additionally hydrogen atoms will contribute to the water-related content in the
upper atmosphere, while C, O and N are converted into CO2 and N2 in the lower
atmosphere (Rosenqvist and Chassefière 1995).
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Fig. 4.1 Illustration of the three primary sources for the formation of terrestrial planetary
atmospheres. (a) Illustrates the capture of nebula gases and the accumulation of hydrogen-rich
protoatmospheric layers around a rocky planet (e.g., Ikoma and Hori 2012). (b) Illustrates
protoatmosphere formation scenarios during accretion and the solidification of a magma ocean.
Depending on the impact history, and the initial water content dense steam atmospheres will be
catastrophically outgassed (e.g., Elkins-Tanton and Seager 2008). (c) Illustrates the subsequent
formation of secondary atmospheres related to tectonic activity on a terrestrial planet. As soon as
the outgassing flux of the volatiles is higher than their escape flux a secondary atmosphere will
accumulate (e.g., Rubey 1951)
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Finally the third formation process is related to the later growth of a secondary
atmosphere which builds up by tectonic activity such as volcanos (e.g. Rubey 1951;
Schaefer and Fegley 2009; Grott et al. 2011). All three atmosphere formation
scenarios are strongly linked to the impact history of the individual system, and the
delivered or integrated volatiles during the formation process of a particular planet
or system. Terrestrial planets may obtain their initial atmosphere by a mixture of all
three scenarios but may originate most likely with dense hydrogen-, H2O- and CO2-
rich atmospheres with CH4 and NH3 contents. As a byproduct these atmospheric
outgassing models indicate that modest initial water contents can create planets with
deep surface liquid water oceans soon after accretion is complete (Elkins-Tanton and
Seager 2008; Elkins-Tanton 2011). This scenario is also consistent with the zircon
evidence supporting the presence of liquid water on Earth’s surface about 4.2 Ga
ago (Peck et al. 2001).

However, there is also evidence from K/U ratio inventories that Earth accreted
dry via stepwise growth from planetary embryos which lost their water and volatile
inventories due to their lower gravity to space (Albarède and Blicher-Toft 2007).
In this scenario Earth would have obtained its volatiles and water inventory by
impacts during the late veneer (Albarède 2009).

Early Hydrogen Envelopes and Steam Atmospheres

From the brief discussion before it becomes clear that the upper atmosphere of
early terrestrial planets, including the early Earth may have been dominated by
dense hydrogen-dominated gaseous envelopes either nebula based or produced from
dissociated H2O molecules of the catastrophically outgassed and/or impact related
steam atmospheres. In such a scenario one can assume that a dense and extended
hydrogen envelope, could have acted as a protecting shield against the loss of
heavier atmospheric species such as N2. On the other hand if early Earth’s initial N2

inventory was indeed protected by hydrogen envelopes, such remnant gases must
have escaped until today.

As shown in Lammer et al. (2012) during this early period a hydrogen-dominated
upper atmosphere of an Earth-like planet experienced the most efficient atmospheric
escape process, namely so called blow off, which develops if the mean thermal
energy of the upper atmosphere gases at the exobase level exceeds the gravitational
energy. Under this extreme condition the atmospheric escape is very efficient
because the whole exosphere evaporates and will be refilled as long as enough gas
is delivered from below. For estimating how much hydrogen and dragged oxygen
atoms can be lost from a planet during its blow off phase, one can apply a blow
off escape formula of Erkaev et al. (2007), which is based on Hunten (1993).
The average escape flux FH of hydrogen atoms from the planetary dayside can then
be written as
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FH =
3ηIEUV FEUV

4πr2
plGρplmH

. (4.1)

with rpl the planetary radius. IEUV = [t/tSun]
−1.23 is the EUV enhancement factor as

a function of time t(t ≥ 0.1Ga) and solar age tSun in units of Ga according to Ribas
et al. (2005), FEUV is today’s solar EUV flux averaged over the planetary sphere,
G is the gravitational constant and ρpl the mean planetary density, η is the heating
efficiency which is defined as a ratio of the net local gas heating rate to the rate
of stellar radiative energy absorption. For hydrogen this value is often assumed to
be 10–25 % (Lammer et al. 2009). Because η is altitude dependent it could also be
higher but is most likely <60 % (Yelle 2004; Penz et al. 2008). A value of 100 %
is unrealistic and would correspond to the energy limited approach which certainly
overestimates the escape rates.

In a steam atmosphere, the H2O molecules will be dissociated by the high EUV
flux of the young Sun or star and by frequent meteorite impacts (Trigo-Rodriguez
and Martin-Torres 2012a). Under such an extreme environment, oxygen atoms
are most likely the main form of oxygen in the upper atmosphere, which can be
dragged by the hydrogen atom flux FH, according to the formula given by Hunten
et al. (1987)

FO =
XO

XH
FH

⎡
⎣
(

mH + kT FH
bgXH

)
−mO(

mH + kT FH
bgXH

)
−mH

⎤
⎦ , (4.2)

where FO is the flux of the dragged oxygen atoms, XO and XH are the mole mixing
ratios of atomic hydrogen and oxygen, mO and mH the particle masses, b is a
molecular diffusion parameter for oxygen atoms in a hydrogen atmosphere (Zahnle
and Kasting 1986; Chassefière 1996a), g is the gravity acceleration, and T is the
average atmospheric temperature in the thermosphere.

Figure 4.2a shows the maximum amount of atomic hydrogen that could escape
during blow off from an Earth-like hydrogen-rich planet estimated from the formu-
las shown in Eqs. (4.1) and (4.2) for a heating efficiencies η of 15, 30, 60 and 100 %
in units of Earth ocean (EOH) equivalent amounts, since the end of the expected
accretion of the Earth at ∼50 Myr (Allègre et al. 1995; Touboul et al. 2007), during
450 Myr corresponding to the EUV-enhancement factor of Ribas et al. (2005).

Depending on the assumed η one can see from Fig. 4.2a that Earth could have
lost hydrogen atoms of an amount which was <40EOH during 0.5 Ga after the
planet finished its accretion. By assuming that not 100 % of the EUV energy is used
to power the escape more realistic estimates for η = 15–40% yield ≤15EOH. This
would mean that if the early Earth would have accumulated more hydrogen it would
not get rid of it. However, we note that our estimated loss could be slightly higher
because the protoplanet started to lose its nebula-based hydrogen envelope after the
nebula evaporated. It is expected that about 80 % of Earth’s mass was accreted at
∼20Myr and ∼90% at ∼30Myr after the origin of the Sun (Zahnle et al. 1988;
Lammer et al. 2012).
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Fig. 4.2 Amount of hydrogen atoms in units of Earth ocean (EOH) equivalents that can escape
via blow off from an Earth-analogue planet after its accretion as a function of heating efficiency η .
Solid line:η = 15%, dotted line:η = 30%, dashed line: η = 60%, dashed dotted line: η = 100%.
(b) Escape and accumulation of atomic hydrogen and oxygen for an Earth-like planet in units
of EOH,O, equivalents, which outgassed a 1,000 bar steam atmosphere during the magma ocean
solidification. The dense gaseous hydrogen and oxygen envelopes cannot escape to space and most
likely surround the planet during its whole lifetime (Lammer et al. 2012)

One should also note that dense hydrogen gas envelopes would rise the tem-
perature of the planet’s surface and lower atmosphere so that the homopause level
would expand. In such a case the lower thermosphere would be hotter, resulting in
much higher escape rates which may be up to a factor 10 higher compared to that
estimated above and shown in Fig. 4.2. Because of these uncertainties the estimated
escape rates should be considered as a conservative lower value. On the other hand if
a terrestrial planet had acquired a steam atmosphere after its accretion of more than
1,000 bar a huge fraction of its dissociated hydrogen and oxygen atoms would not
have escaped during the EUV-active phase of a solar-like G star. Such a scenario is
shown in Fig. 4.2b. A dense hydrogen envelope and oxygen remnant might remain
after the active phase of the planet’s host star ended. An Earth-like planet would
retain ≥2.3 EOs of hydrogen and ≥3.2 EO equivalents of oxygen. These results
are in agreement with Kasting (1995) and Chassefière (1996a, b) in the sense that
there should be planets, depending on their size, mass, orbital distance, as well as
their host star’s EUV flux evolution, which may accumulate huge amount of abiotic
oxygen. The presence of abiotic oxygen could be also reinforced by the delivery of
O from minor bodies’ impacts (Ahrens et al. 1989; Trigo-Rodriguez and Martin-
Torres 2012a, this volume).

In case a dense hydrogen envelope surrounded the very early Earth, the scale
height of the H atoms would be much larger compared to molecular nitrogen, which
would be populated in the mixed lower atmosphere close to the planetary surface
so that nitrogen would not reach the stellar wind interaction region, similar as on
present Earth. As long as enough hydrogen is in the thermosphere the extended
upper atmosphere would act as a shield against the loss of heavier particles.
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If early Earth’s nitrogen inventory and other heavy trace gases were indeed
protected by such extended hydrogen dominated gaseous envelopes these envelopes
should have been lost during Earth’s history. As discussed before and researched
in detail by Elkins-Tanton and Seager (2008) and Elkins-Tanton and Seager (2008)
the second abundant species besides H2O which is outgassed during the magma
ocean solidification period is CO2.After the EUV flux of the young Sun or young
star decreased to values below 30 times the present EUV flux CO2 becomes due
to its IR-cooling capability also an efficient protector of planetary atmospheres. In
the following section we will discuss the possible role of CO2 during the early
phase of Earth’s atmosphere evolution in comparison with a nitrogen dominated
atmosphere.

CO2- Versus N2 -Rich Atmospheres and the Role of the Faint
Young Sun Paradox

The average effective temperature Teff of a planetary surface in the absence of an
atmosphere can be estimated from the energy balance between the optical/near-IR
emission, which irradiates a planet and the mid-IR thermal radiation that is lost to
space. The incoming power Pin from the Sun/star to a planet can be written as

Pin = πr2
plS (1−A) , (4.3)

were S is the solar radiative energy flux at the orbital location of the planet, A is the
bond Albedo which corresponds to the fraction of the reflected radiation, rpl is the
planetary radius. The power which is leaving the Earth’s upper atmosphere Pout is
given by

Pout = 4πr2
plεσT 4

eff (4.4)

with σ the Stefan Boltzmann constant and surface mid-IR emissivity ε . By equating
both powers one obtains

Pin = Pout = σT 4 =
S (1−A)

4ε
, (4.5)

If one uses the present solar energy flux S = 1,366Wm−2, ε of 0.9 which
corresponds to a solid rock and an albedo A of ∼0.29 for the Earth one obtains
a Teff of ∼260K (Sagan and Mullen 1972) which is below the freezing point. From
a planet which has an atmosphere, Teff is always lower than the surface temperature
Ts and also lower than to the exobase temperature Texo. The reason is that an
atmosphere produces a greenhouse effect so that Ts > Teff.

Assuming the same atmospheric composition for the Earth as today but a solar
constant reduced by about 30 % calculations show that under such environmental
conditions the temperature would have remained below the freezing point until
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2 Ga ago (e.g., Sagan and Mullen 1972; Kasting and Catling 2003). For a planet
which is surrounded by an atmosphere, the effective temperature can be raised
owing to the presence of greenhouse gases. Considering the greenhouse effect for
a present-day atmosphere leads to a somewhat elevated average temperature of
288 K, in agreement with measurements (e.g., Sagan and Mullen 1972; Kasting
and Catling 2003). These facts lead to the suggestion that the early Earth may have
had greenhouse gases such as CO2 or CH4 in its atmosphere so that the lower solar
energy flux of the young Sun could be compensated.

Our knowledge of the early climate history of the Earth, relies on geological
evidence: oxygen isotopes measured in Jack Hills zircons dated at ∼4.4–4.3 Ga
suggested that parent rocks interacted with liquid water; ∼3.8 Ga old sedimentary
rocks from Isua (West Greenland) and were clearly deposited in aquatic environ-
ments (e.g. Peck et al. 2001); All these pieces of evidence indicate relatively mild
climates and the presence of liquid water.

According to Elkins-Tanton and Seager (2008) the Earth may have outgassed up
to about 500 bar H2O and ∼60–100 bar of CO2 after the accretion ended. Such
values are in agreement with estimations that the present Earth has an equivalent
amount of about 60 bar of CO2 in carbonate rocks (Holland 1978; Kasting and
Ackermann 1986). If there were such amounts of CO2 present in the catastrophically
outgassed protoatmosphere, after a fraction of the steam condensed and contributed
together with impacts to the formation of Earth’s water oceans its presence might
have confined the upper atmosphere within the shielding magnetosphere also for
higher EUV fluxes at least when the solar EUV flux decreased from about 100 times
to about 30 times of the present value.

Novoselov and Silantyev (2010) found that the balance of CO2 in the
atmosphere–hydrosphere–crustal system depended strongly on the character of
the mineral formation during the alteration of the crustal material owing to its
interaction with the early seawater. They predict from their studies a sharp depletion
of the Earth’s early atmosphere in CO2 probably∼105 year after the formation of the
hydrosphere and reflected the stage of extensive formation of the earliest carbonates
in the hydrothermally altered crust. Thus, depending on the available landmass, the
alkalinity of the early ocean water, CO2 might have been weathered efficiently out
from the atmosphere. In such a case a substantial amount of CO2 from the primitive
atmosphere could have been removed within a short geological time period (e.g.,
Kempe and Degens 1985; Novoselov and Silantyev 2010). If the CO2 was indeed
weathered into carbonates so early and if one assumes no dense hydrogen envelope
which surrounded the early planet, the atmospheric nitrogen inventory should have
escaped to space efficiently (Lichtenegger et al. 2010; Lammer et al. 2012), but as
we know, nitrogen remained.

Because CO2 is a greenhouse gas it has been considered together with CH4 and
NH3 as a compensation of the solar heat flux deficiency during the “faint young
Sun” period for explaining the evidence for the presence of liquid water on the
early Earth’s surface (Kasting et al. 1984; Kasting 1996; Kasting and Ono 2006;
Haqq-Misra et al. 2008; Von Paris et al. 2008) after the ocean formed ∼4.4 Ga ago.
During these early epochs between ∼3.8–4.4 Ga ago the FYSP together with higher
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CO2 concentrations could also have played a role in constraining the CO2 amount
in the early Earth atmosphere. The required CO2 level to keep liquid water oceans,
even if they were covered by an ice shield would be self-regulated by the carbonate-
silicate cycle (e.g., Walker et al. 1981; Kasting and Catling 2003).

According to studies of Von Paris et al. (2008) and Lichtenegger et al. (2010) a
CO2 amount which is about 180 times higher compared to the present atmospheric
value would be necessary to reach the freezing point at about 272 K before ∼4 Ga
ago. If Earth’s early atmosphere contained higher CO2 levels during this early period
and if the CO2 value decreased, afterwards the oceans may have been covered by an
ice layer which acted against further CO2 weathering. Thus, higher CO2 contents
may have been in Earth’s atmosphere during these very early periods but CO2 levels
may have been much lower or negligible compared to the nitrogen content about
3.2–3.5 Ga ago.

This evidence can be seen from various geochemical and geological investi-
gations where the results point against very massive CO2 atmospheres in these
later epochs, such as the absence of siderite in paleosols (Rye et al. 1995; Rosing
et al. 2010, and references therein). Recently, Rosing et al. (2010) found that
the mineralogy of Archaean sediments, such the ubiquitous presence of mixed-
valence Fe(II–III) oxides in banded iron formations is inconsistent with such
high concentrations of greenhouse gases and the metabolic constraints of extant
methanogens. These authors concluded that, in the absence of geologic evidence
for very high greenhouse-gas concentrations, is expected a lower albedo on the
Earth, because assuming a considerably smaller continental area and the lack of
biologically induced cloud condensation nuclei, the environmental conditions could
be kept above the freezing point of water.

From these studies at time periods ∼3.2–3.5Ga ago, the solar EUV flux
decreased already to values which are ≤5 times that of the present Sun so that
one may expect lower or even negligible nitrogen escape rates and a stable N2

atmosphere since that time. As illustrated in Fig. 4.3, if the early Earth’s atmosphere
had low or negligible CO2 levels, or if the young Sun was brighter during the high
EUV period of the young Sun, only extended hydrogen envelopes which slowly
escaped from the protoatmosphere may have prevented massive losses under the
influence of an enhanced early solar wind and enhanced EUV radiation. Besides
gravity the thermospheric main constituents such as H, N, O, or CO2 determine the
expansion of the exobase level. The detection of EUV heated, non-hydrostatic upper
atmospheres around terrestrial exoplanets would constrain the uncertainties related
to the discussed atmosphere evolution scenarios addressed in the previous sections.

Testing Atmosphere Evolution Scenarios

For testing the various possible atmosphere evolution scenarios which have been
discussed above numerical modeling techniques together with future UV transit
observations of EUV heated extended upper atmospheres which interact with the
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Fig. 4.3 Illustration of atmosphere evolution scenarios during the first Ga after Earth’s origin for
a dense hydrogen- and CO2-rich protoatmosphere and for a nitrogen dominated atmosphere before
∼4 Ga ago. Upper evolution scenario: Dense hydrogen envelopes from Earth’s protoatmosphere
may act as a shield against the solar wind plasma flow and may protect heavier species such as N2
molecules against fast atmospheric escape. This hydrogen envelope should have been lost during
the first Ga after Earth’s origin and after the weathering of CO2 into carbonates. Nitrogen become
the dominant atmospheric constituent at a time period when the solar EUV flux decreased to values
≤7 times that of the present Sun. Lower evolution scenario: If one assumes that the early Earth had
a nitrogen dominated atmosphere soon after its origin, the atmosphere would have been lost during
the first 200 Ma after the planet’s formation. If this scenario is real the present nitrogen content in
Earth’s atmosphere should have been delivered after the solar EUV flux decreased to values which
are ≤7 times that of the present Sun

stellar wind plasma of the planet’s host star may be used. The observational method
may be similar to that applied by Vidal-Madjar et al. (2003) who observed the
transiting hydrogen-rich gas giant HD 209458b with the HST STIS-instrument and
discovered a several percent intensity drop in the stellar Lyman-α line which was
larger than for an atmosphere of a planet occulting only 1.5% of the star. From
this observation one can suggest that the upper atmosphere of HD 209458b is
expanded up to ∼4.3rJup (e.g., Vidal-Madjar et al. 2003; Ben-Jaffel and Hosseini
2010; Koskinen et al. 2010). Similar transit observations of extended hydrogen
atmospheres or non-hydrostatic upper atmospheres in general around terrestrial
exoplanets should be observable if the planet orbits around M-type dwarf stars
(Lammer et al. 2011a). Dynamically outward flowing neutral atoms can interact
with the stellar plasma flow so that huge hydrogen coronae and energetic neutral
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Table 4.2 Upper atmosphere and solar/stellar wind parameters used
in the simulation shown in Fig. 4.4a, b. The planet has in both cases the
radius and mass of the Earth

Parameter 1EUV | d=1 AU M-star:10 EUV | d=0.24 AU

Texo [K] 1,000 485
rib [m] |[rib/rEarth] 1×106| ∼ 0.156 6.6×107| ∼ 10.5
nexo [m−3] 7.0 ×1010 4.85 ×1010

nsw[m−3] 8.0 ×106 2.5 ×108

vsw[kms−1] 400 330
Tsw [K] 1e6 1e6

atom (ENA) clouds can be produced via charge exchange. By observing the size
and velocity distribution of such hydrogen exospheres and related ENA-clouds one
can draw conclusions about the upper atmosphere structure, the involved species, as
well as the plasma and magnetic parameters.

As for future observations, the planned WSO-UV space telescope which is
expected to be launched around 2016 may be helpful in obtaining information
about the upper layers of the planetary atmospheres of various types (Shustov
et al. 2009; Lammer et al. 2011a). Below we modeled an expected stellar wind
plasma interaction scenario around an Earth-like planet with a H-rich thermosphere
which is exposed to a 10 times larger EUV flux compared to that of the Sun, inside
the habitable zone (HZ) at ∼0.24 AU of an M-star with a mass of ∼0.45 solar
masses. For comparison with the present Earth we modeled also the geo-corona.
Table 4.2 shows the upper atmosphere and solar/stellar wind plasma parameters for
Earth’s present day hydrogen geo-corona and a hydrogen-rich M-star Earth-like
planet. The inner boundary distance rib of the simulation is chosen for the geo-
corona (1 EUV) case at the altitude where atomic H becomes the dominant species
in Earth’s exosphere (Bauer and Lammer 2004), while for the M-star test planet
rib = rexo for H and 10 EUV given in Table 4.1.

Figure 4.4 presents the modeling results of the hydrogen coronae which are
formed around our examples. The results of our simulation for the present Earth
hydrogen geo-corona are in a good agreement with observations of the hydrogen
exosphere and a related production of ENAs around the sub-solar magnetopause
location rmp at a distance of ∼ 10REarth (Fuselier et al. 2010).

The model result allows the estimation of the hydrogen density at that distance
of ∼ 10–12 H atoms cm−3. This value coincides well with the corresponding
observations of NASAs IBEX satellite by Fuselier et al. (2010) who inferred the
hydrogen corona density from ENA images at rmp of ∼8 H atoms cm−3.

Figure 4.4a shows the hydrogen geo-corona around the present Earth, while
Fig. 4.4b shows the modeled hydrogen corona for a terrestrial planet orbiting an
M-star. The code used for the model simulations is a further development of a
direct simulation Monte Carlo (DSMC) exosphere – stellar wind particle model,
which is described in Holmström et al. (2008), Ekenbäck et al. (2010) and Lammer
et al. (2011b). The upper atmosphere parameters of the hydrogen-rich exo-Earth
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Fig. 4.4 Projection of the planetary hydrogen and ENA-cloud around present Earth and a
hydrogen-dominated Earth-like planet within the orbit of an M-star habitable zone shown in the
planetary orbital plane. The coordinate system is centered at the planets with the x-axis pointing
towards the star, and the y-axis opposite to their orbital velocity. (a) Modeled present Earth
hydrogen geo-corona (1 EUV); (b) model results of an extended hydrogen corona which surrounds
an Earth-like planet with a thermosphere which is dominated by atomic hydrogen inside the HZ of
an M-star (10 EUV). The dashed line in both cases shows the magnetic obstacle segregating the
area dominated by the planetary magnetosphere from the surrounding space

shown in Fig. 4.4b have been obtained by using a hydrodynamic model which is
described in Penz et al. (2008). The empty area around the planet which is illustrated
as the black dot in the center corresponds to the atmosphere below the exobase
level, which is used as the inner boundary for our stellar wind – hydrogen corona
interaction model.

The green dots represent the protons, the yellow dots correspond to the slow
hydrogen atoms belonging to the planetary exosphere with velocities ≤ 5kms−1

while the blue dots show the fast moving hydrogen atoms – ENAs which originate
from charge-exchange between stellar or solar wind protons and neutral particles
in the exosphere-stellar wind interaction region. It should be mentioned that in the
case if an extended upper atmosphere is not in the blow off regime, it can be eroded
by the stellar or solar wind.

Moreover, the interaction between stellar wind protons and neutral planetary
hydrogen atoms which leads to charge-exchange reactions between these two
species is much more intensive in the case when the exosphere is not protected
by the magnetic field. As one can see in Fig. 4.4a, present Earth’s exosphere is
mainly wrapped and protected by the magnetosphere, while in the 10 EUV case
the exosphere expands beyond the magnetopause. In the considered cases the mag-
netospheric obstacle was assumed to be conic-shaped. The magnetopause distance
was assumed 10 planetary radii for the Earth as known from the observations and
10.6 planetary radii for the second terrestrial planed shown in Fig. 4.4b.
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It should also be noted that not only the EUV flux but also the plasma
environment in the habitable zone near an M-star may differ significantly from that
of the present Sun. M-stars may stay longer active and probably have a denser stellar
wind at the HZ location which is much closer (0.24 AU in this particular case) at
the star compared to the Sun (e.g., Khodachenko et al. 2007; Scalo et al. 2007). As
shown from Table 4.2 a 10 times higher EUV flux compared to that of the present
Sun causes the expansion of the exobase to a planetocentric distance of ∼ 10.5rEarth.

As one may see from the presented pictures hydrogen coronae are formed in
both cases, but the hydrogen corona of the hydrogen-rich terrestrial test planet
on Fig. 4.4b is sufficiently larger and as a result the exosphere is practically not
protected by a magnetic field. This leads to intensive charge-exchange so that also
a huge amount of ENAs can be produced. We expect that terrestrial planets with
huge hydrogen envelopes in orbits around dwarf stars should be observable during
the transits by space telescopes in the Lyman-alpha line. Observations of Earth-size
planets or super-Earths with this type of upper atmosphere would be strong evidence
that hydrogen coronae which may have remained from the protoatmospheres of
the particular planet may play a significant role in the protection of the lower
atmosphere and species like nitrogen from enhanced EUV fluxes and stellar wind
erosion.

Conclusions and Discussions

We briefly addressed the aeronomical stability problem of Earth-like nitrogen
atmospheres against high solar/stellar EUV fluxes. In the absence of a high amount
of IR-coolers such as CO2 or H+

3 molecules, nitrogen-dominated thermospheres can
be heated to temperatures of a few thousand Kelvin so that the atmosphere structure
changes from hydrostatic to hydrodynamic regimes. For a planet with the gravity of
the Earth when the solar/stellar EUV flux reaches values which are ≥10 times that
of the present Sun the exobase level expands beyond the magnetopause distance and
non-thermal atmospheric escape processes erode the atmosphere during a few tens
of Ma. A nitrogen-rich atmosphere on early Earth should have been lost entirely
long before the LHB period. In case Earth’s initial nitrogen inventory was not
degassed 500 Ma after Earth’s origin or delivered during the LHB by impactors
(Trigo-Rodriguez and Martin-Torres 2012b) other protection mechanisms should
have been at work.

However, based on protoatmosphere hypotheses which expect nebula-based
hydrogen-rich and/or catastrophically outgassed or impact related dense H2O/CO2

steam atmospheres could have protected heavier less abundant species against
efficient escape. Due to the high solar/stellar EUV flux ∼4–4.5 Ga ago molecular
hydrogen gas from an accumulated nebula remnant or H2O, CH4 or NH3 molecules
would have been dissociated so that atomic hydrogen envelopes would have formed
and surrounded the early planet. As long as such hydrogen envelopes were not
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lost they may also have protected heavier species such as nitrogen and other minor
species from fast escape. Higher CO2 levels during this early epoch would also act
against strong expansion of the upper atmosphere and its escape.

During these extreme early stages an induced magnetic field could have also
reduced the efficiency of non-thermal atmospheric loss processes and partially
protected the primitive atmosphere from complete destruction. From our discussions
one finds that there are indications that many planets within the size and mass
range from Earth-type to so called super-Earths may not completely get rid of their
initial hydrogen and water inventories so that they may accumulate dense hydrogen
and abiotic oxygen-rich upper atmospheres during their lifetime or remain as sub-
Neptune-type bodies. In this sense, the role of giant impacts could be determinant
and should be addressed by performing additional modeling of the survival of the
atmosphere under the eroding effect of giant impacts.

Future UV transit observations of terrestrial exoplanets within orbits of dwarf
stars, together with advanced numerical modeling techniques can be used for
the study of the stellar wind interaction with EUV heated non-hydrostatic
thermospheres. These approaches will be applied during the near future so that
the discussed atmospheric evolution hypotheses can be studied and will finally be
tested via observations.
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Chapter 5
Hot Super-Earth Atmospheres

Yamila Miguel and Lisa Kaltenegger

Abstract The search for extrasolar planets has resulted in the discovery of
super-Earths, with masses less than ten Earth masses. Regarding the orbital
distances, some of these planets are very close to its star, at distances much less
than Mercury to the Sun. Since no such planets exist in our solar system, the
atmospheres of these hot rocky planets remains largely unknown. In this work,
we present the main characteristics of this hot rocky planet population, with a
focus on the potential atmospheric composition obtained by assuming different
types of planetary composition and using corresponding model calculations. The
vaporization of silicate magma is used in order to explore hot atmospheres above
1,000 K. We present how to estimate the range of atmospheric compositions for
rocky planets for different semi-major axis and show an application of the results,
to the Kepler February 2011 data release. Our model suggests that hot, rocky
super-Earth atmospheres can be divided into five types, whose definition is strongly
dependent on the initial composition and the planet’s distance to the star. These
simple set of parameters provided, can be used to explore atmospheric compositions
for current and future candidates provided by the Kepler mission and other searches.
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Introduction

The population of extrasolar planets have grown significantly in the last years. To
date more than 7501 exoplanets and over 2,000 planetary candidates have been
detected . Among them, the first rocky planets with minimum masses below 10 M⊕
and radii less than 2 R⊕ [2, 18], have been found.

Figures 5.1 and 5.2 show the semimajor axis and stellar effective temperature
of confirmed exoplanets and Kepler planetary candidates from the Feb 2011 data
release, respectively. In Fig. 5.1 planets with masses less that 10 M⊕, are shown
in black. The planets consistent with rocky planet models (radii below two Earth
mass) are shown in red and black in Fig. 5.2. Planets are shown in different point
size, according to their mass and radius, respectively. As seen in the Figures, most of
these small planets are located extremely close to their stars, at distances much less
than 1 AU , due to the current detection sensitivity. Some of these planets are exposed
to an intense stellar irradiation and can reach equilibrium temperatures high enough
to have a magma of melted silicates on their surfaces, assuming they are rocky in
composition. Two known hot-exoplanets with these characteristics are Corot 7b and
Kepler 10b, shown in red in Fig. 5.1 (see Chap. 2, section “Introduction: The Sources
of Terrestrial Nitrogen” for a description).

The Kepler mission announced 1,235 planetary candidates in their Feb 2011
data release [3]. Six hundred and fifteen of these Kepler objects of interest (KOI)
are potentially rocky (radius <2.5 R⊕ including the measurement error bars, called
Super-Earths here) and a subsample of 193 might have extremely high temperatures
on their surfaces (TP >1,000 K) due to stellar irradiation, assuming an albedo of
0.01 [21]. Such high temperature caused by irradiation can lead to an outgassing
and the subsequent formation of the planet’s atmosphere.

Our aim in this work is to show the primitive outgassed atmospheric composi-
tions of hot super-Earths, and its dependence on the distance between the planet
and its host star, as shown by Miguel et al. [21]. These results are applied to the
Kepler planetary candidates sample from February 2011, but this approach can be
also applied to current and future candidates provided by the Kepler mission and
other exoplanet surveys.

Hot Potentially Rocky Exoplanet Population

The study of small hot exoplanets is raise major question since the discovery
of the first super-Earths a few years ago. In this work we focus only on the
outgassed primary atmosphere of hot super-Earths. In this section we show the main
characteristics of this sample of hot small planets known so far, and also present the
population of hot potentially rocky Kepler planetary candidates.

1http://exoplanet.eu

http://exoplanet.eu
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Fig. 5.1 Stellar effective temperature vs. semi-major axis of the exoplanets confirmed so far.
Those planets with masses less that 10 M⊕ are shown in black. The two first confirmed hot super-
Earths are shown in red

Confirmed Planets

The first confirmed strongly irradiated rocky planets discovered were Corot 7b [18]
and Kepler 10b [2].

Corot 7b. is the first known transiting super-Earth (1.68 R⊕). It is located very
close to its central star, at only 4.3 R�, which suggest a tidally locked planet with a
high surface temperature [18]. The extreme physical properties of this planet were
analysed in [19], while the composition of the atmosphere was explored by [30],
who found that the main gases in the atmosphere are Na, O2, O and SiO with
partial pressures of ∼1× 10−3 bars. Other atmospheric studies were focused on
the interaction between the planet and the star. Due to its proximity to the star Corot
7, it is expected to have undergone a large atmospheric mass loss during its history.
Several studies explore the exosphere of this planet and calculate the mass loss rate
(e.g., [8, 17, 20, 23]).

Kepler 10b. has an observed semimajor axis of 0.01684 AU and a radius of
1.416 R⊕ [2]. The close proximity to its host star indicates a high temperature at
its surface and the density suggest that this is a rocky planet, according to interior
models [33]. The atmospheric studies performed in Kepler 10b were focus on the
escape mechanisms, as is shown by Lammer et al. [17] and Leitzinger et al. [20].



56 Y. Miguel and L. Kaltenegger

 3000

 4000

 5000

 6000

 7000

 8000

 9000

 0.01  0.1  1

S
te

lla
r 

E
ffe

ct
iv

e 
T

em
pe

ra
tu

re
 (

K
)

Semimajor axis (AU)

Rp>10 R⊕
5<Rp<10 R⊕

2.5<Rp<5 R⊕
2<Rp<2.5 R⊕
1.5<Rp<2 R⊕

Rp<1.5 R⊕
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Kepler Planetary Candidates

The NASA’s Kepler mission was designed to searching for transiting exoplanets
[5, 14, 16]. In the data released in February of 2011 [3], the Kepler team presented
997 stars with a total of 1,235 planetary candidates. The stellar effective temperature
versus planetary semi-major axis for the 1,235 Kepler candidates is shown in
Fig. 5.2. In the plot, the different planetary radii are shown as different point sizes.

In this work we focus only on hot rocky planets. As explained in [21], planets
located at different distances from the host star will be exposed to different stellar
irradiation and will have different surface temperatures (see section “Different
Atmospheric Compositions” for details). Figure 5.2 shows planetary candidates
with derived Tp > 1,000 K and Rp ≤ 2.5 R⊕, in red. Cooler planets (in the same
radius range) are shown in black. The planet candidates with Rp > 2.5 R⊕ are
shown in grey.
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Outgassing Model

When a planet reaches temperatures higher than Tp >1,000 K, the surface material
vaporizes, forming an outgassed atmosphere. Here we present a simple approach to
find the relation between the observable data of a planet (radius, semimajor axis
and stellar effective temperature) and the potential atmospheric composition, as
developed by Miguel et al. [21]. The MAGMA code [7, 29] is used to compute
the chemical equilibrium between the melt and vapor in a magma for temperatures
higher than 1,000 K [9–12], for Al, Ca, Fe, K, Mg, Na, O, Si, Ti and their
compounds.

The initial composition assumed for the magma determines the outgassed
atmosphere [30, 34]. Since the composition of a super-Earth is unknown, we based
our choice of magma material on the fact that a more massive planet should have a
lower composition of FeO in the mantle than a less massive one, a consequence of
the solubility of oxygen in liquid iron-alloy, which increases with temperature [28].
Therefore, we adopt as the initial composition for a hot super-Earth planet komatiite
rock composition. Komatiites are ultramafic lavas that erupted on Earth during the
Archaean period, between 3.8 and 2.5 billion years ago, when Earth had a higher
surface temperature. These rocks present a lower FeO content than the one of bulk
silicate earth, as seen in Table 5.1.

Different Atmospheric Compositions

In the work developed by Miguel et al. [21], outgassing simulations for temperatures
between 1,000 and 3,500 K are performed, assuming atmospheres free of volatile
gases such as H, C, N, S (see discussion). The partial pressures of all the gases
vaporized from a Komattite’s magma, at different temperatures, are shown in
Fig. 5.3.

Figure 5.4 shows that the gases with the larger partial pressures are Fe, FeO, Mg,
Na, O, O2, SiO, SiO2 (shown in a wider line), where the order of relevance depends
on the planet’s surface temperature.

We link the partial pressures to the resulting atmospheric composition, calculat-
ing the column density (σi) of each gas i, for a 10 M⊕ planet.

σi =
PiNA

gμi
(5.1)

Table 5.1 Komatiite and bulk silicate earth compositions

Oxide SiO2 MgO Al2O3 TiO2 Fe2O3 FeO CaO Na2O K2O

Komatiite (%) 47.10 29.60 4.04 0.24 12.80 0.0 5.44 0.46 0.09
Bulk silicate earth (%) 45.97 36.66 4.77 0.18 0.0 8.24 3.78 0.35 0.04
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As seen Eq. 5.1, the column density of each gas is a function of the gas’ partial
pressure, Pi, the Avogadro’s number, NA, the molecular weight of the species, μi and
the gravitational surface acceleration of the planet g.

To explore the effects of initial composition on the results, we adopt a komatiite
composition and also Bulk Silicate Earth (B.S.E) as initial composition for hot
super-Earths. The results are shown in Fig. 5.4.

Figure 5.4a shows the column densities outgassed from a 10 M⊕ planet with
different surface temperatures, when adopting komatiites rock composition. Fig-
ure 5.4b shows the results when assuming a composition of BSE. In both cases the
most abundant gases are Fe, Mg, Na, O, O2 and SiO. We note that the abundance of
each gas in the atmosphere depends on the surface temperature. Planets with similar
surface temperature and composition have similar initial atmospheric composition,
in this model. At certain temperatures the order of abundance of the most abundant
gases change. These temperatures, indicated in Fig. 5.5, are the limits between the
different atmospheric types found by Miguel et al. [21] and change depending on
the planetary composition adopted.

The planet equilibrium temperature reached by a planet due to irradiation is
given by,
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Fig. 5.4 Column densities of the atmospheric gases vs. planet surface temperature. The column
densities were calculated for a planet of 10 M⊕. Different planetary compositions are considered:
komatiite (a) and bulk silicate of the Earth (b). Temperatures where the most abundant gases
change are indicated (Adapted from Miguel et al. [21])

Fig. 5.5 Stellar effective temperature vs. semi-major axis. The limit temperatures between the
different atmospheric types are indicated with lines of different colors. Two different planetary
compositions are adopted: komatiite (a) and bulk silicate of the Earth (b)

Tp = Te f f ,�

(
(1−A)R2

�

4a2

) 1
4

(5.2)

where A is the planet bond albedo, that we assumed as 0.01 (see discussion),
a is the semimajor axis, R� is the stellar radius and Teff ,� is the stellar effective
temperature.

As seen in Eq. 5.2 the planetary temperature depends on the semimajor axis
and stellar effective temperature. Therefore, we can relate the primitive type of
atmosphere with the observable data of the planets: the stellar effective temperature
and the distance between the planet and the host star. This relation is shown
in Fig. 5.5. Figure 5.5a (komatiite) and Fig. 5.5b (BSE composition) show the
stellar effective temperature vs. the planet’s distance to the star. Lines show the
temperatures that separate the different classes of planetary atmospheres. Areas
highlighted in gray scale indicate the regions of different types of atmospheres.
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In our model, hot rocky planet atmospheres are separated into five classes.
Temperatures that limit each class change when considering different magma
compositions. For komatiite composition:

Atmospheres Type I (Tp < 2,033 K), characterized by the presence of monatomic
Na, O2, monatomic O and monatomic Fe in order of abundance.

Atmospheres Type II (2,033 < Tp < 2,588 K), SiO becomes more abundant
than monatomic Fe. The atmosphere is characterized by monatomic Na, O2,
monatomic O, SiO, monatomic Fe and monatomic Mg from the most to the least
abundant.

Atmospheres Type III (2,588 < Tp < 2,890 K), monatomic Mg becomes more
abundant than monatomic Fe. The gases with the highest column densities are
monatomic Na, O2, monatomic O, SiO, monatomic Mg and monatomic Fe. Note
that the column densities of O2, monatomic O and SiO are almost equal in this
temperature range.

Atmospheres Type VI (2,890< Tp < 3,168 K), SiO becomes more abundant than
O2 and the atmosphere becomes silicate and monatomic Na dominated.

Atmospheres Type V (Tp > 3,168 K), dominated by silicate oxide, followed
closely by monatomic O, O2 and monatomic Na.

When adopting the BSE composition, the temperature limits between the five
classes change slightly to 2,070, 2,120, 2,996 and 3,278 K, respectively.

An application: Kepler Candidates’ Composition

These results are applied to planet candidates in the February 2011 Kepler data
release with Rp ≤ 2.5 R⊕ and Tp > 1,000 K. Figure 5.6 shows the 193 planetary
candidates studied in this work, shown in different point sizes according to their
radius: 2–2.5 R⊕ (large points), 1.5–2 R⊕ (medium points) and candidates with
Rp ¡ 1.5 R⊕ (small points).

Of the 193 Kepler candidates (see Fig. 5.6a), 189 are characterized by Type I
atmospheres when adopting komatiite as the initial composition. Three planets are
characterized by Type II (between the black and the dark-red line in Fig. 5.6a),
no planets by Type III (between the dark-red and red lines), only one by Type IV
(located between the red and yellow lines) and none by Type V atmospheres (above
the yellow line) , if we only consider the irradiation from the star for heating (see
discussion).

For a BSE composition, 190 planetary candidates are characterized by Type I
atmospheres (located below the black line in Fig. 5.5b), only 1 planet by Type II
atmosphere (between the black and the dark-red lines), 1 by Type III (between the
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Fig. 5.6 Stellar effective temperature vs. semi-major axis of Kepler planetary candidates, for the
two different planetary compositions adopted: komatiite, shown in (a) and bulk silicate of the Earth,
shown in (b) (Adapted from Miguel et al. [21])

dark-red and red lines), 1 by Type IV (located between the red and yellow lines)
and none by Type V (above the yellow line). As a result, note that, for this planetary
sample, the initial composition is not important for planets with high temperatures
(atmospheres of Type IV and V). Nevertheless, for lower temperatures (Types I, II
and III) it becomes an important factor, since a small difference in temperature can
change the dominant gases in the planetary atmosphere.

Discussion

There are many unknown factors that can change the results.

Planetary Composition

The characterization of the initial planetary atmosphere is strongly dependent on
the composition. Since the initial composition of the exoplanets remain unknown,
two different initial compositions taken from our Solar System are adopted, but
substantially different compositions are possible.

Volatiles in the Atmosphere

We followed the work by Schaefer et al. [30] and consider atmospheres produced
by the outgassing of a volatile-free magma. For such extreme temperatures, Tp >
1,000 K, elements such as H, C, N and S should escape from the atmosphere in
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Fig. 5.7 Stellar effective temperature and semimajor axis for the Kepler candidates. The dotted
lines are the limit temperatures in the case of adopting 0.2 as the Bond albedo

short timescales. For this reason we do not expect this gases to be present in the
atmosphere. We base this assumption on models of volatile loss in hot-Jupiters [1],
hot super-Earths [20] and rocky bodies [6, 31]. If the volatiles were not lost, the
atmosphere would be dominated by volatiles. For information about cooler planets
that could potentially provide habitable conditions see e.g. [15].

Albedo

The planetary bond albedo adopted in this work is A = 0.01. The observations
[25–27] and modeling [4, 22, 32] of hot exoplanets support this assumption.
According to these studies, there are currently no indications that suggest higher
albedos for hot rocky planets, nevertheless we study the effect of a higher albedo on
our results. For comparison we adopt also the Earth bond albedo (0.2) and analyse
the change in the results. For an albedo of 0.2, we find 146 planetary candidates
with radius less than 2.5 R⊕ and Tp > 1,000 K. Of these 146 planets, 144 are
characterized by atmospheres Type I, 1 by Type II, 1 by Type III, 0 by Type IV
and 0 by Type V (adopting komatiite composition). The differences in the limit
temperatures and corresponding results can be seen in Fig. 5.7.
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Heating Source

In this work we consider irradiation from the central star as the main heating source.
Heating sources like short-lived radioisotopes, impacts and tidal effects (among
others) can increase the surface temperature. According to [13], the insolation is
the most important heating source for planets with periods larger than ∼2 days
and for those with shorter periods, with non eccentric orbits. We expect that these
planets located so close to their central star have low eccentricities. Nevertheless,
we explore the effects of tidal heating in the Kepler planetary candidates with
P < 2 days, that can be affected by this effect if presenting eccentricities larger
than e > 0.1. Equation 5.3 shows the planetary temperature when considering both
effects: insolation and tides [13, 24],

Tp,tidal+ins =

(πR2
p(1−A) L�

4πa2 +
21
2

k2
Q

GR5
pne2

a6 M2
�

4πR2
pσ

) 1
4

(5.3)

where, k2 � 0.3 is the second-order Love number of super-Earths (Henning personal
communication), Q is the quality factor of the planet, n its mean motion and e the
eccentricity. Since e and Q are unknown for the Kepler candidates, we test different
values. Kepler candidates with periods less than 2 days are expected to have almost
circular orbits. Therefore, we adopt e = 0.001 and e = 0.01 and two different values
for Q: 200 and 20,000, which represent planets with limited partial melting or
significant partial melting in the mantle, respectively [13] . We find no significant
change in the planets surface temperatures in the four cases analyzed. The role of
tides in these planets, if occurring, will be to increase the convective vigor of the
mantle, causing a larger fraction of total mantle volume to be accessible to surface
degassing, but should not change the surface temperature significantly.

Conclusion

In this work we present a simple approach to explore the atmospheric composition
of hot super-Earths as a function of the observable data of the planets: its semimajor
axis, radius and stellar effective temperature. We model the initial planetary
atmospheric compositions due to outgassing assuming komatiite and bulk silicate
Earth as magma compositions. The planet equilibrium temperatures were calculated
assuming that the main source of heating is irradiation from the central star, and
discuss the consequences of adopting different sources of heating. The model results
indicate five types of atmospheres, based on the abundance of the dominant gases
(Fe, Mg, Na, O, O2 and SiO).

We apply this approach to explore the different atmospheric composition of hot
potentially rocky planetary candidates from the February 2011 Kepler data release.
According to our findings, 615 planetary candidates have radii less than 2.5 R⊕,
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of which 193 have Tp larger than 1,000 K (assuming an albedo of 0.01). When
adopting komatiite composition, 189 of 193 Kepler candidates present a Type I
model atmosphere dominated by monatomic Na, O2, monatomic O and monatomic
Fe. Three planetary candidates are characterized by Type II atmospheres, where
SiO becomes more abundant than monatomic Fe, no candidates with Type III
atmospheres, where monatomic Mg is more abundant than monatomic Fe, and only
one planet is characterized by Type IV, with a large abundance of SiO. Finally, there
is no Kepler planetary candidate with an atmosphere of Type V, which is completely
dominated by SiO.

Acknowledgements The authors acknowledge support from DFG funding ENP Ka 3142/1-1 and
NASA NAI.
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Chapter 6
The Nitrogen Chemistry in Hot Jupiters
Atmosphere

Olivia Venot, Eric Hébrard, Marcelino Agúndez, Michel Dobrijevic, Franck
Selsis, Franck Hersant, Nicolas Iro, and Roda Bounaceur

Abstract The atmosphere of hot Jupiters can be probed by primary transit and
secondary eclipse spectroscopy. In order to constrain the atmospheric thermal
structure and composition from observables, chemical models are necessary. Due
to the intense UV irradiation, mixing and circulation, the chemical composition is
maintained out of equilibrium and kinetic photochemical models must be applied
with kinetics valid at the high temperatures prevailing in hot Jupiters atmospheres.
We study the steady state atmospheric composition of HD 189733b one of the
most observed hot Jupiters by implementing a new kinetic network in a 1D time-
dependent chemical model including photodissociations and vertical diffusion. We
confirm that the atmospheric composition of the planet is maintained out of the
equilibrium by photodissociations and vertical quenching. The core and novelty
of this study is the chemical scheme. It was produced in close collaboration with
experts of applied high-temperature kinetics and methodically validated over a
range of temperatures and pressures typical of the atmospheric layers influencing
the observations of hot Jupiters. In addition to our nominal chemical scheme, we
implemented other reaction sub-networks for nitrogen-bearing species that are
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commonly used in the field of combustion, and investigate the sensitivity of the
predicted abundances and spectra to the network. We found that the abundances of
NH3 and HCN can vary by 2 orders of magnitude. A spectral feature of NH3 at
10.5 μm is sensitive to these abundance variations and thus to the chemical scheme.

Introduction

So far, more than 700 exoplanets have been confirmed and thousands of transiting
candidates have been identified by the space telescope Kepler [4]. Among them, hot
Jupiters are a class of gas giants with orbital periods of a few days or less. They are
found around ∼0.5% of KGF stars [29, 30]. About 10% of them transit their host
star and their atmospheric composition and physical structure can be studied by
transit spectroscopy [12, 13, 31, 52, 58, 62–66]. Photochemical models have been
developed to interpret these observations [44–46, 50, 73].

Because of their short orbital distance, hot Jupiters receive a high UV flux
(typically 10,000 times the flux received on the top of the atmosphere of Jupiter)
and their equilibrium temperature is very high (ranging from 600 to 3,000 K).
Thus, the atmospheric composition of these planets is potentially influenced by both
photochemistry and thermochemistry [73].

In Solar System atmospheres, photolyses due to solar UV photon occur at low
temperature and chemical models can neglect endothermic reactions. In the hot
lower atmospheres of gas giants, icy giants, and Venus, temperature is high enough
for endothermic reactions to take place but no UV radiation is present. Therefore, we
cannot use the same models to describe correctly hot Jupiter atmospheres, since it
is necessary to consider chemical reactions in both the exothermic and endothermic
directions, with rate coefficients specific to the relevant temperature range, as well
as UV photolyses. To that purpose, we have implemented a chemical scheme that is
new in the field of astrochemistry, but initially developed for industrial applications
(mainly combustion in car engines). Chemical models based on this scheme have
been the subject of a comprehensive validation against experiments.

Chemical Modeling

Kinetics and Thermodynamic Equilibrium

An elementary reversible reaction i involving J chemical species can be represented
in the following general form:

J

∑
j=1

ν ′
jiχ j ⇔

J

∑
j=1

ν ′′
jiχ j (6.1)
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where ν ′
ji are the forward stoichiometric coefficients, and ν ′′

ji are the reverse ones.
χ j is the chemical symbol of the jth species. The kinetic data associated to each

reaction are expressed with a modified Arrhenius law k(T ) = A×T n exp−
Ea
RT where

T is the temperature, R the universal gas constant, Ea is the activation energy of
the reaction, A the pre-exponential factor and n a coefficient which allows the
temperature dependence of the pre-exponential factor. If the rate constant associated
to the forward reaction is k f i(T ), then the one associated to the reverse reaction is
kri(T ), verifying:

Ki =
k f i(T )

kri(T )

(
P0

kBT

)∑J
j=1 ν ji

(6.2)

where Ki is the equilibrium constant (with the activity of the reactants expressed in
pressure units) [7]:

Ki = exp

(
ΔS0

i

R
− ΔH0

i

RT

)
(6.3)

where ΔS0
i and ΔH0

i are the variation of entropy and enthalpy occurring when
passing from reactants to products in the reaction i, P0 is the standard pressure
(P0 = 1,01325 bar), kB is the Boltzmann’s constant and ν j are the stoichiometric
coefficients of the J species involved in reaction i: ν j = ν ′′

ji −ν ′
ji. The enthalpy and

the entropy are expressed in therms of NASA polynomials as described in Venot
et al. [71]. By reversing all the reactions, the kinetic system will evolved towards
the thermodynamic equilibrium.

The equilibrium composition of a system at a defined temperature and pressure
can also be determined by finding the composition that minimizes the Gibbs energy
of the system. Indeed, a system always evolves in order to reduce its Gibbs energy.
This energy is given by:

G =
J

∑
j=1

g jNj (6.4)

where J is the total number of species, g j is the partial free energy of the species
j and Nj is the number of moles of the species j. The partial free energy of a
compound j, behaving as an ideal gas, is given by:

g j = g j(T,P)+RT lnNj (6.5)

where g j(T,P) is the free energy of the species j at the temperature T and the
pressure P of the system and R is the ideal gas constant. For an ideal gas, g j(T,P)
is given by:

g j(T,P) = h0
j(T )−Ts0

j(T )+RT ln

(
P
P0

)
(6.6)

where h0
j(T ) and s0

j(T ) are respectively, the standard-state enthalpy and entropy
of the species j at the temperature T of the system. As we said, these quantities
are calculated with the NASA coefficients. Using only these coefficients, one can
determine the equilibrium composition of a system.
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Kinetic Network: From Car Engine to Hot Jupiters

Significant progress has been done during the past decade in the development of
combustion mechanisms.1 In the context of limiting the environmental impact of
transportation, there is indeed a need in the development of detailed chemical kinetic
models more predictive and more accurate for the combustion of fuels. One part of
the studies undertaken in the LRGP (Laboratoire Réactions et Génie des Procédés,
Nancy, France) concerns engine-fuel adaptation in order to improve the efficiency
of engines and to limit the emission of pollutants. Most of these kinetic models
were developed for industrial applications and have been validated in a range of
temperatures, from 300 to approximately 2,500 K, and for pressures from 0.01 bar to
some hundreds of bar. What is worth noticing is the similarity of these temperature
and pressure ranges with the conditions prevailing in hot Jupiters atmospheres, in
the very layers where they influence the observed molecular features. In addition,
combustion mechanisms mainly deal with molecules made of C, H, O and N, which
are also the main constituents of the molecules and radicals in these atmospheres.
For this reason, we have decided to implement such a mechanism, which has already
been applied successfully to many cases and systematically validated [8], to study
the atmosphere of hot Jupiters.

We have used a C/H/O/N mechanism, whose core is a C0–C2 mechanism that
includes all the reactions required to model the kinetic evolution of radicals and
molecules containing less than three carbon atoms. This mechanism is described
in Venot et al. [71]. The originality of this scheme, is that it includes experimental
data for both exothermic and endothermic directions for three important reactions,
instead of reversing them with the equilibrium constant. Indeed, we have explained
in section “Kinetics and Thermodynamic Equilibrium” that it was necessary to
reverse all the reactions of a system to reproduce the thermodynamical equilibrium,
but it does not ensure that the kinetic evolution is realistic. Decade of study and
experiments in the field of combustion have shown that the kinetic evolution was
more realistic using experimental data for some reactions for both directions.

As nitrogen species, such as N2, NH3, HCN, are expected to be important
constituents of hot Jupiter atmospheres, we completed this C0–C2 base with a
validated sub-mechanism specifically constructed to model nitrogen species and
all the cross-term reactions involved (for instance, reactions between alkanes and
NOX ). These mechanisms do not use rate coefficients that have been adjusted
by optimization procedures in order to fit experiments. Their values are those
recommended for the individual processes by the main kinetics databases for
combustion [6, 49, 59, 67]. The list of the reactions and their rate coefficients are

1In the field of combustion, a mechanism or reaction base is a network of reactions able to describe
the kinetic evolution of a given pool of species. The mechanism includes the list of reactions and the
associated rate coefficients, in a modified Arrhenius form, as well as the thermodynamic data for
all the species involved in these reactions, which are required to calculate the equilibrium constants
of the reactions and the rates of the reverse reactions.
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available in the online database KIDA: KInetic Database for Astrochemistry2 [72].
The final mechanism includes 957 reversible and 6 irreversible reactions, involving
105 neutral species (molecule or radical). Helium is also included in this mechanism
and plays the role of third body in some reactions.

Nitrogen Reaction Base

In our nominal model, the sub-network for the nitrogen bearing species is derived
from Konnov [35, 36] and Coppens et al. [14]. It is based on a comprehensive
analysis of the combustion chemistry of nitrogen oxides [38], ammonia [40],
hydrazine [42], and modeling of nitrogen oxides formation in different combustion
systems [37, 39, 41]. In addition, we consider a few additional pathways for HCN
oxidation from Dagaut et al. [15].

Validations of our nominal sub-network for nitrogen bearing species have been
made on the basis of experimental data obtained, for instance, by oxidation of
HCN in a silica jet-stirred reactor (JSR) at atmospheric pressure and from 1,000
to 1,400 K [15], or studying laminar flame speeds in NH3 – N2O mixtures [9].
The nitrogen mechanism includes 42 species: NO3, HONO2, CH3ONO, CH3NO2,
HNO2, CH3NO, NO2, HONO, HCNN, HCNO, N2O, NCO, HNO, HOCN, NNH,
H2CN, N(4S), CN, HNCO, NO, NH, NH2, HCN, NH3, N2, N2O4, N2O3, N2H2,
N2H3, N2H4, HNNO, HNOH, HNO3, NH2OH, H2NO, CNN, H2CNO, C2N2,
HCNH, HNC, HON and NCN. For comparison, we have also used other nitrogen
sub-mechanisms, which are presented in section “Nitrogen Reaction Base” with the
corresponding results.

Because the mechanism we use was created from individual processes and
validated without any optimization of their reaction coefficients, its application
outside the condition range of validation is not problematic. This is an issue,
for instance, with the well-known combustion mechanism GRI-Mech V3.03 [59],
proposed by Gas Research Institute, which is an optimized mechanism designed to
model natural gas combustion. Optimization makes the model extremely accurate
within the optimization domain but its application beyond is risky [5].

Photochemistry

We add to the thermochemical scheme a set of 34 photodissociations. In hot Jupiters,
UV flux penetrates down to a pressure of about 1 bar, where the temperature is
higher than 1,500 K. At these temperatures and pressures, endothermic reactions
do matter, which implies that photochemistry and thermochemistry are coupled

2http://kida.obs.u-bordeaux1.fr.
3http://www.me.berkeley.edu/gri mech/.

http://kida.obs.u-bordeaux1.fr
http://www.me.berkeley.edu/gri_mech/
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in such highly irradiated atmospheres. We used absorption cross section at the
highest available temperature (i.e. 370 K at maximum, which is low compared to
the temperatures in the atmosphere of hot Jupiters (see Fig. 6.1)). To tackle this
issue, we have decided to measure absorption cross section at high temperature for
important molecules such as CO2 and H2O. These measurements and their impact
on the results given by our model are presented in Venot et al. [70].

Photodissociations produce excited states of oxygen (O(1D)) and nitrogen
(N(2D)) that are not treated in the original combustion mechanisms. Therefore, we
added to the C/H/O/N mechanism, 19 reversible reactions which describe the ki-
netics of O(1D) and N(2D), including radiative and collisional desexcitation. These
reactions rates are taken (or have been estimated) from Okabe [51], Herron [28],
Umemoto et al. [69], Balucani et al. [2], Sato et al. [55], Balucani et al. [3] and
Sander et al. [54].

1D Numerical Model

We use this chemical network in a 1D model that includes photolyses and vertical
transport, which has been previously used to study the atmospheric photochemistry
of various objects of the Solar System: Neptune [19], Titan [26, 27], Saturn [11, 18],
and Jupiter [10] as well as extrasolar terrestrial planets [56]. This model has been
adapted to hot Jupiters and is described in Dobrijevic et al. [19] and Venot et al. [71].

To calculate the photodissociation rates in all the layers of the atmosphere, we
compute the stellar UV flux as a function of pressure and wavelength, taking into
account molecular absorption by 22 species and Rayleigh scattering. Actinic fluxes
are calculated with a resolution of 1 nm (which is also the resolution we adopted for
the absorption cross-sections), assuming a plane parallel geometry and an incidence
angle θ of 48◦ (because < cosθ >= 2/3 (θ � 48◦) is the projected-areaweighted
average of the cosine of the stellar zenith angle over the planetary disk at secondary-
eclipse conditions). Multiple Rayleigh scattering is coupled with absorption through
a simple two-stream iterative algorithm [34].

Application to HD 189733b

HD 189733b transits around a nearby bright star. Its atmosphere has been studied
by the transmission spectrum obtained during the primary transit and the day-side
emission spectrum measured at the secondary eclipse. These observations can be
used to constrain the thermal profile [47] and to detect the spectral signature of
atmospheric compounds [24, 63, 65, 66].

The physical properties used for HD 189733b and HD 189733 come from
Southworth [60, 61]. We use the temperature (Fig. 6.1) and eddy diffusion profiles
published in Moses et al. [50]. These profiles are derived from the general
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Fig. 6.1 Pressure-temperature profiles of HD 189733b (From [50])

circulation model of Showman et al. [57] (for K(z) and PT profiles) and the
1-D model of Fortney et al. [21, 22] (for PT profile only). Also following
Moses et al. [50], we assume solar elemental abundances for this planet, with
20 % of depletion for oxygen (sequestered along with silicates and metals). We
start our time-dependent modeling with the thermodynamic equilibrium abundances
calculated with TECA (an equilibrium model described in Venot et al. [71]) at each
level of the atmosphere.

For the star HD 189733, a K1–K2 star, the UV spectrum has been provided to us
by Ignasi Ribas (private communication). It is based on FUSE and HST observations
of the star ε Eridani, a proxy of HD 189733 (similar type, age and metallicity), in the
90–330 nm range and on scaling laws between 0.5 and 90 nm. Above 330 nm, we
use a synthetic spectrum calculated with the stellar atmosphere code Phoenix [25].

Nominal Model

First of all, we checked that our kinetic model reproduces the thermodynamic
equilibrium, in the absence of vertical mixing and photodissociation. We obtained
differences lower than a few percent. The homopause is found above the 1 ×
10−5 mbar level, which is beyond the range of pressure that we model. As a
consequence, and although it is included, molecular diffusion does not affect our
results.
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Fig. 6.2 Steady-state composition of HD 189733b calculated with our nominal model (color
lines), compared to the thermodynamic equilibrium (thin black lines)

Figure 6.2 shows the steady-state composition of the atmosphere of HD 189733b,
with vertical transport and photodissociations. The vertical quenching has an effect
on a large part of the atmosphere of HD 189733b. NH3 and HCN are quenched at
5 bar, CH4 at 1 bar, H at 40 mbar and CO2 at 20 mbar. Quenching contaminates the
composition up to very low-pressure levels (10−4 mbar).

Photodissociations affect the composition down to about the 10 mbar level. The
production of H is dominated by the photolysis of H2 for pressures lower than
1 μbar. Below this level, and for pressures higher than 0.1 mbar, H is produced by
the photodissociation of H2O, with a minor contribution of the photodissociations
of NH3 and HCN. The abundance of OH follows the profile of H, and increases
for pressures lower than 10 mbar. There is a photochemical enhancement of HCN
above the 10 mbar pressure level, as discussed in Moses et al. [50]. CH4 is destroyed
by photolyses for pressures lower than 0.01 mbar. NH3 is photodissociated down
to levels as deep as 1 bar, but vertical transport compensates this destruction for
pressures higher than 0.1 mbar. Above that level, the amount of NH3 decreases with
altitude due to photolyses. Photochemistry has a negligible effect on CO2, as noted
by Zahnle et al. [73].

Other Networks for Nitrogen Species

The chemistry of some nitrogen compounds is not well constrained. However,
NOX , HCN, CN and NH3 are important species in applied combustion (gas fuel,
for instance, can contain high concentrations of ammonia), and should be well
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reproduced within the temperature and pressure range of the validation. Quenching
is found to occur within 100 to a few hundred bars, a pressure range at which
our nominal mechanism has been validated. Other sub-mechanisms are available to
model the kinetics of nitrogen-bearing species. In order to test how our results are
sensitive to the nitrogen scheme, we replaced our nitrogen reaction base by other
nitrogen sub-mechanisms:

– GRIMECH, mechanism based on GRI-Mech 3.0 [59] with several reactions
involving NOX compounds added with respect to the mechanisms of
Glaude et al. [23] as recommended and done by Anderlohr et al. [1]. It includes
162 reversible reactions involving 26 nitrogen compounds. The GRI-Mech
3.0 is a mechanism designed to model natural gas combustion, including NO
formation and reburn chemistry. As already mentioned in section “Nitrogen
Reaction Base”, it has been optimized as a global mechanism, i.e., some rate
coefficients have been modified (compared to the literature) in order to fit the
results of a pool of experiments with conditions and compositions specific to
combustion. The individual processes have not been studied separately in all the
pressure and temperature range. Applying this mechanism beyond its domain of
optimization/validation is a risky extrapolation. Mixing ratios of oxidants, for
instance, are very low in hot Jupiter atmospheres compared with the experiments
used to optimize/validate GRI-Mech 3.0.

– GDF-Kin, mechanism for natural gas combustion modeling [16, 68] that includes
180 reversibles reactions involving 22 nitrogen species. Several experimental
data on natural gas combustion have been acquired in partnership with Gaz
de France to develop and optimize this mechanism. NOX chemistry has been
included in GDF-Kin 3.0 [20]. We use the update version GDF-Kin 5.0 [43],
in which five reactions involving NCN have been refined in order to better
reproduce the kinetics of this species.

– DEAN, taken from Dean and Bozzelli [17]. This book that presents a catalog of
reactions is used by Moses et al. [50], at least for some reactions. The mechanism
derived from this work includes 370 reversible reactions involving 49 nitrogen
species and one C/H/O species that is not included in our C0–C2 scheme: HCOH.
The purpose of the work of Dean and Bozzelli was to list gas phase reactions
involving nitrogen-bearing species that could be important for high temperature
combustion modeling and to provide the associated rate coefficients based on
an analysis of elementary reaction data, when available, or on estimations from
thermochemical kinetics principles otherwise. This mechanism was developed
on the basis of analysis of individual reactions rather than by attempting to
reproduce any specific set of experiments. It is clearly written in this book that:
“Although we show in the chapter that this mechanism provides a reasonable
description of some aspects of high-temperature nitrogen chemistry, we have not
attempted a comprehensive comparison”. Therefore, this kinetic network should
be viewed as a database of reaction rate constants rather than a real validated
mechanism.
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Fig. 6.3 Abundances of NH3, HCN, CH4 and C2H2 in HD 189733b with the four different models

The impact of the different nitrogen sub-mechanisms on the abundance profiles
of various species is illustrated in Fig. 6.3. Thermodynamic equilibrium is the same
for all schemes (for the species in common).

The main species that are significantly affected at these pressure levels by the
change of nitrogen scheme are HCN and NH3. This is not surprising as these are the
only ones departing from equilibrium due to quenching, and the pressure level at
which the quenching occurs depends on the kinetic network adopted. For both HCN
and NH3, profiles obtained with GDF-Kin are bracketed by those from the nominal
model and DEAN, while GRIMECH gives significantly higher abundances than all
other models in the quenching region. With GRIMECH, we also notice that NH3
becomes the main nitrogen-bearing species from the bottom of the atmosphere up
to 0.03 mbar because of vertical mixing, whereas thermodynamics predicts that N2
should be the main nitrogen-bearing species.

For hydrocarbons (see Fig. 6.3) all the models we tested cluster to the same
profiles for pressures below 1 mbar. This shows that N-bearing species have little
influence on hydrocarbon chemistry at these altitudes (This would no longer be true
at higher temperature and for higher C/O ratios as HCN would become a major
reservoir of both N and C).

At lower pressure, Fig. 6.3 shows large differences that are no longer due
to quenching. When comparing our nominal model with our alternative ones,
departures can be due to differences in the kinetic network (different rates, different
minor species included) and in photochemistry, as some absorbing species are not
included in all the models. The difference is particularly striking for C2H2, where



6 The Nitrogen Chemistry in Hot Jupiters Atmosphere 77

DEAN and GRIMECH, on the one hand, and the nominal model and GDF-Kin, on
the other hand, seem to cluster in two different regimes, exhibiting 2 to 3 order of
magnitude differences at 0.1–0.001 mbar.

Corresponding Emission and Transmission Spectra

In order to calculate the planetary transmission and emission+reflection spectra
of HD 189733b (Fig. 6.4), we use a line-by-line radiative transfer model from
0.3 to 25 μm [32, 33]. The opacity sources included in the model are the main
molecular constituents: H2O, CO, CH4, NH3, Na, K and TiO; Collision Induced
Absorption by H2 and He; Rayleigh diffusion and H– bound-free and H–

2 free-free.
For absorbing species not included in our kinetic model (Na, K and TiO), chemical
equilibrium is assumed. The current model does not account for clouds. For the
reflected component, we use synthetic stellar spectra generated from ATLAS.4 The
main difference from the static model described in Iro et al. [33] is the addition of
NH3 for which we used the HITRAN 2008 database [53].

We applied this model for the compositions obtained with the two nitrogen
mechanisms, which give the most opposite results (Nominal and GRIMECH),
as well as for chemical equilibrium. The GRIMECH scheme gives the highest
abundance for ammonia: 100 times more NH3 than the nominal model. As a
consequence, features of this molecule become noticeable on both the emission
and transmission spectra at 1.9, 2.3, 3.0, 4.0, 6.1 and 10.5 μm. The most prominent
feature is found at 10.5 μm.

At the moment, our radiative transfer model does not include the contribution of
HCN to the opacities. Based on the HCN abundances and associated spectra found
by Moses et al. [50], we can expect the spectra to be also sensitive to the HCN
abundance. Indeed, at the altitudes probed by the observations, there is nearly 2
orders of magnitude less HCN with our nominal model than with GRIMECH, and
GRIMECH gives HCN abundances similar to that of Moses et al. [50]. Therefore,
the signature of HCN found by Moses et al. [50] at 14 μm should also become
noticeable with the GRIMECH version of our scheme.

Discussion

The modeled abundances of nitrogen-bearing species (in particular NH3 and HCN)
differ significantly depending on the reaction network that we use. Deviations
are also found for hydrocarbons in the upper atmosphere. To study the chemical
composition of hot atmospheres, we recommend to use, as far as possible, chemical

4http://kurucz.harvard.edu/stars.html.

http://kurucz.harvard.edu/stars.html
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Fig. 6.4 Synthetic day-side spectra of HD 189733b with the nominal mechanism (green curve)
compared to the one corresponding to the GRIMECH mechanism (red curve) and to the
thermochemical equilibrium (blue curve). The dark curve is obtained when NH3 is removed from
the model. The day-side fluxes are given as brightness temperatures (Tb). Because of the reflection
component, note that the link between Tb and the atmospheric thermal profile is altered below
2 μm

schemes validated against experiments, like ours. We do not claim that it is a definite
chemical scheme, it will certainly evolve in the same time as our knowledge about
nitrogen chemistry. Indeed, kinetics of reactions between nitrogen-bearing species is
not as well known as for carbon-bearing species. Nitrogen mechanisms are expected
to be improved and completed to study exoplanet atmospheres. For instance, in our
chemical scheme we note the absence of several species (such as CH3CN, HC3N,
. . . ), which have observable abundances in some planetary atmospheres of the Solar
System (Titan and Earth). With solar elemental abundances and in the range of
pressures and temperatures that we considered for the planet studied, HCN and
NH3 remain minor species, and it is likely that the departures that we find have
little influence on the thermal profile and the spectra of this planet. However, hot
Jupiters are certainly significantly enriched in heavy elements if formed by core
accretion. A possible signature of that is the high abundance of CO2 found by
observations [64, 65], that requires a high metallicity [73]. In addition, C/O ratios
could be altered during planet formation and a high C/O ratio could explain the high
observed abundances of both CH4 and CO2 [48]. If this is correct, then HCN should
be a key species and a main reservoir of both C and N in atmospheric layers probed
by observations. New observations able to constrain the abundance of NH3 and/or
HCN would be extremely useful.
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Conclusion

Since decades, the field of combustion deals with high temperatures and pressures,
similar to the ones found in hot Jupiters. Models used for industrial applications
(such as car engine simulations) have been developed and validated over a broad
range of temperatures, pressures and compositions. An important work of exper-
iments have been required to obtain such a chemical scheme. We can benefit
from this expertise and use the same chemical scheme to study the atmospheric
composition of planets with warm atmospheres, as hot Jupiters and hot Neptunes.
Despite this hard work, nitrogen chemistry is still not well constrained. Different
schemes exist and are commonly used in the combustion field to study different
purposes. Using these schemes in a photochemical model give a large range of
possible results. This confirms the fact that chemical networks, in particular for N-
bearing species, will have to be tested experimentally in conditions that are closer
to those prevailing in hot exoplanet atmospheres. These planets represent a real
laboratory to study nitrogen chemistry. We can hope that future, more accurate
observations obtained for instance with EChO and JWST, will provide constraints
allowing us to improve our mechanisms.

Acknowledgements We thank Ignasi Ribas for providing us the UV flux of ε Eridani, proxy of
HD 189733 and Anthony M. Dean for providing us the list of rate coefficients from his book in an
electronic form. F. S., O. V., E. H. and M. A. acknowledge support from the European Research
Council (ERC Grant 209622: E3ARTHs).

References

1. Anderlohr, J., Bounaceur, R., Pires Da Cruz, A., Battin-Leclerc, F.: Modeling of autoignition
and no sensitization for the oxidation of ic engine surrogate fuels. Combust. Flame 156(2),
505–521 (2009)

2. Balucani, N., Alagia, M., Cartechini, L., Casavecchia, P., Volpi, G.G., Sato, K., Takayanagi,
T., Kurosaki, Y.: Cyanomethylene formation from the reaction of excited nitrogen atoms with
acetylene: a crossed beam and ab initio study. J. Am. Chem. Soc. 122(18), 4443–4450 (2000a)

3. Balucani, N., Cartechini, L., Alagia, M., Casavecchia, P., Volpi, G.: Observation of nitrogen-
bearing organic molecules from reactions of nitrogen atoms with hydrocarbons: a crossed
beam study of N(2D)+ ethylene. J. Phys. Chem. A 104(24), 5655–5659 (2000b)

4. Batalha, N.M., Rowe, J.F., Bryson, S.T., Barclay, T., Burke, C.J., Caldwell, D.A., Christiansen,
J.L., Mullally, F., Thompson, S.E., Brown, T.M., Dupree, A.K., Fabrycky, D.C., Ford, E.B.,
Fortney, J.J., Gilliland, R.L., Isaacson, H., Latham, D.W., Marcy, G.W., Quinn, S., Ragozzine,
D., Shporer, A., Borucki, W.J., Ciardi, D.R., Gautier, T.N., III, Haas, M.R., Jenkins, J.M.,
Koch, D.G., Lissauer, J.J., Rapin, W., Basri, G.S., Boss, A.P., Buchhave, L.A., Charbonneau,
D., Christensen-Dalsgaard, J., Clarke, B.D., Cochran, W.D., Demory, B.O., Devore, E.,
Esquerdo, G.A., Everett, M., Fressin, F., Geary, J.C., Girouard, F.R., Gould, A., Hall, J.R.,
Holman, M.J., Howard, A.W., Howell, S.B., Ibrahim, K.A., Kinemuchi, K., Kjeldsen, H.,
Klaus, T.C., Li, J., Lucas, P.W., Morris, R.L., Prsa, A., Quintana, E., Sanderfer, D.T., Sasselov,
D., Seader, S.E., Smith, J.C., Steffen, J.H., Still, M., Stumpe, M.C., Tarter, J.C., Tenenbaum,
P., Torres, G., Twicken, J.D., Uddin, K., Van Cleve, J., Walkowicz, L., Welsh, W.F.: Planetary
candidates observed by Kepler, III: analysis of the first 16 months of data. ArXiv e-prints
(2012)



80 O. Venot et al.

5. Battin-Leclerc, F., Blurock, E., Bounaceur, R., Fournet, R., Glaude, P.A., Herbinet, O., Sirjean,
B., Warth, V.: Towards cleaner combustion engines through groundbreaking detailed chemical
kinetic models. Chem. Soc. Rev. 40(9), 4762–4782 (2011)

6. Baulch, D.L., Bowman, C.T., Cobos, C.J., Cox, R.A., Just, T., Kerr, J.A., Pilling, M.J., Stocker,
D., Troe, J., Tsang, W., et al.: Evaluated kinetic data for combustion modeling: supplement II.
J. Phys. Chem. Ref. Data 34(3), 757–1398 (2005)

7. Benson, S.W.: Thermochemical Kinetics: Methods for the Estimation of Thermochemical
Data and Rate Parameters, 2nd edn. Wiley, New York (1976)

8. Bounaceur, R., Glaude, P., Fournet, R., Battin-Leclerc, F., Jay, S., Cruz, A.: Kinetic modeling
of a surrogate diesel fuel applied to 3D auto-ignition in HCCI engines. Int. J. Veh. Des. 44(1),
124–142 (2007)

9. Brown, M.J., Smith, D.B.: Aspects of nitrogen flame chemistry revealed by burning velocity
modeling. Symp. (Int.) Combust. 25(1), 1011–1018 (1994). 25th symposium (international)
on combustion
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27. Hébrard, E., Dobrijevic, M., Bénilan, Y., Raulin, F.: Photochemical kinetics uncertainties
in modeling Titan’s atmosphere: first consequences. Planet. Space Sci. 55(10), 1470–1489
(2007)

28. Herron, J.: Evaluated chemical kinetics data for reactions of N(2D), N(2P), and N2 (a3σu+)
in the gas phase. J. Phys. Chem. Ref. Data 28(5), 1453–1483 (1999)

29. Howard, A., Marcy, G., Johnson, J., Fischer, D., Wright, J., Isaacson, H., Valenti, J.,
Anderson, J., Lin, D., Ida, S.: The occurrence and mass distribution of close-in super-earths,
Neptunes, and Jupiters. Science 330(6004), 653 (2010)

30. Howard, A., Marcy, G.W., Bryson, S.T., Jenkins, J.M., Rowe, J.F., Batalha, N.M.,
Borucki, W.J., Koch, D.G., Dunham, E.W., Gautier, T.N., III, Van Cleve, J., Cochran, W.D.,
Latham, D.W., Lissauer, J.J., Torres, G., Brown, T.M., Gilliland, R.L., Buchhave, L.A.,
Caldwell, D.A., Christensen-Dalsgaard, J., Ciardi, D., Fressin, F., Haas, M.R., Howell, S.B.,
Kjeldsen, H., Seager, S., Rogers, L., Sasselov, D.D., Steffen, J.H., Basri, G.S., Charbon-
neau,D., Christiansen, J., Clarke, B., Dupree, A., Fabrycky, D.C., Fischer, D.A., Ford, E.B.,
Fortney J.J., Tarter, J., Girouard, F.R., Holman, M.J., Johnson, J.A., Klaus, T.C., Machalek, P.,
Moorhead, A.V., Morehead, R.C., Ragozzine, D., Tenenbaum, P., Twicken, J.D., Quinn, S.N.,
Isaacson, H., Shporer, A., Lucas, P.W., Walkowicz, L.M., Welsh, W.F., Boss, A., Devore, E.,
Gould, A., Smith, J.C., Morris, R.L., Prsa, A., Morton, T.D.: Planet Occurrence within 0.25
AU of Solar-type Stars from Kepler. ArXiv e-prints (2011)

31. Huitson, C.M., Sing, D.K., Vidal-Madjar, A., Ballester, G.E., Lecavelier des Etangs, A.,
Désert, J.M., Pont, F.: Temperature-pressure profile of the hot Jupiter HD 189733b from
HST sodium observations: detection of upper atmospheric heating. ArXiv e-prints (2012)

32. Iro N., Deming, L.D.: A time-dependent radiative model for the atmosphere of the eccentric
exoplanets. Astrophys. J. 712, 218–225 (2010)
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Chapter 7
Implication of Impacts in the Young Earth Sun
Paradox and the Evolution of Earth’s
Atmosphere

Josep M. Trigo-Rodrı́guez and F. Javier Martı́n-Torres

Abstract The role of impacts in the evolution of the Earth’s atmosphere is
discussed. Impacts could have been significant heating sources during the Hadean
eon, and likely promoted thermal escape of atmospheric species to differing degrees.
Large impacts, that are regularly delivering enough energy to Earth’s atmosphere to
cause significant erosion, can also bring metal particles with catalytic properties
in the right conditions. That impact-induced chemistry is poorly known, but recent
laboratory studies emphasize its key role in the production of greenhouse gases
and organic compounds. A better understanding of the phases associated with re-
entry and cooling phases of a bolide plume evolving in the aftermatch of a huge
impact is needed. In the right range of temperature and pressure conditions, impacts
can produce ammonia, methane and other organic compounds through the Haber
and Fischer-Tropsch catalytic processes, but mixing and decay of those compounds
in different models of the atmosphere needs to be explored. Hadean-atmosphere
models proposed so far are reviewed also discussing the scarcely available geologi-
cal evidence. Simple thermodynamic equilibrium calculations for probable Hadean
atmosphere conditions are presented. Several scenarios of reducing (H2-rich) and
oxidizing (CO2-rich) atmospheres are considered to study the stability of CH4 and
NH3 and the formation of organic compounds. Searching for chemical signatures
in similar evolutionary stages of recently formed Earth-like exoplanets could be an
interesting future field of research. New evidence in this regard can contribute to a
better understanding of the transition point to a habitable world.
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Introduction

Oparin (1924) was one of the first authors to speculate about the composition of
the primeval atmosphere and its implications on the origin of life. He proposed
a strongly reducing atmosphere rich in hydrogen (H2), ammonia (NH3), methane
(CH4) and other hydrocarbons, and suggested that the reactions between those
compounds led to the production of organic compounds with increasing complexity,
which then rained into the primordial ocean. A few years later Haldane (1928)
proposed that carbon dioxide (CO2) was the dominant carbon source in the early
atmosphere, on the basis that volcanic degassing formed the primeval atmosphere.
Despite being speculative, Oparin’s scenario was innovative for his time because,
not only did it propose an early atmosphere based on quite reasonable assumptions,
but also provided a direct link between its evolution and the origin of life. Nowadays,
many authors share this view and make the study of the origin of the atmosphere an
interdisciplinary and exciting subject.

The first author to give a theoretical foundation to Oparin’s ideas was Urey (1952)
who developed the first relatively quantitative model of the primeval atmosphere.
The successful synthesis of amino acids in laboratory by Miller (1953) and later
by Miller and Urey (1959) gave additional value to Oparin and Urey’s hypothesis
of the reducing conditions of the early atmosphere. Practically at the same time
Rubey (1951, 1955) challenged this hypothesis proposing instead an oxidizing
atmospheric composition. According to this author the first atmosphere came from
degassing of the Earth’s interior and the volcanic gases would have released
oxidized species, but quite different to those observed nowadays. Rubey proposed
that the major hydrogen species was H2O rather than H2, CO2 rather than CO
and N2 rather than NH3. In this scenario the bulk of the early atmosphere would have
been in a neutral oxidation state due to the presence of small amounts of reduced
compounds (Table 7.1).

Although both hypotheses are difficult to reconcile, Holland (1962) tried it by
proposing that the primitive atmosphere passed through both stages: in a first period
the Earth would have a reducing atmosphere because the volcanic gases released
prior to core formation would have been rich in metallic iron; then progressively it
evolved to a more neutral atmosphere but still anoxic. The absence of oxygen in the
early atmosphere is usually granted (cf. Holland 1984).

Now we know that all these first models about the origin and evolution of
the early atmosphere are unrealistic, because we have additional information
about some processes that happened in on the surface of the primeval Earth and,

Table 7.1 Main chemical species depending on the oxidation state
of an early-Earth atmosphere

Atmosphere H species C species N species O species

Reducing H2 CH4 NH3 CO
Oxidized H2O CO2/CO N2 CO2
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moreover, we know that the Earth formed in a shorter accretion process than
proposed in the past (Safronov 1969). Taking into account a period for Earth’s
accretion close to the actual calculations (10–100 Ma, with a preferred value of
50 Ma), the planet’s interior probably was heated to several thousand Kelvin by
gravitational energy released during impacts with planetesimals (Kaula 1979). In
consequence core formation occurred probably at a faster rate than assumed in
preliminary models, and differentiation was essentially complete in a short time
scale (Stevenson 1983; Lammer et al. 2011). It is usually considered that the
earliest atmosphere of the Earth was produced by primitive mantle outgassing,
but it seems obvious that stochastic massive impacts could have also been an
important factor in its composition. Impacts probably delivered organic compounds
promoting catalytic reactions as consequence of the disruption in the atmosphere
of metal-rich chondritic bodies. Endogenous and exogenous sources need to be
evaluated and balanced in accordance with the geological and lunar evidence, but
also laboratory experiments could be crucial for explaining the evolution of the
terrestrial atmosphere in that period. This is a complex puzzle because such an
atmosphere would have contained H2, H2O, CO, CO2, CH4, and NH3, but also
because of the scarce geological evidence available for that period.

A very dense primitive atmosphere, containing CO2 and H2O may have effi-
ciently trapped the heat from the Sun (weaker at visible and longer wavelengths)
and also participated in retaining the primordial accretionary energy. Consequently,
it has been envisioned that the surface temperature of the proto-Earth rose to above
1,500 K creating a “magma ocean” on the surface (Matsui and Abe 1986; Zahnle
et al. 1988). These authors suggested that such conditions prevailed because a
massive atmosphere prevented the rapid freezing of the magma ocean during the first
tens of Ma in the Earth surface, coinciding with the period of high accretion. A stable
magma ocean requires that the volatile outgassing together with the exogenous
delivery be of at least of the same order as the atmospheric mass loss by Jeans
escape. Kaula (1979) obtained the Earth’s thermal evolution taking into account
the impactor’s frequency. He found that the surface’s temperature probably stayed
between 2,000 and 3,500 K during the Earth’s accretion period (about 50 Ma). The
upper mantle was probably more reduced than today, although progressively became
more oxidized as a result of the release of reduced volcanic gases and the subduction
of hydrated, oxidized seafloor (Kasting et al. 1993).

It has been shown that the cataclysmic impact forming the Moon probably
did not completely erode the atmosphere of the Earth (Genda and Abe 2003,
2005; Newman et al. 1999). This inflexion point was followed by other less
massive impacts bringing volatile-rich materials that could have released reduced
gases when subjected to subduction. Bukvic (1979) and more recently Schaefer
and Fegley (2007) have modeled the equilibrium gas chemistry of an outgassed
chondritic-vaporized reducing atmosphere, but several processes that can take place
in the aftermath of the impacts are scarcely known. Other authors have an opposite
view where the outgassed vapors (Delano 2001), or the degassed vapors during
impacts (Ahrens et al. 1989) produced oxidizing products (H2O + CO2). Both
scenarios are explored here, and also the influence of an enhanced shortwave solar
activity during the early Hadean.
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Composition of Impactors and Their Impact in the Chemistry

In this section we analyze the role of impacts inducing significant compositional
changes in the terrestrial atmosphere. We will particularly focus on the key role of
carbon- and water-rich bodies that, due to their relative low bulk density, tensile
strength, and volatile abundance experience catastrophic disruption in the upper
atmosphere. Typically, about 60% of the large fireballs recorded and measured by
the Prairie Network experience one or several fragmentations along their path, and
in about 20% of the cases the bolide practically ends up in a sudden overwhelming
fragmentation (Ceplecha et al. 2003). In simple terms, it happens because when
the meteoroid penetrates the atmosphere it feels an increasing dynamic pressure
(p = ρ · v2). When the loading pressure surpasses the material strength required
for fragmentation the body breaks apart and, as consequence of the flight and the
shock wave shaking, disruption is imminent. The properties of the above-mentioned
large meteoroids are probably not identical to volatile-rich asteroids or comets
because, among other things, meter-sized meteoroids arriving at our planet are
biased towards high-strength materials that have survived an excavating impact in
their parent bodies and long-exposures to interplanetary space. It is well known,
for example that Near Earth Objects (NEO) are delivered to near-Earth space from
the Main Belt in typical periods of millions of years. Blum et al. 2006) reasoned
from accretionary and evolutionary arguments that hundred- to km-sized primitive
asteroids and comets should exhibit a fragile nature: extremely low bulk density,
and high porosity.

Water-rich asteroids and comets impacting the atmosphere of Earth are directly
delivering volatile species as consequence of the disruption behavior, but the
amounts of surviving materials are scarce if the impact geometry and velocity
are not favorable for a moderate deceleration and settling of the materials in the
atmosphere (Blanck et al. 2001). On the basis of fireball spectroscopy it is suspected
that catastrophic disruptions can disperse dust far from the shock wave frontal
region where bolide experiences higher temperatures (Borovicka 1993, 1994; Trigo-
Rodrı́guez et al. 2003). Consequently, the peak temperature and the exposure to heat
are both minimized and there is room for a percentage of the body to survive, at least,
as small fragments that are slowly settling down towards the surface.

Other important aspect to consider is the thermal processing that affects the
materials subjected to ablation in the fireball column. As a consequence of the
heat associated with the collision with atmospheric gases, meteoric minerals
are ablated, vaporized and dissociated. Elemental lines and molecular bands are
remarkable features in bolide spectra (Fig. 7.1). It has been demonstrated that
most of the fireball chemistry behind radiating light can be perfectly fit with a
thermodynamic equilibrium model (Borovicka 2001; Trigo-Rodrı́guez et al. 2003).
This behavior is probably a consequence of the quick mixing of air and meteoric
plasma promoted by the supersonic movement, meteoroid spinning, and subsequent
induced turbulence around the bolide. In this work we are assuming thermodynamic
equilibrium to study some of the processes that could take place in bolide plumes.
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It is important to remark, however, that the production of different gases can be
avoided in environments with different chemistry and radiative flux. Results are
then preliminary, with the main aim of exploring unknown aspects of the delivery
of pristine materials to Earth’s atmosphere.

The reentry and ablation of cometary dust was studied thanks to the accurate
spectroscopic study of the impact plumes produced in Jupiter’s atmosphere as a
consequence of the impact of comet Shoemaker-Levy 9 in July 1994 (Fitzsimmons
et al. 1996). Interestingly these authors found that most of the light emission came
from silicate grains ablated in the different phases. In the case of a chondritic
(asteroidal) body with larger metal abundance at least two key processes are
envisioned to participate in greenhouse gas production in the aftermath of the bolide
interaction:

1. A rapid conversion of N2 to NH3 is feasible in the aftermatch of impacts,
particularly during the final stage in which the bolide plume stops its adiabatic
expansion, and falls back to the surface. The catalysis producing abundant
ammonia, known as the Haber process, requires the surface of metal grains acting
as catalyzers.

2. At the same time, metal grains can catalyze a plethora of different organic com-
pounds when abundant CO and H2 are available via Fischer-Tropsch catalysis
(Sekine et al. 2003, 2006). This has been found to be a key process occurring
in impact plumes produced by comets and carbonaceous asteroids atmospheric
disruptions.

Survival of Greenhouse Gases: CH4 and NH3

The tendency of NH3 and CH4 to decompose has been the main criticism against
the long-term stability of these compounds and the possibility of having a strongly
reduced Hadean environment. Sagan and Chyba (1997) attempted to solve the faint
young Sun dilemma by proposing the formation of particles of organic polymers
(tholins) by the action of UV light in an atmosphere with CO2/CH4 < 1. Suspended
in the stratosphere, those polymers would protect the lower atmosphere from UV
photolysis, acting as a screen capable of avoiding the photodecomposition of these
greenhouse gases. Protected by tholins from ultraviolet radiation, they would have
enhanced the early greenhouse in an amount enough to keep warm temperatures
despite the weakness of the young Sun.

The proportions of C and O in the atmosphere are also important. This is because
a C/O > 1 ratio promotes polymerization of CH4 whereas C/O < 1 led primarily to
oxidation (Sagan and Chyba 1997). In an anoxic atmosphere the primary reservoirs
of oxygen are CO2 and H2O. Probably CO2 outgassing was important in the Hadean.
However, Kasting (1997) and Sleep and Zahnle (2001) proposed that the rapid
weathering of the ejecta from frequent large impacts could have provided a sink for
atmospheric CO2. According to their model, methane and ammonia participated in a
kind of feedback cycle, working together in two main ways: (i) methane’s presence
produced an organic haze due its capacity to polymerize and (ii) this haze protected
ammonia from UV photodissociation. This cycle could yield longer lifetimes for
these gases, in turn allowing the greenhouse effect in the primeval atmosphere
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Fig. 7.1 A photographic spectrum of a Perseid fireball associated with comet 109P/Swift-Tuttle
recorded in photographic plate from Ondrejov Observatory. The meteoroid producing this bolide
was about 30 g in mass, and appeared on Aug. 11, 1969 at 21h06m UTC. (a) Detailed image of
the ending part of the fireball luminous path showing the scanned slots with a microdensitometer as
discussed in Trigo-Rodrı́guez (2002) and Trigo-Rodrı́guez et al. (2003). The main emission lines
are shown: the Ca II-1 doublet, the Mg I-2, the Na I-1, and finally the Si II-2 line associated with the
high temperature component. (b) A small part of the center image shows a MgO band that cannot
be fitted to elemental emission lines. The scanned signal in this graph appears discontinuous, while
a darker, continuous line shows the modeled spectrum (Original image courtesy of Jiri Borovicka
(Ondrejov Observatory, Czech Republic))
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during longer time scales than when each is considered separately. Such a high
amounts of these greenhouse gases are supported by evidence for a CH4 mixing
ratio of 10−4 (100 ppmv) in paleosol data 2.8 Ga old (see e.g. Pavlov et al. 2000). In
fact, Catling, Zahnle and McKay (2001) suggested that the concentration of methane
in the Archean atmosphere was even larger than this given by Pavlov et al. (2000).
The main pros and cons of these arguments are given on Table 7.2.

Discussion and Conclusions

Today most researchers seem to prefer a mildly reducing atmosphere based on
mantle degassing and bolide impact but there is still controversy. The different
components considered in the literature are compiled in Table 7.2. Stellar evolution
models show that the solar luminosity has increased through time, with the solar
constant (S) around 30% smaller 4 Ga ago than nowadays. At the same time, the
integrated high-energy emission was about one order of magnitude higher than in
the present about 3.9 Gyrs ago (Ribas et al. 2005). All these changes probably had
important consequences for the Earth’s atmosphere, like the non-thermal escape
processes produced by magnetic-induced solar forcing (Lundin et al. 2007).

Was the Hadean atmosphere anoxic? Several authors have widely presented the
rise of oxygen in the Earth’s atmosphere as an evolutionary process. Walker et al.
(1983) and Kasting (1987) developed simple models involving the atmosphere-
ocean system. They proposed the evolution of oxygen in three main stages. During
the first stage (stage I), the entire atmosphere/ocean system was essentially devoid
of free oxygen under reducing conditions. The main basis of this argument is
that the supply rate of reduced substances as H2, CO and H2S from volcanoes
and Fe2+ from seawater/basalt interaction exceeded the production of O2 from
photolysis followed by the escape of hydrogen to space. A few authors do not
share that view (e.g Towe 1981) and support the presence of O2 in the primeval
environment. According to Kasting et al. (1992) at some point during the Archean
or the Early Proterozoic, the supply of reduced substances decreased or the oxygen
rate increased. As volcanic activity and impact plumes were the principal sources of
reducing gases, the transition to an O2-rich atmosphere probably happened when the
LHB ceased at the end of the Hadean. The process was probably slow, induced by
stromatolitic bacteria near the surface where local oxic conditions can be reached.
The deep ocean remained anoxic, carrying ppm abundances of ferrous iron in
solution. Such conditions are necessary to create banded iron sediments formed until
the mid-Proterozoic. The presence of an oxidized surface and a reduced deep ocean
identifies the Stage II of Walter-Kasting model for the early Proterozoic (Kasting
and Chang 1992) under increasing O2 abundance originated from photosynthetic
organisms. Finally in Stage III is characterized by extended oxic conditions.

The geological evidence for an anoxic Archean (and presumably late Hadean)
environment has been recently obtained. Farquhar et al. (2001) presented recently
the evidence of Mass Independent Fractionation (MIF) of sulfur isotopes in
sediment deposited prior to 2.3 Ga. By MIF we understand that sulfur isotopes do
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Table 7.2 Main pros and cons for the presence of two greenhouse gases,
NH3 and CH4 in the primeval atmosphere

Pros Cons

NH3 1. A small quantity
[NH3] ∼ 10−5 in a 1 bar
atmosphere can increase
the global temperature
enough to avoid a glacial
era

1. Soluble in water and sub-
ject to rapid rainout

2. Can come from differ-
ent endogenous and ex-
ogenous sources

2. The proposed amount of
NH3 can be photodissoci-
ated by UV light to produce
N2 in a few decades

3. Produced by cometary
impacts (Lellouch 1996)

3. NH3 can be destroyed by
reaction with OH to produce
N2

4. If CH4 was present
forming an organic haze,
the NH3 could substan-
tially shield from photol-
ysis

4. NH3 constitutes less than
1% of the volatile mass of
comets

CH4 1. Photodissociation is
only produced by λ <
1,450 Å photons
2. It’s possible to poly-
merize the methane with
UV photons (oxidation
is replaced by polymer-
ization happens when
C/O ratio passes unity)

1. The CH4 lifetime (under
present conditions) is of the
order of centuries

3. Endogenous source:
some CH4 is produced
by serpentinization in
mid ocean ridge basalts

2. No probable exogenous
source is known; CH4 con-
stitutes less than 1% of the
mass of comets

4. Possible production
of CH4 during cometary
impacts (Zahnle 1996;
Lellouch 1996)
5. In the low O2 Archean
atmosphere CH4 is not
oxidized

not obey the standard mass-dependent relationship of S isotopes in aqueous solution.
The penetration of UV radiation in the 190–220 nm spectral region can produce
MIF as was demonstrated by Farquhar et al. (2001). In order for this radiation
to penetrate deep into the atmosphere the columns of O2 and O3 must have been
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much lower than at present. In this way, under reduced atmospheric conditions S
can be removed from the terrestrial atmosphere in a variety of different oxidation
states. Additional evidence for an anoxic Archean atmosphere is the presence of
sedimentary deposits (red beds) more than 2.45 Ga ago containing uraninite, siderite
and pyrite, the reduced shallow-water facies of Fe formations, the presence of
highly carbonaceous shales not enriched in redox-sensitive elements and, in general,
the general observation than the older palaeosols are not oxidized (Pavlov and
Kasting 2002).

Where is the outgassed CO2? The total amount of carbon dioxide tied up
in carbonate rocks today is some 3 × 1020 kg, the equivalent of about 60 bar if
introduced in the atmosphere. Ronov and Yaroshevskiy (1967) initially used this
evidence for suggesting a massive CO2 early atmosphere, and the idea was also
adopted by other authors (Holland 1978; Kasting 1983). They proposed that this
carbon, along with other volatile elements reached the Earth during planetesimals’
accretion, with carbonaceous chondrites and comets being the main sources of this
carbon (see also Chyba et al. 1990; Chyba and Sagan 1992). This simple view
of an extraordinary amount of carbon in the primeval atmosphere is unrealistic
based in two arguments. First, the carbon-rich bodies reached the Earth separated
by large time intervals, therefore gradually incorporating this carbon directly into
the Earth crust, where it was retained (Oró 1961; Sagan and Khare 1971). Second,
the presence of a global water ocean, supported by the isotopic studies of a 4.4 Ga
zircon (Valley et al. 2001), makes it possible that the injection of large quantities of
CO2 into the atmosphere during impacts or degassing was quickly removed by the
ocean feedback. Probably the Earth developed a mechanism to remove efficiently
the excess of carbon in its atmosphere as evidence that nowadays the oceans are
able to absorb 6 × 1015,g C/year as estimated Keeling (1983, 1993). Nowadays
it depends on biological sequestering of CO2 as carbonates, but if one inorganic
sink existed in the past producing a similar rate, the oceans would be capable to
remove this carbon from the atmosphere in only 50 Ma. This is just an upper limit
because seems reasonable that not all this carbon was brought to the atmosphere at
the same time and, moreover, the presumed overabundance of water in the primeval
environment could participate accelerating the absorption rate of CO2 by the ocean.

The absence of glacial deposits prior to 3 Ga was the main reason argued
by Owen et al. (1978) and Kasting (1993) to support a dense primeval CO2

atmosphere. This greenhouse gas had increased the temperature of the Earth to
keep water in liquid state. Sagan and Chyba (1997) cast doubt on these arguments
by suggesting the presence of other greenhouse gases capable to solve the “early
faint-Sun dilemma” without the necessity to invoke a massive CO2 atmosphere.
Probably the carbonate-silicate geochemical cycle (Schidlowski et al. 1983) had
an inorganic counterpoint in the early Earth by over-saturation of the oceans
because silicate minerals were also common from that epoch. Currently the task
to precipitate CaCO3 is being mainly performed by living organisms, producing
the isotopic fractionation of carbon. Support for this process is found in the data
on C-isotopic compositions; transformation of inorganic carbon into living matter
entails a marked bias towards the light isotope (12C) with the heavy one (13C)
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retained in the inorganic reservoir (Schidlowski 1987, 1988). The first evidence for
organic production of carbonate rocks comes from mat-forming bacteria, producing
sedimentary rocks and stromatolites around 3.8 Ga ago (Maher and Stevenson 1988;
Kasting and Chang 1992). Moreover sedimentary rocks rich in oxidized iron
containing smaller quantities of carbon also formed in abundance in the Archean
when the atmosphere was anaerobic (Walker 1987). Nowadays principally living
organisms, particularly by calcareous plankton, performs this task.

Biogenic sinks of CO2 were probably not present during the Hadean, but
water was abundant as inferred from zircon data (Peck et al. 2001). Sleep and
Zahnle (2001) proposed as a solution that the dynamic mantle buffer dominated
over the crustal one on the early Earth. As a consequence, the mantle cycle
would maintain low atmospheric and oceanic CO2 levels, capable to produce a
cold climate unless another greenhouse gas was important. The Hadean was also
marked by collisions that participate in the sink of CO2. For example, Sleep and
Zahnle (2001) proposed that the huge production of basaltic glass ejecta in these
impacts was weathered in a similar way as modern mafic and ultramafic volcanic
glasses producing palagonite. After it, the hydration of such minerals progresses
very quickly, being a direct sink for CO2. The efficiency of this reaction depends
of the access of reactable seawater or rainwater to the ejecta grains. This process
is even plausible at temperatures close to the freezing point of water although are
expected to be higher at temperate conditions (Brady and Gislason 1997).

To summarize, we think that an open view to explore different plausible scenarios
for the Hadean terrestrial environment is needed. Physico-chemical processes
associated with impacts must be taken into account in future models. Consequently,
we wish to encourage new theoretical and laboratory approaches to get a more
complete picture of the first stages in atmospheric evolution, also considering the
role of impacts in an environment marked by a very different solar irradiance flux
than nowadays (Ribas et al. 2005).
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Chapter 8
N2O as a Biomarker, from the Earth and Solar
System to Exoplanets

Christian Muller

Abstract Since its discovery in the earth’s atmosphere in 1938, N2O sources and
sinks have been a puzzle. N2O has now been identified as produced by anaerobic
bacteria’s in soils which are sufficiently acid. The influence of agriculture is still
to be determined as the nitrogen cycle is broken by both the addition of inorganic
fertilizers and the simultaneous oxygenation of soils by mechanized agriculture.
The situation was even complicated recently by the discovery of an abiotic N2O
production in the Antarctic brines (Samarkin et al. 2010). In the last 10 years, a
global increase has been observed and N2O is considered as a greenhouse gas in
the current IPCC report. It is destroyed by direct oxidation by oxygen atoms in the
stratosphere where it is also sensitive to photodissociation. The observation of N2O
from space is possible as several of its bands are in infrared atmospheric windows,
especially the strong 7.8, 4.5 and the weaker 3.7μm bands. Terrestrial N2O would
be both a by-product of a subterranean biosphere and of the current agricultural
practices. Its oxidation produces also tropospheric nitric oxide in the unpolluted
troposphere, in limited quantities, No also plays an important role for biological
processes.

N2O on the contrary to methane and formaldehyde has never been even tentatively
identified nor on Mars nor on another planet. Martian methane still awaits a
definitive confirmation from the EXOMARS orbiter payload in 2016 but its most
probable origin would be the release of methane pockets produced under the
surface by a deep biosphere while the new earth Antarctic process could also be
a possibility. By analogy with the earth model, a similar mechanism would apply
to the production of nitrous oxide, however, the absence of a blocking ozone layer
is a sufficient reason to make the observation of N2O impossible because of its
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sensitivity to UV radiation, however UV bands of NO are observed in the upper
Martian atmosphere since Mariner 6 and 7 and confirmed by SPICAM on Mars-
Express (Bertaux et al. 2005).

These considerations show the necessity of a better understanding of the nitrogen
cycles on Mars in order to point to uncharted sources in the Martian subsurface
which could prove Martian nitrogen compounds to be biomarkers.

Introduction: What Is a Biomarker?

A biomarker is essentially a proxy for the existence of life; the typical biomarker is
the fossil. A fossil is an inert artefact which only life could produce and which allows
the identification of the life form that produced it, as they age fossils deteriorate
and finally, the oldest fossils require extensive analysis to prove their biological
origin. In the case of astronomical objects, the main source of information is the
light that originates from them and it is thus tempting to look for spectral traces of
life which are essentially the signatures of the gases usually associated with life or
some very specific signatures of surface life forms as for example the chlorophyll
“red edge” of earth vegetation. The exercise began with spectroscopy in 1867 when
Pierre Janssen, the founder of the Meudon observatory, found a difference between
the spectra of Mars and the moon obtained at the Etna summit and attributed it to
absorption by water vapour and oxygen, it took 20 years to prove (Campbell 1894)
that this observation was not possible with the instruments used during the Mount
Etna expedition. However, most of the astronomical community and educated public
accepted in the early twentieth century that colour changes, polar caps and the
presence of an atmosphere were biomarkers for Mars and took the habitability of the
planet for granted (Jouan 1900). This situation dramatically changed when the few
images returned by Mariner 4, together with the first measurements of the pressure
showed a moon-like landscape where a pressure of 6 hPa made the triple point of
water difficult to attain (Anderson 1965). The situation changed again when the
extensive cartography of Mars by the missions MARINER 9 and VIKING 1 and 2
showed that Mars had traces of liquid erosion and deposition basins hinting that
earlier it had been habitable, reviving thus the interest for search of life on the
planets. I was in this context that Sagan et al. (1993) made the exercise of attempting
to detect earth’s life from space using a flyby of the GALILEO payload aimed at
the study of the Jupiter system (Fig. 8.1). The same exercise was repeated with
most planetary spacecrafts including VIRTIS on VENUS-EXPRESS (Fig. 8.2). The
molecules detected on earth are water vapour, ozone, methane and nitrous oxide.
The detection of oxygen in the infrared is not easy and as well, the instrumental
quality and the configuration of the instruments do not allow the detection of other
oxides of nitrogen and related acids, life related carbon molecules as formaldehyde
and glyoxal now routinely monitored by earth observation satellites are also too
weak to appear on these spectra.
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Fig. 8.1 Nadir spectrum obtained by the GALILEO payload (Sagan et al. 1993), all the molecules
identified have a relation with life, N2O is one of them

Fig. 8.2 Earth observed in 2007 from the Venus orbit by the VIRTIS instrument on board
VENUS-EXPRESS (ESA/VIRTIS/INAF-IASF/Obs. de Paris-LESIA, http://www.esa.int/esaSC/
SEMUOW4N0MF index 0.html) The difference between the two curves comes from a change
in the configuration of continents, the same complement of gases appear on both images

http://www.esa.int/esaSC/SEMUOW4N0MF{_}index{_}0.html
http://www.esa.int/esaSC/SEMUOW4N0MF{_}index{_}0.html
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The biomarker name used for the first time by Sagan et al. (1993) applies
perfectly to this set of molecules taken as a whole: water and especially liquid water
is necessary for life membranes mobility, ozone is both an indication of oxygen and
an effective UV shield for DNA molecules, methane on the earth is produced at
95% by contemporary bacteria’s and the same analysis has been applied to nitrous
oxide. Also, the earth’s DNA of composed of only five atoms: hydrogen, carbon,
oxygen, nitrogen and more marginally phosphorous. The recent discovery that a
life form adapted by substituting DNA phosphorous with arsenic in the California
Mono Lake (Wolfe-Simon et al. 2011) is only a small step towards the extension of
the definition of life. This paper when it appeared in print was accompanied in the
same SCIENCE issue by eight technical comments starting a debate on the nature
of the observed adaptation, these criticisms which were also peer reviewed address
both the method used by the authors and fundamental arsenic and phosphorus
biochemistry properties. The authors clarified their printed text and added a response
to these technical comments, they also made their strains available to researchers for
further analysis. The Mono lake itself will continue to be studied as its pH of 10 and
increasing salinity make it a unique eco-system.

N2O Specificities as a Biomarker on Earth

Nitrogen oxides on earth form a very important family of gases, extending to all
domains of biological and atmospheric physics. N2O is however very specific as
it is the only one for which no production in the gaseous phase on the earth have
ever been observed in situ, it photodissociates extremely easily and its presence
in the earth’s troposphere is only possible under the protection of the ozone layer,
in the absence of industrial pollution, it is the main source of stratospheric nitric
oxide. Theoretically, gaseous phase production mechanisms could exist beginning
with the direct reaction: N2+O(1D)+M producing N2O+M, in the current upper
atmosphere, the nitrous oxide produced than would rapidly react with O(3P) to
produce NO. It is however not excluded that exceptional situations in earth history
could have led to a measurable N2O atmospheric source. In the present mesosphere
and higher, however, NO is produced by the reaction of the photodissociation
products of oxygen and nitrogen containing molecules, its photoionization leads
to the ionospheric layers so important for radio-propagation.

The N2O biological production has been linked to anaerobic bacteria’s in acid
soils with low level of oxygen. The denitrification of soils is a complex process that
produces according to conditions N2O, NO and N2 (Hénault and Germon 1995).
On earth, N2O was only discovered on infrared solar spectra by Adel in 1938
(Adel 1939, 1951), its value at various ground stations was measured during the
50s and showed considerable fluctuations around an average mixing ratio of 2.5
E-7 between 1955 and 1975. Since 1975 this value has increased to about 3.2 E-7
according to the current WMO report on greenhouse gases: (http://www.wmo.int/
pages/prog/arep/gaw/ghg/documents/GHG bull 6en.pdf). N2O constitutes now 6%

(http://www.wmo.int/pages/prog/arep/gaw/ghg/documents/GHG{_}bull{_}6en.pdf)
(http://www.wmo.int/pages/prog/arep/gaw/ghg/documents/GHG{_}bull{_}6en.pdf)
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of the greenhouse gases forcing on climate, the current increase being related to the
development of artificial fertilization while ploughs cannot introduce more oxygen
in the soil that they already did 20 years ago.

NO in an unpolluted troposphere is not only produced by the denitrification of
soils but also by the oxidation of N2O, in limited quantities, it has an important
biological role as a neuro-transmitter and also plays a regulation role in the UV
resistance of deinococcus radiodurans, the most*** resistant life-form known to
exist (Patel et al. 2009). Deinococcus radiodurans was first isolated by Anderson
et al. (1956) while studying the sterilisation of food by irradiation, it has been
studied since and it is thought now that its resistance comes from an exceptional
DNA repair capability which mechanism is still not fully known.

Abiotic Production of N2O on Earth

The eighteenth century identification by Priestley (Davy 1800) was made through
the analysis of the decomposition of ammonium nitrate:

NH4NO3 → N2O+ 2H2O

This process was later used to produce N2O for anaesthetic uses in the nineteenth
century “As nitrous oxide . . . appears capable of destroying physical pain, it may
probably be used with advantage during surgical operations in which no great
effusion of blood takes place. . . ”(Davy 1800). The process is very unlikely to be
reproduced naturally as it requires a controlled high temperature. More recently,
an inorganic source of nitrous oxide was identified in a hypersaline pond of
the dry valleys of Antarctica (Samarkin et al. 2010). This source is completely
marginal compared to the biological source and does not reflect itself in the satellite
observations of N2O in the earth’s troposphere. These Antarctic dry valleys are
interesting as they can be viewed as a Mars analogue.

The atmospheric direct production mechanisms have already been discussed and
are negligible in the present earth atmosphere.

Nitrogen Oxides on Mars

Nitrogen oxide has been observed in day glow and night glow by UV instruments
since MARINER 6-7 in the upper atmosphere of Mars, the observation is still per-
formed in 2012 by the SPICAM instrument on Mars-Express (Bertaux et al. 2005),
NO is produced in the most simple inorganic way by direct reactions between
nitrogen and oxygen atoms. It is in no way a biomarker. Nitrogen exists on Mars,
it has been observed by VIKING and in trapped gas on Martian meteorites, its
mixing ratio is of 2.7% (Viking value). Enrichment in 15N leads to think that most
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Fig. 8.3 Observation of nightglow of NO by the SPICAM instrument on the ESA Mars Express
satellite, the figure corresponds to a NO layer centred at the altitude of 117 km (Bertaux et al. 2005)

of Mars nitrogen has escaped a long time ago. It is not consistent with an active
biological source which would produce fresh nitrogen continuously, more striking
also is the fact that this mixing ratio is similar in meteorites which have formed at
least million years before present, this would point to a very old escape of nitrogen
from Mars and is in contradiction with the current reports of methane atmospheric
releases from a submartian production hypothesized to be biospheric. The most
instrumentally sound of these communications is the Mumma et al. (2009) mapping
of a release in the Terras Sabeas region of Mars. This and other observations of
Martian methane are now controversial as they are not reproducible and as the
observed large space and time fluctuations have until now no clear explanations.
Alternative spectroscopic interpretations of the data have been proposed but as they
depend on either terrestrial methane or carbon dioxide isotopologues, they do not
explain either the observed variations. Anyway, no observation makes mention of a
nitrous oxide line in either ground based of space-borne data (Fig. 8.3).

Other oxides of nitrogen than NO have still to be observed, the presence of strong
UV due to the absence of an ozone layer and the effects of strong oxidants make
this observation difficult with the current spacecraft instrumentation. The payload
of the ESA EXOMARS trace gas orbiter should be able to perform an inventory of
the Martian atmospheric composition in both limb and nadir and put an end to the
current controversies.
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The Future: Exoplanets and Conclusions

The infrared observation of N2O will never be easy as its bands overlap with the
infrared bands of other likely molecules as HDO, methane, ozone and of course
unknown bands of molecules which are less abundant in earth conditions, including
isotopologues. However, N2O has its chances in the planets of UV weak stars where
it could accumulate and be destroyed neither by direct UV radiation nor by reactive
photodissociation products. These effects as well as the production of nitrogen
oxides by galactic cosmic rays have been envisaged by Grenfell et al. (2007).
The review of potential gaseous signatures by Des Marais et al. (2002) indicates
also N2O as a quasi-sure biomarker but puts a lot of restrictions on observational
possibilities, the worse being possibly the contamination by water vapour. On the
contrary of methane, only the middle infrared is usable for N2O detection. In view
of the contamination possibilities, the design of a specialized instrument could be
envisaged with as first application the thematic mapping of N2O on earth which has
until now received a lower priority compared to methane.
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Chapter 9
Formation of a Nitrogen-Rich Atmosphere
on Titan: A Review of Pre- and
Post-Cassini-Huygens Knowledge

Yasuhito Sekine

Abstract This paper reviews pre- and post-Cassini-Huygens knowledge on the
formation mechanisms of a N2 atmosphere on Titan. Before the arrival of Cassini,
it has been generally considered that Titan’s N2 was formed as a result of a major
differentiation during accretion and subsequent chemical reactions (such as shock
heating and photolysis) in a hot and prolonged proto-atmosphere, mainly composed
of NH3 and CH4. However, gravitational data provided by Cassini has revealed
that Titan’s core consists of a low-density material, suggesting that it remains
relatively cold throughout its history. In this case, Titan’s proto-atmosphere would
have been only tenuous and short-lived, implying that the formation of N2 may not
have occurred effectively during accretion. Furthermore, the direct measurements
of Enceladus’ plumes suggest that the chemical composition of planetesimals
that formed the Saturnian satellites was highly likely comet-like, namely large
amounts of CO2 rather than CH4. This implies that primordial CO2 in Titan’s proto-
atmosphere would have been converted into abundant CO via all of the proposed
mechanisms that converted NH3 to N2. Recent experiments suggest that even if early
Titan was relatively cold, cometary impacts during the late heavy bombardment
can produce sufficient amounts of N2 from NH3 contained in Titan. Nevertheless,
impacts also could have produced lots of CO as well as N2. Although the recent
findings by Cassini-Huygens support the idea that Titan was formed in a gas-starved
Saturnian subnebula, there is no scenario that can account for both the formation of
the Saturnian satellites in a gas-starved disk and the generation of a thick N2–rich
atmosphere on Titan. We discuss the unanswered problems arisen by Cassini and
future studies that attempt to resolve them.
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Introduction

Nitrogen molecule is the major component of the atmospheres of Titan and other
large icy bodies in the outer solar system, such as Triton and Pluto. However, the
origins of these N2 remain largely unknown. Although it is considered that N2

has been the principle form of nitrogen-bearing species in the solar nebula, recent
observations of comets suggest that N2 may have been depleted in icy planetesimals
in the outer solar nebula (e.g., Bockelée-Morvan et al. 2004), and less volatile NH3

was probably the principle form of nitrogen-bearing species trapped in ice at least
in the Saturn-forming region of the solar nebula (e.g., Iro et al. 2003). The low
abundance of primordial 36Ar in Titan’s atmosphere (36Ar/N2 = 2.8 × 10−7)
suggests that Titan’s N2 is not direct capture of N2 from the nebular material but
is of secondary origin (Niemann et al. 2005) as well as that of Earth. This is
because a large amount of primordial 36Ar (nearly 11 % by volume) should have
been trapped in the icy planetesimals that formed Titan under the nebular conditions
where N2 was trapped as clathrate hydrate and/or condensed as ices (e.g., Lunine
and Stevenson 1985). These facts suggest that physical and chemical processes
occurred on Titan may have played an important part for converting primordial NH3

to N2 forming the current atmosphere. Knowledge on the physics and chemistry
of these processes would be essential for understanding the formation of N2 on
terrestrial planets and icy bodies in the solar system and beyond.

In this paper, we first review the scenarios for the origin of Titan’s N2 atmosphere
before the arrival of Cassini. Although it is still unclear how Titan has developed
the atmosphere, the Cassini-Huygens mission has provided important clues and, at
the same time, serious dilemmas for understanding its origin and evolution. Then
we discuss the new observational constrains on the origin of Titan’s atmosphere as
well as recent progresses in our understanding of physical and chemical processes
responsible for forming atmospheric N2. Finally, we discuss the unanswered ques-
tions remaining after the Cassini-Huygens mission and describe future missions,
experiments, and modeling to resolve them.

Pre-Cassini View of the Origin of Titan’s Atmosphere

Accretion and proto-atmosphere: Our understanding of the origin and evolution
of large icy satellites, including Titan, was greatly improved in 1980–1990s owing
to knowledge on both the formation theory of Earth’s atmosphere (e.g., Matsui
and Abe 1986; Zahnle et al. 1988) and observations of these satellites by the
Voyager spacecraft (e.g., Smith et al. 1979, 1981). Regular large icy satellites around
a gas planet usually formed in a circumplanetary subnebula by accretion of icy
planetesimals (e.g., Lunine and Stevenson 1982). The formation and early evolution
of large icy satellites strongly depends on the timescale of accretion (Fig. 9.1)
(Kuramoto and Matsui 1994). When Titan formed on the order of 104 years or
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Fig. 9.1 Evolution of the
surface temperature as a
function of mass of accreting
Titan for different accretion
time (years) (original data
from Kuramoto and
Matsui (1994)). Mass is
normalized by the current
Titan’s mass. The vertical
lines represent upper limits of
the temperature where
hydrated silicates and an
ice-rock mixture can be
maintained in the core
(Fortes 2012)

less, its surface temperature would have reached > 500K judging from accretion
heat (Fig. 9.1) (Kuramoto and Matsui 1994). Then, the accretion heat would
have caused large-scale vaporization of surface materials associated with a major
rock-ice differentiation of the interior, resulting in the formation of a thick proto-
atmosphere due to blanket effect of H2O vapor (Kuramoto and Matsui 1994).
According to the results of satellite formation models (Lunine and Stevenson 1982;
Mosqueira and Estrada 2003a, b), a typical timescale for Titan’s accretion in a
minimum mass disk is estimated to be ∼104 years. Thus, it was generally believed
that Titan would have had a hot and thick proto-atmosphere during accretion.

Chemical composition of planetesimals: The chemical composition of Titan’s
proto-atmosphere is determined by both those of planetesimals formed in the
Saturnian subnebula and subsequent chemical reactions occurred in the proto-
atmosphere. In order to explain a CH4-rich and CO-poor atmosphere on present
Titan, Prinn and Fegley (1981, 1989) propose that primordial CO and N2 in the solar
nebula would have been converted into CH4 and NH3 in the optically thick Saturnian
subnebula. They suggest that the conversion would have readily proceeded in the
subnebula via active heterogeneous catalytic reactions on the surface of metallic iron
grains (Prinn and Fegley 1981, 1989), resulting in the formation of planetesimals in
the Saturnian subnebula containing lots of NH3 and CH4 relative to H2O. The early
scenarios for generating a N2 atmosphere on Titan (e.g., Atreya et al. 1978; McKay
et al. 1988) considered the conversion of NH3 to N2 in the proto-atmosphere mainly
composed of NH3 and CH4 based on the results of the optically thick subnebula
model.

More recently, however, theoretical models and laboratory experiments question
the idea of CH4 and NH3-rich planetesimals in the Saturnian subnebula. According
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to the recent gas planet formation theory, satellite formation in a circumplanetary
subnebula would have taken place in the late stage of gas planet formation (Canup
and Ward 2002; Mousis et al. 2002). In this case, satellite formation would have
occurred in an optically thin subnebula, which is supported in the radial dimension
mostly by angular momentum (Wood 2000); whereas, Prinn and Fegley (1981,
1989) used the adiabatic relationship for an optically thick subnebula, which is
valid for a pressure-supported atmosphere. Due to low pressures in the optically
thin subnebula, the conversion of CO and N2 into CH4 and NH3 would have
been thermodynamically inhibited (Mousis et al. 2002). Moreover, laboratory
experiments show that even if an optically thick subnebula was formed, conversion
of CO into CH4 would not have proceeded efficiently in the Saturnian subnebula
(Sekine et al. 2005). This is due to loss of catalytic activity of metallic iron grains
by the formation of graphitic carbon on the surface (so-called “poisoning” of
metallic iron catalyst) (Sekine et al. 2005). The non-reactive graphitic carbon on
the surface would have inhibited the absorption of nebular gases, severely limiting
CH4 production in the subnebula (Sekine et al. 2005, 2006). Even if the conversion
of CO and N2 into CH4 and NH3 in the Saturnian subnebula was not efficient, the
chemical composition of the planetesimals would have been depleted in N2 and
CO. This is because primordial N2 and CO were not substantially incorporated in
planetesimals as clathrate hydrates due to the exhaustion of H2O by earlier clathrate
formation (Mousis et al. 2002). Alternatively, the disk temperature of the Saturnian
subnebula would not have dropped sufficient to form N2 and CO clathrate hydrates
(Mousis et al. 2002; Hersant et al. 2008).

If the chemical reactions in the Saturnian subnebula were inactive, primordial
volatiles in the outer solar nebula (such as CO2 and CH3OH) also could have been
incorporated in planetesimals that formed Titan as well as NH3 and CH4 (Sekine
et al. 2005). In fact, both recent infrared observations of the interstellar ices (e.g.,
Gibb et al. 2000) and theoretical studies on cosmic-ray reactions in the outer solar
nebula (e.g., Aikawa et al. 1999) suggest that the abundance of CO2 would have
reached 1–10 % relative to H2O in the Saturn-forming region of the solar nebula.
The presence of CO2 on accreting Titan should have affected the redox conditions
of the proto-atmosphere and primordial warm water ocean; however, its effect has
been poorly investigated (see below in the next Section).

N2 formation processes: In the proto-atmosphere of Titan, it is suggested that
shock heating (Jones and Lewis 1987; McKay et al. 1988) and photolysis (Atreya
et al. 1978) have converted atmospheric NH3 to N2 efficiently. The strong UV flux
and consequence effective atmospheric escape from Titan would have occurred in
the first 500 Myrs after the formation of the solar system (e.g., Lammer et al. 2008;
Penz et al. 2005). Thus, if Titan’s N2 was formed during and immediately after the
accretion through shock heating and/or UV photolysis, formation of more than 10
bar of N2 on early Titan would have been necessary to account for the current N2

on Titan (Atreya et al. 2009).
Considering relatively high impact velocity of planetesimals due to the gravity

of proto-Titan in the last stage of accretion (i.e., 2–4 km/s), shock heating induced
by entry of these planetesimals into the proto-atmosphere would have thermally
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dissociated NH3 into N2 (Jones and Lewis 1987; McKay et al. 1988). McKay
et al. (1988) measured quantities of N2 production by conducting laboratory
experiments on a laser irradiation onto a gas mixture of NH3 and CH4. By applying
their experimental results to a simple accretion model, they suggest that a total
amount of N2 produced by shock heating could have reached up to ∼25 bar during
accretion (McKay et al. 1988). They also suggest that shock heating would have
produced lots of H2 and hydrocarbons, such as C2H2 and C2H6 (up to ∼100 bar
of hydrocarbons), from CH4 in the proto-atmosphere (McKay et al. 1988). Before
the arrival of Cassini, Lunine et al. (1983) proposed that the presence of global
hydrocarbon ocean on Titan as a possible replenishment source of atmospheric CH4.
Because a total amount of hydrocarbon was also comparable to that of putative
ocean, McKay et al. (1988) imply that a hydrocarbon ocean also could have been
produced on Titan during accretion. The major problem on the shock heating
hypothesis is that any mechanisms cannot account for the escape of such large
amounts of H2 (up to ∼4 bar of H2) from Titan’s atmosphere, given strong UV
flux from the young sun (Atreya et al. 2009).

Photolysis of NH3 occurs at wavelength below 300 nm forming N2 through N2H4

and N2H3 as intermediates (Atreya et al. 1978). The photochemical model of Titan’s
atmosphere found that there would be the ideal range of surface temperature (130–
200 K) for production of N2 from NH3 (Atreya et al. 1978). At temperatures higher
than 200 K, abundant H2O vapor co-existing with NH3 in the proto-atmosphere
produces OH radicals. The OH radicals react with NH2 produced by NH3 photol-
ysis, preventing the formation of intermediate N2H4 and consequently N2 (Atreya
et al. 1978). On the other hand, atmospheric N2H4 would condensate at temperatures
lower than 130 K, severely limiting the formation of N2 (Atreya et al. 1978). Titan’s
surface temperature would have reached > ∼300K when accretion time is shorter
than 105 years (Kuramoto and Matsui 1994). As a consequence of cooling the
surface in the end of accretion, Titan’s surface temperature would have experienced
the ideal temperature for NH3 photolysis (i.e., 130–200 K) immediately after the
accretion (Lunine and Stevenson 1985). In order to produce a sufficient amount
of N2 to explain the current N2 atmosphere, it is required that Titan would have
been in this ideal temperature for a prolonged time (∼30Myr) (Adams 2006). If
Titan formed within ∼104 years, the surface temperature would have increased
∼500–600K in the end of accretion stage (Kuramoto and Matsui 1994). In this
case, Titan’s surface could have experienced the ideal temperature for a prolonged
time after accretion (e.g., ∼10–100Myrs) (Atreya et al. 2009), although detailed
thermal evolution of early Titan coupled with the atmospheric evolution have not
been investigated.

Griffith and Zahnle (1995) propose an alternative idea of post-accretion N2

formation on Titan. They consider that N2 and N-bearing species contained in
comets would have been supplied to Titan continuously after accretion (Griffith
and Zahnle 1995). Based on the simple model of cometary impacts on Titan,
Ganymede, and Callisto, they suggest that Titan and Callisto are likely to have
a substantial atmosphere mainly due to their low impact velocities (Griffith and
Zahnle 1995). Impacts of comets not only create an atmosphere but also erode
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pre-existing atmospheric gas species, strongly depending on the impact velocity,
size of impactor, and impact flux; however, these parameters are largely unknown,
especially in the outer solar system.

In summary, the N2 formation processes during accretion (i.e., shock heating
and photolysis) require the presence of a thick and prolonged proto-atmosphere,
which would have formed in association with a major differentiation of the interior
due to a high level of accretion heat. If comets were the essential source of N2,
the isotopic abundances of major atmospheric constituents also should resemble
to those of comets. The above three processes happened on Titan, regardless of
whether they were effective to create the current atmosphere. In order to understand
the responsible mechanism for the origin of N2, we need to know on Titan’s interior
structure, the chemical composition of planetesimals, and the isotopic ratios of
major atmospheric gas species. These observational data have been provided by
the recent Cassini-Huygens mission.

Clues and Problems Raised by Cassini-Huygens

Titan’s interior and the gas-starved subnebula model: One of the most important
clues for understanding the formation and evolution of Titan’s atmosphere is a low-
density core revealed by gravitational data (Iess et al. 2010). Based on Cassini’s
observations, it is considered that Titan’s core consists of an ice-rock mixture
(Iess et al. 2010) or hydrated silicates (Fortes et al. 2007; Castillo-Rogez and
Lunine 2010; Fortes 2012), both of which imply that the interior has been colder
than previously thought. In order to maintain an ice-rock mixture core, Titan must
have been cold (<250K) throughout its history. In this case, Titan should have been
formed on the order of 106 years in the subnebula to keep the interior temperature
below this temperature (Fig. 9.1) (Barr and Canup 2010). On the other hand, if the
core consists of hydrated silicates, Titan went through a warm and volatile melting
phase (300–500 K) (Fortes 2012). However, the initial temperature of Titan’s surface
and interior must not have exceeded ∼500K given long-lived radiogenic heating
of the core; otherwise, the complete differentiation (i.e., dehydration of hydrated
silicates) might have occurred in the core (Fortes 2012). According to the results
of the accretion model (Kuramoto and Matsui 1994), such a warm (not cold but
not hot) state of Titan would have been achieved when the accretion time is on the
order of 105 years (Fig. 9.1). Thus, Titan’s interior structure infers that the plausible
timescale of its accretion is ∼105–106 years, which is significantly longer than the
predictions of the minimum mass disk model of the Saturnian subnebula (i.e., ∼104

years) (e.g., Lunine and Stevenson 1982; Mosqueira and Estrada 2003a, b).
Recently, the gas-starved model of a circumplanetary subnebula has been

proposed (e.g., Canup and Ward 2002, 2006; Alibert and Mousis 2007; Sasaki and
Stewart 2010). In this model, satellite growth in an actively supplied circumplane-
tary disk, sustained by an inflow from the solar nebula. Large satellites formed in
the inflowing gas disk migrate inward by interaction with the gas and are eventually
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lost to the gas planet (Canup and Ward 2006). The gas-starved model suggests
that such growth and loss of large satellites continuously occur in the disk until
the gas flow ends (Canup and Ward 2006). A Saturn-like satellite system can
be produced when large inner satellites are lost by spiraling into the planet and
another large outer satellite (i.e., Titan) remains in the disk as the gas inflow ends
(Canup and Ward 2006). According to the gas-starved model, a typical timescale for
accretion of Titan is on the order of ∼106 years (Barr and Canup 2010; Sasaki and
Stewart 2010), which is consistent with relatively cold interior of Titan inferred
from gravitational data. Furthermore, the gas-starved models have succeeded to
explain other characteristics of the Saturnian system revealed by Cassini (e.g., the
formation of Saturn’s H2O-rich ring: Canup 2010; the wide variety in density of
the Saturnian mid-sized satellites: Sekine and Genda 2012). Accordingly, the gas-
starved disk is currently considered as the standard model for satellite formation in
the Saturnian subnebula.

Although the new observations by Cassini seem to be consistent with the
results of the gas-starved subnebula model, Titan’s low density core raises a new
question regarding the formation processes of N2; that is, when Titan formed in
106–105 years, its proto-atmosphere might have been only tenuous and short-lived
(Kuramoto and Matsui 1994). This in turn means that it is unlikely that photolysis
(and possibly shock heating) were responsible for producing more than 10 bar of
N2 during and immediately after the accretion. Based on the formation of Earth’s
atmosphere, we have generally considered that a massive secondary atmosphere
forms only after a major differentiation, involving a high level of heat. Thus, a
relatively cold Titan presents a dilemma on our view of how a massive atmosphere
was formed on planets and satellites.

Comet-like composition of planetesimals and CO formation during accre-
tion: Another important constraint for understanding the origin of Titan’s N2

is about the chemical compositions of planetesimals that formed the Saturnian
satellites. One of the most remarkable findings by Cassini is perhaps water-rich
plumes erupting from the south-pole region of Enceladus (Porco et al. 2006). The
direct measurements of Enceladus’ plume by Cassini indicate that the volatile
composition of the plumes is similar to that in comets (Waite 2009), namely
large amounts of CO2 rather than CH4. Because Titan is considered to have been
formed in the Saturnian subnebula as well as Enceladus, the composition of Titan’s
planetesimals are also highly likely comet-like. These comet-like planetesimals
are also consistent with the predictions by the optically thin disk models of the
Saturnian subnebula, such as the gas-starved model (Canup and Ward 2006; Alibert
and Mousis 2007). As described above, in the optically thick minimum mass
disk, active chemical reactions would have converted CO and CO2 into CH4

(Prinn and Fegley 1981, 1989; Sekine et al. 2005). In contrast, the gas-starved
model suggests that the chemical composition of planetesimals in the subnebula
would have reflected that of the solar nebula due to inactive chemical reactions
in the subnebula (Alibert and Mousis 2007). Thus, the comet-like composition of
Enceladus’ plume also supports the idea of the gas-starved disk for the Saturnian
subnebula.
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Given the chemical composition of Enceladus’ plume, we need to revise the pre-
vious scenarios for generating a N2 atmosphere on early Titan. Recently, Ishimaru
et al. (2011) developed a new model of shock heating in planetary atmosphere,
involving hydrodynamics of shock flow and kinetics of chemical reactions in blow
shock around a planetesimal entering an atmosphere. They have investigated shock
heating in Titan’s proto-atmosphere for a wide range of redox states of atmospheric
composition (Ishimaru et al. 2011). They have found that because atmospheric CH4

is an efficient coolant in shock heating, N2 production in a NH3−CH4 atmosphere is
highly inefficient (Ishimaru et al. 2011). In contrast, the presence of large amounts
of CO2 in a proto-atmosphere increases shock temperature, resulting in efficient
N2 production from NH3 (Ishimaru et al. 2011). Although the presence of CO2

in Titan’s proto-atmosphere would have promoted the formation of N2, they also
pointed out that shock heating should have produced large amounts of CO from
CO2, which is comparable to that of N2 (Ishimaru et al. 2011). They speculated that
CO and H2 produced by shock heating might have been recombined to CH4 via
catalytic reactions on the surface of metallic iron grains in turbulent wake behind
a planetesimal entering the proto-atmosphere (Ishimaru et al. 2011). Nevertheless,
Sekine et al. (2006) showed that the conversion rate of CO and H2 into CH4 via
iron catalytic reactions is very low due to “poisoning” of catalysts (see section “Pre-
Cassini View of the Origin of Titan’s Atmosphere”) under high temperatures and
low pressures conditions, such as that in turbulent wake around planetesimals. Thus,
abundant CO (e.g., ∼1 bar) might remain in the proto-atmosphere together with N2,
which is inconsistent with the present atmospheric composition.

The effect of the presence of CO2 in Titan’s proto-atmosphere on photochemical
reactions has not been investigated. The presence of CO2 in the proto-atmosphere
may have promoted NH3 photolysis. First, CO2 would have reduced the abundances
of H atom in the atmosphere by providing oxidants, such as O radical. The low
concentrations of H atom imply that the intermediates of NH3 photolysis (such
as NH2, N2H4, and N2H3) are not recycled back to NH3 by the reactions with
H atom. Additionally, the presence of abundant CO2 would have prevented the
formation of thick haze layer in the proto-atmosphere (Pavlov et al. 2001; Trainer
et al. 2005). If the proto-atmosphere was mainly composed of NH3 and CH4, thick
haze layer would have been produced and shielded NH3 from solar UV light (Sagan
and Chyba 1997; Wolf and Toon 2010). Thus, the presence of CO2 could have
accelerated the conversion of NH3 to N2 in the proto-atmosphere. However, given
the formation of CO by CO2 photolysis in planetary atmospheres composed of
CO2, CH4, and N2 (e.g., Pavlov et al. 2001), abundant CO is also highly likely
produced in Titan’s proto-atmosphere. In the proto-atmosphere, CO2 and CH4 are
more thermodynamically stable than CO below the temperature of 600 K (Trigo-
Rodriguez and Martin-Torres 2012). However, because of the very high activation
energy of CO, conversion of CO into CO2 and/or CH4 requires the presence of
effective catalysts in the atmosphere at the temperature < 1,000K (Prinn and
Fegley 1989). In the atmosphere of Mars, it is suggested that catalytic reactions on
the surface of aerosols or ice cloud particles are essential to recycle photochemical
products of CO back to CO2, stabilizing a CO2-rich atmosphere on Mars (e.g.,
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Atreya and Gu 1994; Lefèvre et al. 2008). Nevertheless, it is uncertain whether
such heterogeneous chemistry also could have played a key role in Titan’s proto-
atmosphere.

In conclusion, the comet-like composition of planetesimal inferred from
the observations of Enceladus’ plume (Waite 2009) raises a new question; that
is the fate of abundant CO2 and CO in the proto-atmosphere. The presence of such
large amounts of CO2 in the proto-atmosphere would have promoted N2 production;
however, it also should have resulted in the formation of abundant CO through all of
the mechanisms that may have converted primordial NH3 into N2 during accretion.
Given the long photochemical lifetime of CO in Titan’s atmosphere (∼109 years:
Yung et al. 1984; Wong et al. 2002), the lack of such abundant CO in the current
atmosphere is apparently enigmatic.

Post-accretion formation of N2 : The recent experimental studies have devel-
oped the idea of post-accretion formation of N2 by focusing on the late heavy
bombardment (LHB) of cometary bodies occurred around 4 billion years ago
(Fukuzaki et al. 2010; Sekine et al. 2011). The LHB is known as a period of
enhanced impact rates by asteroids and comets, revealed by analyzing Apollo
samples from the large impact basins (e.g., Kring 2002). The new very successful
“Nice” model and similar models have proposed that dynamic and orbital changes
in the outer gas giants would have interacted with remaining icy planetesimals,
triggering a temporal shower of cometary and asteriodal bodies onto the inner
planets around 4 billion years ago (e.g., Gomes et al. 2005; Tsiganis et al. 2005).
Such a bombardment of cometary bodies also would have occurred in the outer
solar system. For the large icy satellites, including Titan, the LHB would have been
one of the most energetic events (Barr and Canup 2010; Sekine et al. 2011). In
hypervelocity impacts of comets during the LHB period, an impactor and part of the
target material are vaporized, forming a hot impact vapor. In the impact vapor cloud,
any NHs3 contained in Titan’s crust and mantle would be thermally decomposed
to N2.

In order to evaluate this scenario, Sekine et al. (2011) determine the efficiency of
impact-induced N2 production by conducting laboratory experiments using the laser
gun. The laser gun is a new and unique technique to determine impact chemistry
(Fukuzaki et al. 2010; Sekine et al. 2011). Previous impact experiments usually used
powder and light gas guns. However, these guns always produce lots of chemical
contaminations, such as gun debris and combustion gases. In contrast, the laser
gun uses a high energy laser irradiation to accelerate a projectile (e.g., Sekine
et al. 2011). This chemically clean acceleration technique allows us to measure
directly gas species formed by actual impacts.

Figure 9.2 shows N2 production efficiency of NH3 −H2O ice as a function of
the impact velocity and the peak shock pressure achieved by the impact given
by Sekine et al. (2011). These results indicate that N2 production begins around
8 GPa and increases with the peak shock pressure (Fig. 9.2). This figure also
shows that the shock pressure for complete N2 degassing is about 23 GPa. These
results suggest that N2 formation does not occur efficiently in the impacts of
satellitesimals during accretion and impacts onto Pluto, Charon, and other icy dwarf
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Fig. 9.2 Efficiency of
impact-induced N2
production from NH3-H2O
ice target as a function of
impact velocity of comets and
peak shock pressure achieved
by the impacts (original data
from Sekine et al. (2011)).
The symbols represent the
material and thickness of the
projectile used in the
experiments (Sekine
et al. 2011). Arrows in the
upper horizontal axis
represent the average impact
velocities onto icy satellites
and dwarf planets (Zahnle
et al. 2003)

planets (Fig. 9.2). However, the conversion to N2 proceeds efficiently in cometary
impacts after accretion on Titan, Triton, and other icy moons because of their high
impact velocities (Fig. 9.2). These results suggest that the evolution of N2 on Triton
is fundamentally different from that of Pluto depending on the impact velocity,
although these have apparently similar N2-dominated atmospheres.

Sekine et al. (2011) introduced the experimental results into a hydrodynamic
impact simulation model. Using a simple model of N2 inventory on Titan based on
hydrodynamic simulations of hypervelocity impacts, Sekine et al. (2011) obtain a
total N2 production during the LHB based on the impact flux given by the Nice
model (Barr and Canup 2010). They found that even if Titan starts with an airless
body, it could have indeed acquired the current amount of N2 during the LHB when
Titan’s interior contains 1–2% of NH3 relative to H2O (Sekine et al. 2011). When
Titan had possessed a significant atmosphere (e.g., 1–2 bar) before the LHB, most of
it would have been replaced by impact-induced N2 during the LHB on volatile-rich,
low-gravity Titan (Sekine et al. 2011). These results imply that even if photolysis
and shock heating produced a CO-rich atmosphere during accretion, most of it
would have been replaced by an impact-induced atmosphere. However, if Titan’s
crust contains lots of CO2 ice as implied by Enceladus’ observations (Waite 2009),
cometary impacts also would have led to the formation of CO (Fig. 9.3). The
thermodynamic equilibrium calculation of impact vapor suggests that the major
components of gas species in the final products of impact would be H2O, N2, H2,
and CO for a quenching temperature of 2,000 K (Fig. 9.3). In order to reduce the CO
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Fig. 9.3 Equilibrium mole fractions of gas phase at 1 bar total pressures as a function of
temperature, of the initial composition of Titan’s crust (H2O = 100; CO2 = 5; NH3 = 1, and
CH4 = 1, based on the composition of Enceladus’ plume given by Waite (2009)). The gray hatch
represents a proposed temperature range where gas-phase reactions are quenched (1,500–2,000 K;
Ishimaru et al. 2011), resulting in a CO/CO2 ratio in the final product as ∼0.1. Thermodynamic
equilibrium calculations are conducted using software of the HSC chemistry Ver. 7

levels to the order of 10−5 of mole fraction (the current atmospheric level), the CO2

concentration in the crust should be lower than 10−5–10−4 relative to H2O.
Endogenic N2 production: Nitrogen would have been produced by thermal

decomposition of NH3 in the interior of Titan. Based on thermodynamic calculation,
Matson et al. (2007) and Glein et al. (2009) suggest that if the interior temperature
increased to ∼500–800K, a significant amount of NH3 is decomposed to N2

and H2. If such a high temperature is achieved during Titan’s accretion, this
should result in a full differentiation of the core in due to heating by long-lived
radiogenic decay (Fortes 2012). In order to maintain a hydrated-silicate core, the
initial temperature of the core should be less than 500 K. According to the thermal
evolution model (Castillo-Rogez and Lunine 2010), high temperatures required
for NH3 decomposition could be achieved in the core in ∼1–3 billion years after
the formation of the solar system. However, given the high solubility of NH3 in
water, it would have been partitioned mainly into the H2O mantle of Titan and
highly depleted in the core. Thus, even if the core temperature has risen to the high
temperatures, the N2 production in the interior may not have been occurred.
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Summary and Future Perspectives

To summarize the clues and problems raised by Cassini, the gas-starved disk model
of the Saturnian subnebula (Canup and Ward 2006; Alibert and Mousis 2007;
Barr and Canup 2010) can account for many characteristics of Titan and other
Saturnian satellites revealed by Cassini, such as a low density core of Titan (Iess
et al. 2010), comet-like composition of Enceladus’ plumes (Waite 2009), H2O-
rich Saturn’s ring (Canup 2010), and the wide variety of the mid-sized satellites
(Sekine and Genda 2012). Accordingly, it is now found to be the most plausible disk
model for the Saturnian subnebula. However, the gas-starved model also predicts
the accretion time of Titan as on the order of 106 years (Canup and Ward 2006;
Barr and Canup 2010) and the presence of lots of CO2 in planetesimals that formed
Titan (Alibert and Mousis 2007). The prolonged accretion of Titan should have
prevented the formation of a thick and prolonged proto-atmosphere (Kuramoto
and Matsui 1994), which is required for converting primordial NH3 to N2 through
shock heating and/or photolysis (Atreya et al. 1978; McKay et al. 1988). The post-
accretion cometary impacts during the late heavy bombardment can account for the
formation of 1.5 bar of N2 on Titan (Sekine et al. 2011). Nevertheless, large amounts
of CO2 in the proto-atmosphere and mantle of Titan should have led to the formation
of abundant CO through all of the mechanisms that converted NH3 to N2, which is
contradicted by the present atmospheric composition. Up to the present, there is
no one model that can account for both the formation of Titan and other Saturnian
satellites in the gas-starved disk and the origin of a N2-dominated, thick atmosphere
on Titan. In order to resolve the above dilemmas, the following future modeling,
experiments, missions, and observations may become important:

1. Modeling of Titan’s accretion in the gas-starved disk and subsequence
early thermal evolution: Kuramoto and Matsui (1994) calculated the thermal
evolution of accreting Titan by assuming gas-free accretion (Fig. 9.1). Given
the gas-starved model, however, Titan was formed in the gas-starved disk. This
implies that early Titan can capture H2 and He from the disk, affecting thermal
structure and chemical reactions in the proto-atmosphere, and volatile loss from
early Titan (Okada and Kuramoto 2012).

2. Examining the role of CO2 in Titan’s proto-atmosphere: We need to revise
the pervious scenarios for the origin of Titan’s N2 based on the realistic chemical
composition of planetesimals inferred from Cassini’s data. In especially, a
photochemical model coupled with a haze-production microphysical model
and a radiative transfer model would be required to examine the effect of
CO2 photolysis in Titan’s proto-atmosphere. Although constructing such a self-
consistent model of planetary atmosphere is still challenging, it is also useful to
investigate climatic stability of planets that have a mildly reducing atmosphere,
such as early Earth and super Earths. Furthermore, heterogeneous chemistry on
the surface of aerosols and ice cloud particles may be essential to examine the
fate of CO2 and CO in Titan’s proto-atmosphere.
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3. Space missions to comets and Enceladus for investigating isotopic compo-
sitions and abundances of both major volatiles noble gases: The Cassini-
Huygens mission has revealed that the 15N/14N ratio of Titan’s N2 (∼5.5×
10−3: Niemann et al. 2005) is higher than that of Earth (∼3.5 × 10−3). The
previous studies have interpreted the high nitrogen isotopic values as a result
of fractionation due to hydrodynamic escape during and immediately after the
accretion (Atreya et al. 2009). However, if post-accretion formation of Titan’s
atmosphere is correct, the high isotopic ratio in Titan’s N2 is primordial. This
suggests that Titan’s N2 may have come from a different source in the solar
nebula compared with the source of N2 for the terrestrial planets, implying
a large-scale isotopic heterogeneity of nitrogen between the inner and outer
solar system as revealed by the Genesis mission (Marty et al. 2011). In order
to test whether Titan’s N2 was produced during accretion or by post-accretion
processes, measurements of the isotopic ratios of 15N/14N of NH3 in comets and
Enceladus with space missions and large telescopes are important.

4. Partitioning and chemical evolution of primordial volatiles (such as NH3,
CO2, and CH4) in a warm water ocean formed on accreting Titan: Removal
processes of CO2 from the surface would have been important in order to prevent
the formation of abundant CO. If Titan was formed in 105 years, it would have
possessed a warm water ocean near the surface in the end of accretion, where
CO2 removal might have occurred. These processes may include CH4 production
associated with serpentinization and carbonate formation by reactions with
cations leached from primitive minerals. Laboratory experiments to investigate
the kinetics of these reactions are important to understand the fate of primordial
CO2 in Titan and other large icy satellites. In order to resolve the unresolved
questions, it is important to consider Titan as an Earth-like system and learn
more about how the atmosphere, mantle, and core evolved and interacted over its
history.
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Chapter 10
Nitrogen in the Stratosphere of Titan from
Cassini CIRS Infrared Spectroscopy

Conor A. Nixon, Nicholas A. Teanby, Carrie M. Anderson,
and Sandrine Vinatier

Abstract In this chapter we describe the remote sensing measurement of nitrogen-
bearing species in Titan’s atmosphere by the Composite Infrared Spectrometer
(CIRS) on the Cassini spacecraft. This instrument, which detects the thermal
infrared spectrum from 10 to 1,500 cm−1 (1,000–7 μm) is sensitive to vibrational
and rotational emissions of gases and condensates in Titan’s stratosphere and
lower mesosphere, permitting the measurement of ambient temperature and the
abundances of gases and particulates. Three N-bearing species are firmly detected:
HCN, HC3N and C2N2, and their vertical and latitudinal distributions have been
mapped. In addition, ices of HC3N and possibly C4N2 are also seen in the
far-infrared spectrum at high latitudes during the northern winter. The HC15N
isotopologue has been measured, permitting the inference of the 14N/15N in this
species, which differs markedly (lower) than in the bulk nitrogen reservoir (N2).
We also describe the search in the CIRS spectrum, and inferred upper limits, for
NH3 and CH3CN. CIRS is now observing seasonal transition on Titan and the gas
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abundance distributions are changing accordingly, acting as tracers of the changing
atmospheric circulation. The prospects for further CIRS science in the remaining
5 years of the Cassini mission are discussed.

Introduction

The two principal gaseous components of Titan’s atmosphere are molecular nitrogen
N2 (98.5% in stratosphere) and methane CH4 (1.4% in stratosphere) [1]. From just
these two molecules and three elements a wealth of organic chemistry develops1,
resulting in a plethora of hydrocarbons and nitriles. The true chemical complexity
of Titan’s atmosphere was first revealed in 1980 with the Voyager encounter
at Titan, during which a number of new molecular species were first detected
through infrared spectroscopy by the IRIS (Infrared Interferometer Spectrometer)
instrument: HCN, C2H4 and C2H6 [2]; HC3N, C2N2 and C4H2 [3]; and the C3

molecules C3H4 and C3H8 [4]. Further stratospheric species were found later: CO2,
CO, CH3CN, C6H6 and H2O [5].

More recently, the NASA Cassini spacecraft entered Saturn orbit in July 2004,
and has since made more than 80 close flybys of Titan at the time of writing.
Equipped with an Ion and Neutral Mass Spectrometer (INMS) [6], Cassini has
directly sampled the upper atmosphere of Titan, finding further chemical diver-
sity, including ammonia (NH3), amines (−NH2) and imines (−NH), and heavier
hydrocarbons such as toluene (C7H8) [7]. In the stratosphere, Cassini’s infrared
spectrometer CIRS (Composite Infrared Spectrometer) [8] has mapped the vertical,
lateral and temporal variations of the stratospheric nitriles, which constitutes sec-
tion “Nitrile Species in the Stratosphere” of this chapter. Later sections cover related
topics: nitrile condensates and ices in section “Nitrile Condensables in Titan’s
Stratosphere”, the isotopic ratio 14N/15N as measured in HCN in section “15N
Isotopologues”, and the search for molecules as yet undetected in the stratosphere
in section “The Search for Further N-Bearing Molecules with CIRS”.

We begin this chapter by briefly reviewing chemical processes from the break-up
of N2 to the formation of HxCyNz species, and also the CIRS instrument that is the
source of the scientific information presented here.

Nitrogen Chemistry

In Titan’s upper atmosphere, nitrogen chemistry begins when molecular nitrogen is
dissociated/ionized by solar UV radiation2:

1There are also some oxygen species, most notably CO at 50 ppm, which are not discussed here.
2The chemical discussion in this section follows the more detailed description in [9]
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N2 + hν → N(4S)+N++ e− λ < 510Å (10%) (10.1)

→ N(2D)+N++ e− λ < 510Å (90%) (10.2)

→ N+
2 + e− 510 < λ < 796Å (10.3)

→ N(2D)+N(4S) 796 < λ < 1,000Å (10.4)

In addition, high-energy Galactic Cosmic Rays (GCRs, mainly protons and alpha
particles) reach the lower atmosphere, where a second dissociation region occurs
peaking near 100 km. To form nitriles or amines/imines, carbon and hydrogen are
required, which are supplied by the solar photodissociation of methane:

CH4 + hν → CH+H+H2 λ ≤ 145nm (7%) (10.5)

→ 1CH2 +H2 λ ≤ 145nm (58.4%) (10.6)

→ 1CH2 + 2H λ ≤ 145nm (5.5%) (10.7)

→ CH3 +H λ ≤ 145nm (29.1%) (10.8)

→ CH3 +H λ > 145nm (10.9)

Nitriles arise when CH3 reacts with N, either by:

N+CH3 → HCN+H2 (10.10)

or

N+CH3 → H2CN+H (10.11)

H2CN+H → HCN+H2 (10.12)

which has the same net effect as reaction (10.10) but an overall faster rate. HCN may
be photolyzed to H + CN, and the CN radical will then either (a) catalytically destroy
unsaturated hydrocarbons and H2 by H-abstraction, or (b) form heavier nitrile
species by substitution of CN for H, e.g. C2H4 becomes C2H3CN (acrylonitrile or
vinyl cyanide).

The production of amines and imines begins when dissociated nitrogen atoms
interact with methane:

N(2D)+CH4 → NH+CH3 (20%) (10.13)

→ CH2NH+H (80%) (10.14)
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The self-reaction of two imidogen radicals then leads to the amino radical, or
alternatively atomic nitrogen plus molecular hydrogen leads to the same result:

2NH → NH2 +N (10.15)

N+H2 +M → NH2 +M (10.16)

Finally, ammonia is produced from the amino radical plus atomic hydrogen:

NH2 +H → NH3 (10.17)

Other pathways are possible to these products: we have summarized only the
(believed to be) principal pathways here. For a fuller description see [9]. In the
following sections of this chapter, we will describe how the concentrations of
various nitrile species have been measured by CIRS in the middle atmosphere, and
on the search for ammonia in the stratosphere.

The Composite Infrared Spectrometer (CIRS)

Cassini CIRS is a dual interferometer, comprised of separate far-infrared and mid-
infrared spectrometers sharing a common telescope, foreoptics, reference laser,
scan mechanism and other sub-systems to save mass and size. The telescope is a
Cassegrain type, with 508 mm beryllium primary and 76 mm secondary mirrors. The
incident beam is field-split and sent to either the far-IR or mid-IR interferometer.
The far-IR interferometer is a Martin-Puplett (polarizing) type, using wire-grid
polarizers to amplitude split radiation between 10 and 600 cm−1 (1,000–17 μm) in
wavenumber (wavelength). The time-varying interferogram signal produced by the
scanning of one retroreflector is afterwards detected by a thermopile (bolometer)
detector known as FP1 (Focal Plane 1), which is 1 mm in size and has apparent
field-of-view projected on the sky plane of 2.5 mrad FWHM (full-width to half-
maximum of Gaussian response).

The mid-IR interferometer is a standard Michelson type covering the spectral
range 600–1,400 cm−1 (17–7 μm), and the signal is detected by one of two arrays.
CIRS FP3 (Focal Plane 3) consists of a 1 × 10 array of photoconductive (PC)
detectors sensitive from 600 to 1,100 cm−1 (17–9 μm), while FP4 (Focal Plane
4) is a similar 1 × 10 array of photovoltaic detectors sensitive from 1,100 to
1,400 cm−1 (9–7 μm). Pixels of both arrays have square-shaped projected fields-
of-view 0.273 mrad in width. By varying the travel distance (or scan time) of the
mirror carriage, spectral resolutions varying from 0.5 to 15.5 cm−1 are possible,
after application of Hamming apodization to reduce the ripples/ringing caused by
the finite Fourier Transform.

The FP1 detector is held at 170 K, identical to the rest of the instrument optics
and mechanical assembly, while FP3/FP4 are cooled to an operating temperature
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of ∼75 K via a 30-cm radiator pointed at cold space. For calibration therefore, the
FP1 detector needs only one temperature reference target (space at 2.73 K), while
FP3/FP4 require both reference scans of deep space and also an internal warm
shutter at ∼170 K. A more detailed overview of the instrument can be found in the
literature [8, 10], while more detailed descriptions of the FP1 far-IR interferometer
and the FP3/FP4 mid-IR interferometer have been separately published [11, 12].

As Cassini approaches Titan, CIRS performs different science observations
depending on distance, based on the differing capabilities of the mid-IR and far-
IR spectrometers. At large distances (380,000–260,000km, 19–13 h from closest
approach), the mid-IR arrays are typically used in nadir-scanning mode, where the
arrays are ‘combed’ across Titan’s visible disk. Closer in (260,000–180,000km, 13–
9 h), the FP1 detector is placed on the disk and long-integrations are made at a fixed
location, to build up high S/N at the highest spectral resolution (0.5 cm−1) to search
for/measure weak species in the far-IR. At medium distances (180,000–100,000km,
9–5 h), the mid-IR detectors acquire sufficient spatial resolution to resolve the limb
of Titan’s atmosphere (defined by the atmospheric scale height, about 50 km), and
are used for limb mapping or integrating. Less than 5 h (100,00 km) from Titan, the
far-IR channel again takes precedence, used first in nadir mapping mode (100,000–
45,000 km, 5:00–2:15 h) and finally in limb mode (45,000–5,000km, 2:15–0:15 h),
when the spatial resolution becomes sufficient to resolve the limb using the large
FP1 detector. Further details of the Titan science strategy can be found in existing
publications [8, 13, 14].

Nitrile Species in the Stratosphere

The three major nitrile species in Titan’s atmosphere are HCN, HC3N, and C2N2,
and all are spectroscopically detected and measured by CIRS – see Fig. 10.1.
Through modeling these emissions, and assuming the atmospheric temperature is
independently known, the abundances can be measured. In this section we discuss
the inferred global distribution of these nitriles and consider what this tells us about
nitrogen-species chemistry on Titan.

Vertical Profiles at Low Latitudes

Nitrile species are produced by photochemical reactions in Titan’s upper atmosphere
at altitudes above 500 km (section “Nitrogen Chemistry”). This is above the region
that is observable with Cassini CIRS. However, these species are transported into the
lower mesosphere and stratosphere by vertical mixing processes, which allow them
to be observed. At altitudes of approximately 100–150 km in the lower stratosphere,
temperatures become cold enough to allow condensation and rain-out of nitrile
species. This source-sink arrangement sets up positive vertical concentration gra-
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Fig. 10.1 Sample CIRS limb spectrum of Titan at 70◦N, 125–160 km altitude from August 2007.
Vibrational bands of HCN, HC3N and C2N2 are labeled, along with an HC3N ice signature
(Adapted from Anderson and Samuelson [15])

dients where the relative abundance increases with altitude. Photochemical models
predict that vertical gradients are steeper for species with shorter photochemical
lifetimes (e.g. HC3N) as they have less time to mix into lower atmospheric levels
before being destroyed by photolysis.

Shortly after Cassini’s arrival at the Saturnian system in July 2004, CIRS limb
sounding observations from the early flybys gave the first detailed vertical profiles of
nitriles in Titan’s atmosphere [16, 17] (Fig. 10.2). The CIRS results confirm earlier
ground based sub-millimeter work [18–20] based on high-resolution measurements
of the lineshape of nitrile rotational lines. Both HCN and HC3N were observed
to have steep vertical gradients – in broad agreement with photochemical models.
Titan’s equatorial abundances had the best agreement with the Earth-based results
because of the sampling bias towards low latitudes in disk-averaged ground-based
spectra. Equatorial latitudes also bear the most resemblance to photochemical model
predictions, as the equator is closest to equilibrium conditions in terms of minimal
atmospheric motion and ambient solar flux. The abundance of C2N2 at the equator
was measured to be 0.055 ppb at 125 km [21]. Comparisons with photochemical
models [22] suggests an abundance this high is most consistent with N2 dissociation
by cosmic rays in the lower stratosphere.

Interestingly, early results showed that the gradient for HCN was steeper than
predicted by the current photochemical models. This suggests an additional sink
for nitriles in lower atmosphere, effectively reducing their atmospheric lifetimes
compared to photochemical model predictions.
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Fig. 10.2 Profiles of HCN and HC3N from Teanby et al. [16] (solid line with grey error envelope)
and Vinatier et al. [17] (filled circles with error bars) derived from CIRS limb observations in
December 2004 (Tb flyby) at a latitude of 15◦S. Dashed lines show the previous estimates from
ground-based work [19]. Agreement between studies is good and shows a steep gradient for HCN
and a very steep gradient for HC3N

Global Variation of Abundances

The early CIRS results suggest that Titan’s nitriles are more complex than pre-
viously thought. Further insight into the chemical processes can be obtained by
considering the distribution of nitriles across Titan’s globe – a feat now possible
because of the spatial sampling ability of CIRS.

At the start of the mission in 2004 Titan was experiencing early northern winter.
The resulting differential heating between southern and northern hemispheres gives
rise to large convection cells – analogous to the Hadley cells on Earth – which causes
upwelling in the south and subsidence in the north. These vertical atmospheric
motions have the ability to modify the equilibrium photochemical profiles [23, 24].
Where subsidence is occurring, the entire vertical profile is advected downwards. As
a consequence of the positive vertical gradient, this leads to increased abundances at
each altitude. Conversely, upwelling causes a decrease in abundance at each altitude.
This phenomenon helps us in two ways:

1. By observing the increase and decrease in abundances across Titan’s globe, we
are able to map out vertical circulation patterns.

2. By looking at variations in subsidence-induced enrichment between different
gases we can learn about the relative vertical gradients – as steeper vertical
gradients will result in greater enrichment. This in turn informs us about the
relative lifetimes of the different species.
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The best way to map the global distribution of the different gases is by using
nadir (downward looking) observation sequences. CIRS medium spectral resolution
mapping scans are particularly useful for this as they observe an entire hemisphere
at once and are taken on nearly every flyby. High spectral-resolution north-south
swaths, although less numerous, are also extremely useful as they provide better
signal-to-noise and spectral discrimination between different gases. Nadir datasets
were used early in the mission [25–27] to map out the global distribution of many
of Titan’s trace species – including the nitriles. The early studies have subsequently
been expanded [21, 24, 28–33] and the northern winter distribution of most trace
species is now well understood. Figure 10.3 shows the distribution of HCN and
HC3N from a typical northern winter flyby.

A large enrichment of most trace species – including nitriles – is observed at
the north pole compared to the rest of the planet – indicating a large single south-to-
north circulation cell with subsidence in the north, consistent with the winter season.
Detailed studies of the north pole have shown there to be a strong circumpolar vortex
[25, 29, 34]. The vortex is produced by a combination of poleward transport of air
by the atmospheric circulation cells and conservation of angular momentum, which
causes a spin up of stratospheric and mesospheric air masses. Vortex wind speeds
were determined using the thermal wind equation, which implied wind speeds of
nearly 200 m/s in the stratosphere at around 30–60◦N. Across the vortex boundary at
60◦N, there is a strong potential vorticity gradient, which indicates that a significant
mixing barrier exists separating polar and non-polar air masses. Enhanced infrared
emission from large abundances of trace gases such as HCN then act as an effective
cooling mechanism, which further reinforces the general circulation. The chemistry
and dynamics in this region are thus intimately linked.

Figure 10.3 shows that north-polar HC3N enrichment is much greater than that
of HCN. This is consistent with the much shorter photochemical lifetime of HC3N
(0.8 years) compared to HCN (44 years) [22]. HC3N is also confined much more
closely to the north polar region than HCN. This confinement is due to the mixing
barrier caused by the north polar vortex, which effectively prevents cross latitude
mixing and confines species within the vortex core. Other short lifetime gases (e.g.
C4H2) are also observed to be largely confined to the vortex core. HCN has a more
complex behaviour, i.e. a gradual south-to-north gradient. This is largely explicable
by a combination of HCN’s long photochemical lifetime and steep vertical gradient.
The steep gradient means it is sensitive to vertical motion – including upwelling in
the southern summer hemisphere – whereas its long lifetime means it has time to
escape the vortex mixing barrier and be transported to lower latitudes.

The high enrichment of many trace species within the polar vortex provides the
possibility of unique chemistry, as in Earth’s antarctic vortex, however this has so far
been difficult to observe with CIRS due to the (assumed) complexity of any chemical
products and cold temperatures. However, it is possible to use observed polar
enrichments to probe the relative lifetimes of many species. If the only processes
occurring are known photochemical reactions and vertical atmospheric motion, then
the observed north polar enrichment should be proportional to the predicted vertical
gradient, i.e. inversely proportional to the predicted species lifetime.
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Fig. 10.3 Maps of HCN and HC3N derived for the northern and southern hemispheres. HC3N is
greatly enriched at high northern latitudes, but decreases sharply south of 60◦N and is present at
very low levels elsewhere. HCN is also enriched in the north, but has a more gradual variation from
south to north. These observations suggest subsidence at the north pole and are consistent with the
presence of a polar vortex (Redrawn from Teanby et al. [28])

Figure 10.4 shows there is indeed such a relation, but surprisingly the nitrile
trend appears separate to that for hydrocarbons. This suggests that there is some
additional sink mechanism causing the vertical gradient of nitriles to be steeper than
expected from photochemical models. The cause of this is currently unknown, but
could include incorporation of nitriles into photochemical hazes or polymerisation
[31].
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Fig. 10.4 Observed polar enrichment as a function of predicted photochemical lifetime from
Wilson and Atreya [22]. Shorter lifetime species are typically more enriched, although nitriles
appear to be anomalously enriched compared to hydrocarbons. This suggests an additional loss
mechanism for nitrile species (Redrawn from Teanby et al. [31])

Nitrile Profiles in the Northern Winter Polar Vortex

Specific to the north polar regions are large amplitude composition layers in most
trace gases, especially in the nitriles (Fig. 10.5). These layers are somewhat puzzling
and could be linked to discrete haze layers observed by Cassini’s Imaging Science
Sub-System [35]. Suggested causes of these layers include: chemical sinks, gravity
waves, incorporation into haze layers, or dynamics.

The most plausible of these is a possible dynamical origin. Teanby et al. [36]
proposed that the layering was caused by cross vortex mixing, which allows polar
and non-polar air masses to mix. A similar process occurs for ozone at the boundary
of Earth’s polar vortices [37]. In this scenario the high wind shear in the vortex
causes instabilities and trace-gas poor air is transported across the vortex boundary.
Conversely, displaced trace-gas rich air escapes the vortex and is mixed to non-
polar atmosphere latitudes. Because the stratosphere is stably stratified, the resulting
layers can be fairly long lived and persist long enough to be observed by CIRS limb
observations.

If this mechanism is correct then we would expect gases with the most polar
enrichment to have the largest amplitude layers, and all the gas layers for the same
observation to have similar altitudes, which both appear to be the case (Fig. 10.5).
This would not be the case if a chemical sink were responsible, unless it acted on all
gases similarly, which seems unlikely. Also, a gravity wave origin does not seem to
provide large enough amplitude to explain up to 50-fold layer amplitudes for HC3N.
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Fig. 10.5 Profiles of HCN and HC3N derived from high spatial resolution limb data. Latitudes are
given at the top and profiles from different observations are offset horizontally for clarity. North
of 60◦N – within the north polar vortex – large amplitude composition layers are evident. These
could suggest mixing/instabilities on the vortex boundary allowing mixing of polar and non-polar
airmasses (Redrawn from Teanby et al. [36])

However, it is thought that gravity waves play a role in eroding the vortex wall and
contributing to the cross latitude mixing [29]. It can be seen that nitrile chemistry
and atmospheric dynamics appear to be inextricably intertwined on Titan. Further
insight will be possible as the Cassini mission progresses.

Nitrile Condensables in Titan’s Stratosphere

In this section, we discuss the detection of nitrile ices observed in Titan’s strato-
sphere by CIRS. Given that CIRS is the successor to the IRIS instrument onboard
Voyager, we will provide a brief overview of the ices observed by IRIS, which
motivated the continued search for stratospheric ices with CIRS, nearly one Saturn
year (∼30 terrestrial years) later.

Nitrile Ice Cloud Characteristics in the Thermal Infrared

There are two distinct types of cloud systems in Titan’s atmosphere. The first
is condensed CH4, typically found in Titan’s troposphere and similar to water
clouds in Earth’s troposphere. The second type of ice cloud arises in Titan’s
much more dynamically stable stratosphere and is composed of condensed nitriles
and/or hydrocarbons. The latter type are the clouds that CIRS detects in Titan’s
stratosphere.
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Fig. 10.6 Figure from West et al. [38]. Temperature dependence of Titan’s pressure-altitude
relation (thick black curve) at latitude 15◦S in mid-2006 [15, 34]. Superimposed are the derived
saturation vapor pressure curves for the four most abundant trace organics (dark grey curves).
Vertical distribution of vapor abundances for hydrocarbons and nitriles were patterned after [33]
and [16], respectively. Condensation is expected to occur at altitudes below the intersection of
the saturation vapor pressure curves with Titan’s temperature structure. The two narrow layers
represent the altitude locations of generic nitrile and hydrocarbon cloud regions where saturation
can occur

The fate of most organic vapors in Titan’s lower stratosphere is condensation,
forming sharply layered upper boundaries near the altitude location where conden-
sation is expected. Figure 10.6, originally published in [38], illustrates the altitude
locations that are expected for such ice clouds, when using the temperature structure
at 15◦S during mid northern winter on Titan (circa 2006).

Whereas the IRIS low wavenumber cut-off occurred at 200 cm−1, CIRS extends
further to 10 cm−1, covering a significant portion of the sub-millimeter spectrum
that turns out to be extremely important and uniquely qualified for the detection
of ice signatures from nitriles. In the far-IR between 70 and 270 cm−1, nitrile ices
reveal numerous overlapping broad-emission features caused by low-energy lattice
vibrations [39]. CIRS is able to detect these signatures due to (1) its excellent signal-
to-noise in this part of the far-IR spectrum and (2) the Planck intensity is quite strong
in this spectral region. Hydrocarbon ices have very small absorption cross-sections
in this part of the far-IR, since they tend to not have strong spectral features in this
region. This hinders CIRS from detecting hydrocarbon condensate signals, even
though their abundances are larger than those of condensed nitriles [27].
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Fig. 10.7 Figure adapted from Samuelson et al. [40]. Titan’s radiance spectrum as observed by
IRIS. The spectrum is an average of 3 spectra and was recorded at an altitude of 121 km above
Titan’s surface horizon (limb-viewing mode). The discovery of the ν6 band of crystalline HC3N
at 506 cm−1 and the putative ν8 band of crystalline C4N2 at 478 cm−1 are easily seen

CIRS Observations of Nitrile Ices

Sharp ice emission features above Titan’s thermal-IR continuum are the easiest to
detect provided the abundances are sufficiently large. These features point uniquely
to a specific, isolated pure ice (no mixtures). Examples of such features are the
ν6 band of crystalline HC3N at 506 cm−1 and the ν8 band of crystalline C4N2 at
478 cm−1, both of which have been observed and identified in Titan’s atmosphere
from first Voyager IRIS then Cassini CIRS. Figure 10.7 is an IRIS spectrum
depicting both the HC3N condensate at 506 cm−1 and the C4N2 condensate at
478 cm−1 [40]. Since the IRIS spectral resolution of 4.3 cm−1 was too low to
spectrally separate the HC3N condensate at 506 cm−1 from the vapor at 499 cm−1,
an abundance and particle size determination was not possible. However using
the higher spectral discrimination of CIRS, both particle size and abundance were
determined from observations of Titan at 70◦N and 62◦N during northern winter
[41]. Regarding the feature at 478 cm−1 observed by both IRIS and CIRS, and
tentatively attributed to C4N2 ice based on spectral location [42], there is a caveat
that the vapor has never been observed in Titan’s atmosphere, which is an absolute
requirement for the ice to form.3 This is a mystery that is still being addressed today.

In contrast to the sharp ice emission features that are spectrally easy to detect, ice
signatures exist in Titan’s far-IR spectrum that are spectrally very broad due to low-
energy lattice vibrations (librations), and are comprised of numerous overlapping
emissions that are impossible to isolate individually. Even though these types of
composite features are intrinsically much stronger than those due to pure ices, they
are much more difficult to detect and identify because of their quasi-continuum
nature. Thus, the spectral dependence must be derived from a full radiative analysis
[15, 44]. An example of this type of identification is the CIRS-discovered nitrile
composite ice feature that peaks at 160 cm−1, labeled (2) in Fig. 10.8 (after [38].)

3An upper limit of 9 ppb for C4N2 gas was determined by de Kok et al. [43].
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Fig. 10.8 Figure and caption from West et al. [38]. CIRS spectrum of Titan at 62◦N (thin black
curve). Various organic vapors are labeled as is the unknown solid material has been termed the
‘haystack.’ The sharp 506 cm−1 HC3N ice emission feature is labeled (1) and the broad 160 cm−1

composite ice feature is labeled (2). The solid and the dashed black curves are respectively
synthetic spectra with and without the ice contribution, fit to the data with a radiative transfer
analysis. Notice that feature (1) is easily distinguished from the continuum whereas feature (2)
is indistinguishable from the continuum and would not be identified as such without a radiative
transfer analysis

The CIRS-derived vertical and spectral dependence of this ice feature at
160 cm−1 is illustrated in Fig. 10.9 at latitude 15◦S. This ice feature is thought
to be comprised of a mix of nitrile ices based on the altitude location of the
cloud (see Fig. 10.6) and the spectral dependence of the observed ice feature
spans wavenumbers where nitriles have numerous overlapping absorption features
[15, 39].

Our analyzes to date [15, 38, 41, 44] indicate that during mid to late northern
winter on Titan (during the Cassini prime and extended missions) a system of
thin nitrile ice clouds extend globally from 85◦N to at least 55◦S. These clouds
are tentatively assigned to composites of HCN and HC3N, but most likely contain
additional trace nitrile ices, based on the broad emission feature seen by CIRS
centered at 160 cm−1. These ice clouds are found at altitudes around 90 km at
equatorial and southern latitudes, and increase in altitude as Titan’s temperature
structure cools in the stratosphere, and most organic vapor abundances increase
during northern winter. We expect these clouds to maintain a global distribution
but the abundances will change as functions of latitude as Titan changes season.



10 Nitrogen in the Stratosphere of Titan from Cassini CIRS Infrared Spectroscopy 137

Fig. 10.9 Figures and caption adapted from Anderson and Samuelson [15]. Left side: Derived
vertical distributions of mass absorption coefficient at 160 cm−1 at 15◦S with 1σ uncertainties
shown. The model assumes a single aerosol and a single ice cloud component. Absorption
coefficients are for aerosol only (solid curve) and aerosol plus ice (dotted curve). Right side:
Derived spectral dependence of volume absorption coefficient at the 80 km altitude level at 15◦S
with 1σ uncertainties shown. Absorption coefficients are for aerosol plus ice (solid curve) and ice
only (dotted curve)

Other N-Bearing Species and Isotopes

In this section, we discuss the search for, and measurement of, very low mixing
ratio nitrogen-bearing species: the HC15N isotopologue of HCN, and the species
NH3 and CH3CN that have not yet been detected by CIRS in Titan’s atmosphere,
although detected previously by other techniques.

15N Isotopologues

The study of isotopic ratios in Titan’s main molecular reservoirs of nitrogen and car-
bon, namely N2 and CH4, bring information on the origin and evolution mechanisms
of the atmosphere. In contrast, the study of the isotopic ratios in HCN, which is a
product of the photodissociation of CH4 and N2 (see section “Nitrogen Chemistry”),
gives us information on the atmospheric chemistry. HC15N was first detected from
ground-based millimeter telescopes [18–20] from the 88.6 and 258.16 GHz lines.
The inferred 14N/15N disk averaged isotopic ratios varied between 60.5 and 94.
Subsequently CIRS detected for the first time the 711 cm−1 band of HC15 N [45].
Limb observations were used to constrain the 14N/15N isotopic ratio in HCN at
15◦S and 83◦N for altitudes between 150 and 400 km. Using a constant-with-height
vertical isotopic ratio in model calculations allowed the CIRS observations to be



138 Nixon et al.

reproduced with values of 56+16
−13 and 56+10

−9 at 15◦S and 83◦N respectively. As the
isotopic ratio does not vary with latitude, it is possible to derive a mean isotopic
ratio of 56± 8.

This derived isotopic ratio in HCN from CIRS data is substantially lower
than that measured for N2 (14N/15N = 167.7± 0.6) in situ with the Huygens Gas
Chromatograph/Mass Spectrometer (GCMS) [1], implying that HCN is enriched in
15N compared to N2. As N2 is the main nitrogen reservoir in Titan’s atmosphere, its
greater 14N/15N ratio compared to HCN suggests the existence of a fractionation
process in the formation of HCN (daughter) from N2 (parent) preferring 15N
over 14N.4 A likely explanation has been posited [46] involving isotope-selective
N2 photodissociation. This process occurs at wavelengths shorter than 100 nm,
mainly through predissociation transitions toward Rydberg and valence states [47–
49]. These states have long enough lifetimes to display rotational and vibrational
structures. The vibrational bands of the two isotopes 14N15N and 15N15N can be
shifted by tens of wavenumbers compared to the 14N2 bands [48, 50]. As 14N2 is the
most abundant isotope, it absorbs most of the solar radiation in the high atmosphere,
while the radiation able to photodissociate 14N15N and 15N15N will penetrate at
deeper levels. Therefore, 14N15N and 15N15N can be photo-dissociated at deeper
levels than most of 14N2 . This process can therefore greatly increases the 14N/15N
isotopic ratio in HCN compared to N2.

The Search for Further N-Bearing Molecules with CIRS

In this subsection we discuss the search for NH3 and CH3CN in Titan’s stratosphere,
both of which are expected to be present at low levels from photochemical models.
Both ammonia and acetonitrile have been directly detected in Titan’s ionosphere
by the Cassini mass spectrometer (INMS) [7]. However, only acetonitrile has
been previously detected in the stratospheric/mesospheric region of the atmosphere
sensed by CIRS, and using ground-based sub-millimeter telescopes [19] rather than
the infrared spectral region.

Therefore, a recent study by the CIRS team attempted to search rigorously for
these species in the high S/N limb spectra of Titan acquired specifically for the
purpose [5]. Data from long limb integrations (4 h) from two flybys (T55 at 25◦S,
and T64 at 76◦N) were originally analyzed: since then one further observation has
been analyzed as described below. The bands used were located in the 9–11 μm
spectral region, where Titan’s infrared spectrum is relatively uncluttered by the
strong alkane and alkyne bands seen elsewhere, and CIRS has high sensitivity. For
NH3 , the ν2 band centered at 950 cm−1 was employed, while the ν7 band of CH3CN
at 1,041 cm−1 was likewise selected.

4Or the reverse: preferential destruction of 14N-bearing HCN.
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Table 10.1 Upper limits on the abundances of NH3 and CH3CN in Titan’s atmosphere

Gas Flyby Date Lat. Pressure VMR upper limit (ppbv)

name no. (◦) (mbar) 1−σ 2−σ 3−σ
NH3 T55 22-MAY-09 25◦S 7.6 0.59 0.88 1.3

T64 28-DEC-09 76◦N 0.26 2.0 6.4 14
CH3CN T55 22-MAY-09 25◦S 0.27 49 78 109

T64 28-DEC-09 76◦N 0.018 660 830 1,000
T72 24-SEP-10 76◦N 0.30 53 70 89

The line list for ammonia was already available in a standard atlas (HITRAN
2008) [51], while the requisite line list for acetonitrile was created for the study.
Using these line lists, synthetic Titan spectra were calculated, incrementally adding
quantities of each gas to the model atmosphere, until the gas emission signature
exceeded the noise threshold by 1, 2, and 3-σ amounts. The results table of [5]
is reproduced here, adding an additional data line for acetonitrile, by analysis of
spectra acquired during the more recent T72 flyby (September 24th 2010) that
has been computed since the 2010 publication. This adds additional constraint for
CH3CN at 0.30 mbar in the stratosphere at 76◦N, a lower altitude than previously
(Table 10.1).

Conclusions and Future Directions

In this chapter we have described the chemical origin and stratospheric distributions
of nitrogen-bearing molecules in Titan’s stratosphere as observed by Cassini CIRS,
focusing on the infrared-detected nitrile gases HCN, HC3N and C2N2. Measure-
ments of the abundances of these gases is important not only for constraining and
improving models of the chemistry, but also because their different lifetimes allow
us to track atmospheric motions.

At the beginning of the Cassini era in 2004, all three nitriles exhibited steep
positive vertical gradients of abundance at low latitudes. In contrast, at the high
northern latitudes then experiencing winter, the profiles were more nearly constant
with height implying that strong subsidence was occurring – firm evidence of
the large global Hadley circulation cell that had been predicted by dynamical
models. The details differed for the three gases, with the longer-lived HCN showing
positive enhancement even at low altitudes towards the mid-latitudes: evidence of
the returning branch of the circulation cell.

The long duration of the Cassini mission (8 years in Saturn orbit and counting)
is now permitting us to observe the turning of Titan’s long seasons, as the northern
enrichments have begun to exhibit fading, even as abundance enhancements have
begun to emerge in Titan’s far south. We may look forward to witnessing further
details of this changing circulation during the latter years of the Cassini mission –
hoped to last until 2017 near the time of northern summer solstice.
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Even as we now gain some confidence in our growing knowledge of this picture,
mysteries remain that continue to elude our understanding. In particular, we remark
on the curious difference in the trends of enhancement versus lifetime for the nitriles
shown in Fig. 10.4 compared to the hydrocarbons – with the implication that there
are processes occurring that are not yet included in our models. To this list we could
add the current non-detection of CH3CN in the stratosphere by CIRS (but seen by
ground-based telescopes), or the similar elusiveness of NH3 – firmly detected in the
upper atmosphere. New missions and instruments may be required to finally resolve
these and other riddles.
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Chapter 11
Nitrogen in Titan’s Atmospheric Aerosol Factory

Nathalie Carrasco, Joseph Westlake, Pascal Pernot,
and Hunter Waite Jr.

Abstract Titan’s organic aerosols are presumed to contain a large amount of
nitrogen as inferred from the in situ measurements of the ACP instrument on board
the Huygens probe. They show major emissions of ammonia and hydrogen cyanide
after pyrolysis of the refractory nuclei of the atmospheric aerosols. Molecular
nitrogen is a rather chemically inert molecule and the processes leading to the
high nitrogen content of Titan’s aerosols are far from being understood. Here
we synthesize the results obtained on Titan’s nitrogen composition from analysis
of laboratory analogues produced with the PAMPRE experimental setup. These
analogues are compared with the in situ measurements of the Cassini CAPS-IBS
instrument.

Introduction

Molecular nitrogen is the major component of Titan’s dense atmosphere. This inert
molecule is activated in the upper atmosphere by VUV radiations and particle
impact ionization, causing its partial dissociation and ionization. Nitrogen radicals
and ions further participate in the production of heavier nitrogen-containing species,
as well as participate in reactions with methane that enable the initiation of the
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complex organic chemistry in Titan’s upper atmosphere. Instruments on board
Cassini detected N-containing neutrals in the stratosphere (Coustenis et al. 2007;
Teanby et al. 2007, 2010; Vinatier et al. 2010) and in the upper atmosphere (Magee
et al. 2009) and N-containing ions in the ionosphere (Cravens et al. 2006; Vuitton
et al. 2007, 2009; Yelle et al. 2010).

Titan is well known for its brownish photochemical haze hiding the surface of
the satellite. One of the main results provided by the Cassini space mission was to
reveal that the organic macromolecules that leads to Titan’s aerosol formation are
first primarily produced in the ionosphere (Waite et al. 2007), before sedimenting
in lower atmospheric layers, and leading to a detached haze layer in Titan’s
stratosphere (Lavvas et al. 2009).

The efficient integration of nitrogen in the gas products, as observed by the
CIRS and INMS instruments, encourages the development of models that incor-
porate nitrogen efficiently into the aerosols (Lebonnois et al. 2002; Wilson and
Atreya 2003; Lavvas et al. 2008; Pernot et al. 2010). The Huygens descent in
situ data confirm this idea: the refractory nuclei of Titan’s aerosols samples were
pyrolised by the ACP instrument during the descent of the Huygens probe in 2004
(Israel et al. 2005). The gas resulting from this combustion process contained large
amounts of hydrogen cyanide (HCN) and ammonia (NH3), which are tracers of
significant nitrogen content in Titan’s aerosols.

However, neither the precise content, nor the chemical form of nitrogen in Titan’s
aerosols is known yet. The exact composition and structure of this complex chemical
matter remains an open question. To find some clues, several research teams carried
out laboratory simulation activities.

To simulate Titan’s upper atmosphere reactivity, reactive nitrogen has to be
produced in the laboratory. This involves the use of energy wavelengths lower than
100 nm/12 eV. This VUV range is excluded by regular photolytic reactor because
of their absorbing windows, but is accessible to windowless reactors coupled with
synchrotron light sources (Imanaka and Smith 2007, 2010; Peng et al. 2013) and to
plasma discharge sources (Khare et al. 1984; Coll et al. 1999; Somogyi et al. 2005;
Szopa et al. 2006). These laboratory studies inform us of the possible mechanisms
in competition in such complex ionized media, leading to aerosol nucleation. The
present paper reports recent results obtained with the PAMPRE plasma experiment
on nitrogen incorporation processes in Titan’s aerosol analogues.

The PAMPRE Experimental Setup

The PAMPRE set up is a plasma-based experiment, where a 13.56 MHz Radio
Frequency Capacitively Coupled Plasma discharge is generated in a N2 − CH4

gaseous mixture (Fig. 11.1). Solid organic, negatively charged, particles are pro-
duced and maintained in levitation between the electrodes by electrostatic forces.
The N2−CH4 gaseous mixture is injected continuously into the plasma reactor, as a
downward-oriented neutral flow. It produces a neutral drag force, which can eject the
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Fig. 11.1 The PAMPRE setup. The pink glow is due to emission lines of molecular nitrogen, the
green line corresponds to the light-scattering of a green laser (432 nm) by the aerosols in suspension
in the reactive volume

solid particles out of the plasma discharge. The samples analyzed in the following
were obtained in these operating conditions: room temperature, a total pressure of
0.9 mbar, a flow rate of 55.0± 0.1 sccm and an absorbed radio frequency power of
30± 2W.

Chemical Analysis of the Aerosols

PAMPRE aerosols were produced for different N2 − CH4 mixing ratios and
characterized by a series of analytical methods.

Elemental Analysis

An elemental analysis of the aerosols was presented in Sciamma-O’Brien
et al. (2010) from a determination of composition. The main results are presented
in Fig. 11.2. The amount of carbon does not vary significantly with the amount of
CH4 injected in the plasma, and the nitrogen content remains high in all cases,
from about 15 up to 30%. However, this analysis reveals a competition between
hydrogen and nitrogen elements in the aerosol composition, the aerosols getting
more hydrogen-rich and nitrogen-poor when the amount of injected CH4 increases.
As a consequence the N/C ratio decreases linearly from about 1 down to 0.5 with
the initial methane amount.

To understand this nitrogen vs. hydrogen competition relative to carbon, several
parameters were quantified and compared as a function of the initial content of
methane in the gas mixture: atomic hydrogen density was quantified in the reactive
medium by Carrasco et al. (2012); the aerosol production efficiency, defined as the
mass of carbon incorporated in the aerosols divided by the mass of carbon consumed
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Fig. 11.2 Elemental analysis of the Titan’s aerosol analogues produced with initial methane
amount varying from 1 to 10% (Adapted from Sciamma-O’Brien et al. (2010))
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by methane dissociation, was measured by Sciamma-O’Brien et al. (2010). A strong
negative correlation is found between these two parameters (Fig. 11.3).

As atomic hydrogen is a well-known competitor for heterogeneous chemistry,
able to saturate the adsorption sites of active surfaces, it appears that atomic
hydrogen possibly inhibits the organic growth process. In the case of a gas mixture,
with a 10% initial content of methane, products remain almost exclusively in the gas
phase (YC of a few%), whereas the gas-to-solid conversion increases up to 50% for
gas mixtures with initial methane content lower than 2% (Fig. 11.3).

The organic growth process certainly involves additions on unsaturated func-
tions. It is therefore favored by the abundant content of nitrogen-containing
unsaturated functions, as shown by the high resolution mass analysis of Somogyi
et al. (2005), and by the MSMS identification of the systematic N ≡ C−NH−C ≡ N
pattern in the molecules composing the aerosols (Carrasco et al. 2009).

High-Resolution Mass Spectrometry

The chemical composition of aerosols has been studied in more details by
extracting their soluble fraction in methanol. The extract of an aerosol prepared
in a N2 −CHs4 98–2% gas mixture, has been analyzed in Pernot et al. (2010) by
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Fig. 11.4 High resolution mass spectrum in the 50–300 m/z range of a PAMPRE aerosol prepared
in a N2/CH4 98–2% mixture, and extracted in methanol. A zoom on the 127.05–127.15 m/z range
is given in the insert. The main ion detected at m/z = 127.07 is likely the protonated form of
melamine, whose structure is plotted in the inset

ESI-FT-Orbitrap mass spectrometry, at a high resolving power of M/ΔM= 100,000
at m/z = 400 (Fig. 11.4). High resolution enabled us to assign the composition of
each peak (exact mass determination). As the extracted neutral species are softly
singly protonated during the electrospray ionization step, the ions detected by this
technique correspond actually to a [M+H]+ structure, M being the native neutral.

Almost all identified compounds contain nitrogen, often in significant amounts.
For example, a major peak at m/z= 127.07 exhibits the signature of a C3H7N+

6 ion.
The exact structure of the corresponding neutral is not provided by high resolution
mass spectrometry, but this formula is consistent with melamine (structure in
Fig. 11.4, inset). This structure alternates C and N in the skeleton of the molecule,
which is in agreement with the systematic fragment NC-NH-CN detected by MSMS
in Carrasco et al. (2009).

To analyze more globally the primary mass patterns constituting the soluble
fraction of the aerosols, the analysis of the mass spectra can be carried out using
van Krevelen diagrams, in which one plots the H/C ratio versus the N/C ratio
for each molecule (Fig. 11.5). This diagram is rather symmetric, and presents an
accumulation towards the point (N/C = 0.5; H/C = 1.5), in agreement with the
global elemental analysis shown in Fig. 11.2, and therefore confirming the large
incorporation of nitrogen into the aerosols.

The alternation of carbon and nitrogen in the structure of the molecules requires
identifying gaseous precursors in agreement with this pattern. Vuitton et al. (2010)
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Fig. 11.5 H/C vs. N/C van Krevelen diagram plotted from chemical formulae identified in the
high resolution mass spectrum of Fig. 11.4. Each point is a species detected in the mass spectrum,
and the size of the circle corresponds to the relative intensity of the peak (some points overlap)

have shown that PAMPRE aerosols are much more complex than a poly-HCN
structure. Carrasco et al. (2012), in agreement with the model of Yelle et al. (2010)
and the experimental study of Balucani et al. (2010), suggest a polymerization
pathway through imine molecules, such as methanimine CH2 =NH, and ethanimine
CH3CH = NH, which are detected as products in the plasma gas mixture.

Comparison with CAPS Measurements

The Cassini Plasma Spectrometer (CAPS) onboard Cassini has measured large
positive and negative ions through several flybys of Titan’s ionosphere (Coates
et al. 2007; Waite et al. 2007; Crary et al. 2009). The CAPS suite of instruments
consists of the Ion Mass Spectrometer (CAPS-IMS), the Ion Beam Spectrometer
(CAPS-IBS), and the Electron Spectrometer (CAPS-ELS). The CAPS-IBS has
been used for its high energy resolution (0.014 ΔE/E) as a rudimentary mass
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spectrometer to measure heavy ions with masses reported above 250 Da. The CAPS-
ELS is used in the same way with a more crude energy resolution. These two curved
plate electrostatic analyzers function as mass spectrometers because of the large
Mach number of the cold ionospheric ions rammed into the instrument during a
pass (Cassini is generally moving around 6 km/s with respect to Titan’s atmosphere
resulting in a Mach number around 14 for a mass of 100 Da.). In this work we
focus on the CAPS-IBS measurements of the large positive ions during the T40
dayside flyby and the T57 nightside flyby. The process of converting the energy
per charge spectrum to a mass per charge spectrum utilizes a cross calibration
between the CAPS-IBS and the Ion and Neutral Mass Spectrometer (INMS) that
uses the spacecraft potential, ion temperature, relative amplitude, and along-track
wind components as free parameters (Crary et al. 2009).

Studies with pure hydrocarbon plasmas at low pressures have shown that
significant aromatic growth can occur in the absence of nitrogen. Deschenaux
et al. (1999) used discharges in relatively low pressure (0.1 mbar) CH4, C2H2, and
C2H4, in order to study the effect of single, double, and triple carbon bonds on the
production of aerosols. They found that molecular growth was fastest and achieved
the largest growth with the (triply bonded) acetylene (C2H2) plasma. The ethylene
(C2H4) plasma showed similar growth, but at a slower pace, while the methane
plasma showed little growth and proceeded very slowly.

The positive ion spectra of these three experiments are compared with the T57
CAPS-IBS spectra within 50 km of closest approach in Fig. 11.6. The comparison
is striking: the CH4 plasma shows good correspondence up to the C5 group,
while the C2H2 and C2H4 plasmas show nearly perfect correspondence throughout
the spectra. The acetylene plasma has a clear even carbon number preference, as
the triple bond is prevalent throughout the compounds. The ethylene plasma has a
greater tendency to produce aliphatic compounds than the acetylene plasma, hence
the wider peak groupings. From this comparison and the prevalence of acetylene
and ethylene in the neutral atmosphere it is likely that the ion chemistry at Titan is
proceeding through similar pathways. Of course, since these are hydrocarbon-only
plasmas, there is a preference for odd masses. At Titan, the nitrogen-containing
compounds fill in many of the even masses (Vuitton et al. 2007).

It is however to be noted that the positive ion hydrocarbon growth detected in
pure hydrocarbon plasmas decreases rapidly for masses larger than 100 amu, which
is in disagreement with the long tail observed in the CAPS-IBS mass distribution.

A comparison of the T40 and T57 CAPS-IBS mass spectra with the PAMPRE
aerosols is presented in Fig. 11.6 (top). The high resolution mass spectrum shown
Fig. 11.4 is reported in Fig. 11.6 as a high resolution spectrum and a low resolution
spectrum, by convolution with the CAPS-IBS response function. Two aspects of this
comparison are useful: (i) the peak locations of the C10 and heavier peaks occur at
nearly the same location; and (ii) the falloff with mass and the observed peaks at
the end of the spectrum are similar. In contrast with the pure hydrocarbon plasma
ion mass spectra represented on Fig. 11.6, the PAMPRE aerosol mass spectrum is in
excellent agreement with the heavier ions (masses larger than 100 amu) detected by
CAPS-IBS.
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Fig. 11.6 Shown are the T40 and T57 ion INMS spectra (blue) taken at 1,015 km (Westlake
et al. 2012), compared to the degraded resolution (red) of a high resolution mass spectrum (black)
of a N2 −CH4 98:2% PAMPRE aerosol. The abundances of the PAMPRE high resolution mass
spectrum are scaled such that a comparison with the CAPS-IBS fluxes is possible. The bottom
panels compare CH4, C2H2, and C2H4 laboratory plasmas of Deschenaux et al. (1999) to the T57
ion spectra at closest approach

Pernot et al. (2010) have shown that the composition of the compounds in
the PAMPRE aerosols follow a X − (CH2)m(HCN)n copolymer structure, where
the primary component has a symmetric composition (m = n). In comparison,
from the INMS low mass neutral spectrum, Titan is expected to have an elemental
abundance represented by C100H157N23. This roughly corresponds to a 3:1 m to
n ratio, favoring the production of (CH2)m type molecules over the (HCN)n type
(Waite et al. 2008), i.e. an intermediate composition between pure hydrocarbons
and the nitrogen-rich compounds composing PAMPRE aerosols.
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Chapter 12
Nitrogen Fixation by Photochemistry in the
Atmosphere of Titan and Implications for
Prebiotic Chemistry

Nadia Balucani

Abstract The observation of N-containing organic molecules and the composition
of the haze aerosols, as determined by the Aerosol Collector and Pyrolyser (ACP)
on-board Huygens, are clear indications that some chemistry involving nitrogen
active forms and hydrocarbons is operative in the upper atmosphere of Titan.
Neutral-neutral reactions involving the first electronically excited state of atomic
nitrogen, N(2D), and small hydrocarbons have the right prerequisites to be among
the most significant pathways to formation of nitriles, imines and other simple N-
containing organic molecules. The closed-shell products methanimine, ethanimine,
ketenimine, 2H-azirine and the radical products CH3N, HCCN and CH2NCH can be
the intermediate molecular species that, via addition reactions, polymerization and
copolymerization form the N-rich organic aerosols of Titan as well as tholins in bulk
reactors simulating Titan’s atmosphere.

Introduction

On Earth, atmospheric molecular nitrogen, N2 (dinitrogen), is the most abundant
source of nitrogen, but its chemical inertness is such that very few natural processes
can convert it into its compounds. Nowadays, most N2 is naturally fixed into its
oxidized or reduced forms via nitrogen-fixing bacteria and lightning. We ignore,
instead, the possible mechanisms of nitrogen fixation in the primordial terrestrial
atmosphere, because neither biogenic O2 (which is necessary to fix nitrogen into
NO after lightning) nor nitrogen-fixing bacteria were present before the appearance
of life. In addition, there is no geological record of what happened on our planet
during the first half billion years after its formation and the origin of N2 itself in

N. Balucani (�)
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its present large amount is a matter of debate. Therefore, nitrogen fixation in an
abiotic environment such as the primordial terrestrial atmosphere remains an
open issue to be addressed. In the absence of information on the composition
and chemical evolution of the primordial terrestrial atmosphere, a valid scientific
approach relies on the study of the atmospheric chemistry of planets which share
common characteristics with primitive Earth. Data on Earth-like exoplanets will
probably be available in the near future, but in the meantime the best neighbour to
consider is Titan, the massive moon of Saturn, because it has a dense N2-dominated
atmosphere with a very active chemistry (Vuitton et al. 2013). The atmosphere of
Titan can be considered to be somewhat reminiscent of the primeval atmosphere
of Earth (Coustenis and Taylor 1999). This working hypothesis can give valuable
inputs in the understanding of the synthetic routes of N-containing prebiotic
molecules on Earth before the emergence of life. Prebiotic molecules are those
organic molecules which can be naturally synthesized in abiotic processes, but are
characterized by some complexity and all the appropriate “ingredients” to function
as precursors of biological molecules, that is, sugars, amino acids, nucleobases etc.
(Balucani et al. 2009, 2012). According to the abiogenesis theory, Earth became
rich enough in prebiotic molecules to have had the chance for life to spontaneously
evolve from them. Two scenarios have been envisaged for the abiotic synthesis of
prebiotic molecules: the endogenous and the exogenous synthesis theory (Chyba
and Sagan 1992; Bernstein 2006). According to the endogenous vision, prebiotic
species were synthesized directly on Earth from simple parent molecules (such as
N2 or NH3, H2O or H2, CH4 or CO2). The original atmosphere was in a reduced
or oxidized (or intermediate) state and various sources of energy (intense lightning,
energetic solar photons, radioactivity, intense volcanic activity, and shock waves of
different kinds) could have induced its chemical transformation (Miller 1986) (an al-
ternative endogenous synthesis theory, however, suggests that the organic synthesis
of prebiotic molecules took place in the proximity of oceanic hydrothermal vents,
see for instance Holm and Andersson 2005). According to the exogenous synthesis
vision, instead, most of the organic molecules came from space, the carriers being
comets, asteroids, meteorites and interplanetary dust particles. This vision gains
support from the fact that prebiotic molecules have been observed in interstellar
clouds, including star-forming regions, as well as in comets, asteroids, meteorites
and interplanetary dust particles (Ehrenfreund et al. 2002). As we are going to see, in
some way the case of Titan supports the theory of endogenous synthesis, since prebi-
otic molecules, such as nitriles and imines, are efficiently synthesized locally in the
gaseous environment of the upper atmosphere (Vuitton et al. 2013; Balucani 2012).

Nitrogen Chemistry in the Atmosphere of Titan

The atmosphere of Titan can be regarded as a giant photoreactor, where the
energy deposited by solar photons, as well as cosmic rays and electrons from the
magnetosphere of Saturn, induces numerous gas-phase reactions. The chemical
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evolution of the atmosphere of Titan can be simulated in laboratory experiments
(see, for instance Cable et al. 2012; Gautier et al. 2011; Imanaka and Smith 2010)
which are similar, in their basic aspects, to that of Stanley Miller (1986). Using
mixtures of nitrogen and methane reproducing the composition of the atmosphere of
Titan, the formation of nitriles and other N-containing organic molecules is observed
and a solid yellow/brown sticky residue (tholins) is formed (Cable et al. 2012;
Gautier et al. 2011; Imanaka and Smith 2010; Sagan et al. 1992). Synthetic tholins
should resemble the orange aerosols forming the haze of Titan, but the significant
differences between a planetary atmosphere and a small laboratory reactor have
to be considered (Cable et al. 2012). In particular, the composition of a planetary
atmosphere is neither homogeneous nor constant and many physical parameters,
such as vertical and wind transport or temperature and pressure gradients, cannot
be reproduced in laboratory experiments. In addition, wall collisions typical of
laboratory experiments, which are not present in a purely gaseous environment
of the dimension of a planetary atmosphere, can affect the observed chemistry by
favoring radical recombination. Recent experimental setups have been devised to
reduce wall effects and measure the chemical products in situ (Gautier et al. 2011;
Imanaka and Smith 2010). Nevertheless, these experiments and their results should
only be considered indicative of the chemistry and aerosol composition of Titan
(Cable et al. 2012). The best method to describe the chemistry of the atmosphere of
Titan relies on a multidisciplinary approach where the observations are reproduced
by photochemical models (Yung and DeMore 1998) that consider the physical
conditions with their variations and complex networks of interconnected elementary
chemical reactions (unimolecular, bimolecular and trimolecular). Various processes
at the molecular level are involved, including photon/particle-induced ionization and
ion-molecule reactions, photon/particle-induced dissociation and radical-molecule
reactions, radiative association and recombination, aerosol heterogeneous or multi-
phase processes (Vuitton et al. 2013). For an accurate modeling of these complex
networks of elementary reactions, a number of experimental parameters are needed
and the necessary molecular processes have to be investigated in laboratory
experiments. Photochemical models of increasing complexity (Yung et al. 1984;
Wilson and Atreya 2004; Lavvas et al. 2008) have been devised to describe
the atmospheric composition of Titan and more stringent tests are now provided
by the results of the Cassini-Huygens mission. In this respect, the discovery of
an unexpectedly rich ionosphere, with large positive and negative ions (Waite
et al. 2007; Coates et al. 2010) as well as the analysis of the aerosol composition
by means of the Aerosol Collector and Pyrolyser (ACP) on-board Huygens (Israel
et al. 2005) are among the most remarkable achievements of the Cassini-Huygens
mission. In particular, according to the ACP results and consistently with the
chemical composition of laboratory tholins, the aerosols are formed by N-rich
organic macromolecules (Israel et al. 2005). The new challenges for the modeling
of the atmosphere of Titan are: (a) to consider a strong coupling between ion and
neutral chemistry and reproduce the amount of trace constituents observed towards
the thermosphere (species such as benzene, ammonia or simple imines have been
identified in the ionosphere and not in the stratosphere, see Vuitton et al. 2008;
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Yelle et al. 2010); (b) to envisage haze formation mechanisms from the gaseous
phase in the upper part of the atmosphere and (c) to conceive of mechanisms
for significant incorporation of nitrogen into organic macromolecules. Since there
are practically no radicals able to react with molecular nitrogen (N2 has one of
the strongest bonds in nature) at the temperature of Titan, the formation of N-
containing species must initiate with the reactions of active forms of nitrogen, such
as nitrogen atoms or ions, which are produced by several processes in the upper
atmosphere of Titan (Vuitton et al. 2013). In particular, nitrogen atoms are produced
by N2 dissociation induced by electron impact and extreme ultra-violet photons or
dissociative photoionization, galactic cosmic ray absorption, and N+

2 dissociative
recombination (Lavvas et al. 2011). All these processes lead to the formation of
ground electronic state nitrogen atoms, N(4S3/2,), as well as nitrogen atoms in the
first electronically excited, N(2D3/2,5/2) states (Lavvas et al. 2011). The radiative
lifetimes of the metastable states 2D3/2,5/2 are quite long (6.1× 104 and 1.4× 105 s
for the 2D3/2, and 2D5/2, respectively) and, therefore, the main fate of N(2D) is
chemical reaction with other constituents of the upper atmosphere. Since N(4S)
atoms are not reactive with singlet molecules and the probability of collision with
another open-shell species is small, the production of N(2D) atoms is important
because it can easily react with several relatively abundant molecules, such as CH4,
thus making an important contribution to the chemical evolution of the atmosphere
and the formation of species containing a novel C-N bond.

Formation of Nitriles and Imines Through the Reactions
of N(2D) with Small Hydrocarbons

The reactions of atomic nitrogen in the first electronically excited state 2D with
hydrocarbons are believed to play an important role in the chemistry of the
atmosphere of Titan. Since the early models, the reactions of N(2D) with CH4 and
C2H2 have been considered important steps towards the formation of HCN and
C2N2 (Yung et al. 1984; Yung 1987), both observed in the atmosphere of Titan
during the Voyager mission. The N(2D) reaction with ethylene was later invoked
to account for the formation of acetonitrile detected in ground-based observations
(Wilson and Atreya 2004). Reliable laboratory experiments on the kinetics of N(2D)
reactions have become available only in the late 1990s, because of the experimental
difficulties in studying those systems (Herron 1999). The reactions of N(2D) with
small hydrocarbons have been found to be fast enough to be efficient under the
conditions of Titan. In particular, the reactions with unsaturated hydrocarbons are
faster than the ones involving methane, so they are important in the chemistry of
Titan’s atmosphere even though C2H2 and C2H4 are much less abundant than CH4.
The above mentioned kinetics experiments followed the N(2D) decay rate and no
information was provided on the nature of the primary products. A complementary
approach based on collision free experiments has been used to determine the nature
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of the primary products and their branching ratios (Balucani et al. 2000a, b, 2009,
2010, 2012). As we are going to see, in all cases the primary reaction products are
molecules containing a novel C-N bond.

The Reaction N(2D)+CH4

Because of the abundance of methane, this is the most important reaction
involving N(2D). The room temperature rate constant is k298 = 4.0× 10−12cm3s−1

(Herron 1999) and the thermodynamically allowed channels are

N(2D)+CH4 → CH2 = NH+H ΔH0
0 =−321.2kJ/mol (12.1a)

→ CHNH2 +H ΔH0
0 =−172.0kJ/mol (12.1b)

→ NH+CH3 ΔH0
0 =−126.1kJ/mol (12.1c)

→ CH3N+H ΔH0
0 =−94.5kJ/mol (12.1d)

where the enthalpies of the reaction channels reported are those calculated at
the CCSD(T) level of calculations (Balucani et al. 2009). A first collision-free
spectroscopic experiment established that the H-forming channels are dominant
over the channel (12.1c) leading to NH (Umemoto et al. 1998). No information
was given on the nature of the molecular co-product, even though methanimine
(CH2 = NH) formed in channel (12.1a) was suggested to be the most important
molecular product. The reaction (12.1) was also investigated in crossed molecular
beam (CMB) experiments with mass-spectrometric (MS) detection and time-of-
flight (TOF) analysis (Balucani et al. 2009). In those experiments two distinct
isomers were identified, that is methanimine (from channel 12.1a) and methylnitrene
(from channel 12.1d). Their relative yield varied with the total available energy.
The reaction micromechanisms, the product energy partitioning and the relative
branching ratios of the competing reaction channels leading to the two isomers have
been obtained. The interpretation of CMB-MS results was assisted by electronic
structure calculations of stationary points and product energetics for the CH4N
ground state doublet potential energy surface (Balucani et al. 2009). A comparison
between experimental results on the two isomer branching ratios and statistical
estimates based on the electronic structure calculations was performed, but the
system was found to be highly nonstatistical, (the production of the less stable
CH3N isomer is dominated by dynamical effects which cannot be accounted for
in statistical calculations). As a consequence, the statistical branching ratio derived
at the temperature of Titan cannot be used as such (Balucani et al. 2009).

The Reaction N(2D)+C2H6

Ethane is the second most abundant hydrocarbon in the atmosphere of Titan.
Many (22) reaction channels are thermodynamically allowed for the reaction
N(2D)+C2H6 (Balucani et al. 2010). Among them, those which have been found
to make a contribution to the overall reaction are:

N(2D)+C2H6 → CH2 = NH+CH3 ΔH0
0 =−366.2kJ/mol (12.2a)
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→ CH3CH = NH+H ΔH0
0 =−338.2kJ/mol (12.2b)

→ CH2 = CHNH2 +H ΔH0
0 =−331.3kJ/mol (12.2c)

→ CH3CH2 +NH ΔH0
0 =−135.6kJ/mol (12.2d)

→ CH2= NH(3A′′)+CH3 ΔH0
0 =−94.4kJ/mol (12.2e)

where the enthalpies of the reaction channels reported are those calculated at the
CCSD(T) level of calculations (Balucani et al. 2010). The room temperature rate
constant is k298 = 1.9× 10−11 cm3s−1 (Herron 1999).

The H-displacement channels were characterized in CMB-MS experiments and
reaction (12.2) was found to behave statistically (Balucani et al. 2010). This is the
ideal case to apply statistical theories for the estimates of the product branching
ratio. According to these estimates, performed at the temperature relevant for the
stratosphere of Titan, the C-C bond fission channel producing methanimine and
CH3 (channel 12.2a) is by far the dominant channel (79%), with the channel leading
to ethanimine and H (channel 12.2c) accounting for 12.4% of the global reaction
(Balucani et al. 2010). The other channels indicated make a minor (few percent)
contribution.

The Reactions N(2D)+C2H4 and N(2D)+C2H2

The reactions of N(2D) with acetylene and ethylene are also fast reactions
(k298 = 6.5×10−11 and 4.3×10−11cm3s−1, respectively; see Herron 1999) leading
to the formation of new species containing a C-N bond (Balucani et al. 2000a, b,
2012). The open reaction channels are

N(2D)+C2H2 → HCCN+H ΔH0
0 =−211.3kJ/mol (12.3a)

→ c−HC(N)C+H ΔH0
0 =−182kJ/mol (12.3b)

and

N(2D)+C2H4 → CH2NCH+H ΔH0
0 =−206.2kJ/mol (12.4a)

→ c−CH2(N)CH+H ΔH0
0 =−244.1kJ/mol (12.4b)

→ CH2 = C = NH+H ΔH0
0 =−329.5kJ/mol (12.4c)

→ CH3NC+H ΔH0
0 =−343.7kJ/mol (12.4d)

→ CH2NC+H2 ΔH0
0 =−378.5kJ/mol (12.4e)

→ c−CH(NH)CH+H ΔH0
0 =−107.4kJ/mol (12.4f)

→ CH3 +HNC ΔH0
0 =−403.3kJ/mol (12.4g)

In the case of reaction (12.3), CMB-MS experiments, combined with electronic
structure and statistical calculations, have established that channel (12.3a) is by
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far the dominant one (Balucani et al. 2000a). The reaction (12.4) was instead
established to produce the CH2NCH radical (channel 12.4a), 2H-azirine (channel
12.4b), ketenimine (channel 12.4c) and, with a small yield of 2–3%, isoacetonitrile
(channel 12.4d) (Balucani et al. 2000b, 2012).

Implications for the Modeling of the Atmosphere of Titan

The detailed investigations of the reactions (12.1), (12.2), (12.3) and (12.4) in
collision free experiments have allowed determining the reaction products for the
most important N(2D) reactions in the atmosphere of Titan. Those results have
somewhat changed the schemes of the photochemical models of the atmosphere
of Titan. For instance, the assumption that only NH + CH3 are the products of
the reaction (12.1) (Yung et al. 1984; Krasnopolsky 2009) is not correct, as the
reactive channel (12.1c) accounts at most for ∼ 30% of the global reaction. The
observation that the dominant channel is the one leading to methanimine, a closed-
shell molecule containing a novel C-N bond, demonstrates that such a bond can
be generated directly by a reaction involving an active form of nitrogen, the main
constituent of the atmosphere of Titan, and CH4, the second most abundant species.
Therefore, nitrogen fixation can be achieved in the abiotic conditions of Titan’s
upper atmosphere starting from its main components (Balucani 2012). Methanimine
has not been observed directly so far, but its protonated form, CH2NH+

2 , is required
to explain the peak at m/z = 30 in the mass spectrum recorded by the ion neutral
mass spectrometer (INMS) on-board Cassini (Vuitton et al. 2006).

As for reaction (12.2), in the photochemical models of Titan it was either
assumed (Wilson and Atreya 2004; Krasnopolsky 2009) to produce only NH+C2H5

(which is, instead, only a minor channel) or aziridine, c−CH2(NH)CH2 + H
(Lavvas et al. 2008). Neither of these suggestions is correct. As we have seen,
methanimine from channel (12.2a) is also produced by the reaction N(2D)+CH4.
Methane is more abundant than ethane by roughly three orders of magnitude, but
the rate constant (at room temperature) of the reaction N(2D)+C2H6 is one order
of magnitude larger than that of methane. Therefore, the reaction of N(2D)+C2H6

should contribute by a few percent to the global budget of methanimine (Balucani
et al. 2010).

Methanimine is a very interesting compound in the context of the chemical
evolution of the atmosphere of Titan. The presence of a double C = N bond makes
it a very reactive molecule which easily undergoes polymerization, oxidation, and
hydrolysis. We can speculate that, in a relatively dense medium such as the upper
atmosphere of Titan (collision time ∼ 1s), methanimine reacts easily with radicals
or undergoes polymerization and copolymerization. In addition, it can photodisso-
ciate to HCNH/CH2NH+H or HCN/HNC+H2. The photodissociation product
yield has not been characterized in laboratory experiments, but it is known that
activated CH2 = NH can dissociate to HCNH/H2CN + H or HCN/HNC + H2

(Arenas et al. 1999). These processes have been considered for the first time in the
recent photochemical model by Lavvas et al. (2008), who were the first to consider
the processes that CH2 = NH undergoes after its formation. The model by Lavvas
et al., indeed, predicted a larger quantity of CH2 = NH than that inferred by INMS
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but there is a lot of uncertainty on the possible fate of CH2 = NH in the upper
atmosphere of Titan, because of a severe lack of knowledge on the possible chemical
loss pathways of this species.

Growing evidence suggests that nitrogen chemistry contributes to the formation
of the haze aerosols in the Titan upper atmosphere. In this respect, CH2 = NH
is an excellent candidate to account for the formation of nitrogen-rich aerosols
via polymerization or copolymerization with other unsaturated species or radical
reactions. Ethanimine, the second most important molecular product of reaction
(12.2), can also be a source of nitrogen-rich molecules and aerosols via addition
reactions, polymerization and copolymerization. Ethanimine can also undergo
UV photolysis forming reactive radicals that can further enhance the formation
of nitrogen-rich complex species. A theoretical study (Arenas et al. 2000) has
suggested that activated ethanimine can directly decompose to CH3CN+H2 and
CH4 + HCN/HNC. In this respect, activated ethanimine could be a source of
acetonitrile and HCN/HNC.

The formation of HCCN in reaction (12.3) supports the mechanism of C2N2

formation suggested by Yung (1987). Interestingly, the HCCN radical has also been
suggested to be an important precursor for nitrogenated organic solids obtained in
the EUV irradiation of N2/CH4 mixtures (Imanaka and Smith 2010).

Finally, the main products of reaction (12.4) are a very reactive radical,
CH2NCH, the closed-shell species 2H-azirine and ketenimine. 2H-azirine is
characterized by a strained ring and ketenimine has two double bonds: both species
can easily be involved in polymerization processes.

Conclusions

Detailed laboratory studies on the N(2D) reactions with methane and higher
hydrocarbons, C2H6, C2H2 and C2H4, indicate that interesting N-containing species
can be formed in neutral-neutral bimolecular reactions in the atmosphere of Titan,
as well as in the atmospheres of other planets rich in molecular nitrogen and
hydrocarbons. Only HCN, CH3CN and CH2 = NH have been identified in the
atmosphere of Titan so far. These reactions can also make an important contribution
in the formation of laboratory tholins in bulk experiments. Open-shell (such as
CH3N and HCCN radicals) or highly unstable unsaturated N-compounds (including
CH2 = NH, CH3CH = NH, CH2 = C = NH or CH2 = CH−NH2) are expected to
undergo reactions with other species present in the atmosphere of Titan, possibly
contributing to the growth of the N-rich macromolecules which form the haze
aerosols. Therefore, reactions (12.1), (12.2), (12.3) and (12.4) can represent the first
steps towards the formation of complex nitrogen macromolecules starting from a
purely gas-phase environment. The aerosol macromolecules eventually deposit on
the surface of Titan, where they accumulate because the low temperature does not
allow further chemical evolution. If anything similar to Titan’s haze has ever existed
on our planet, it is reasonable to imagine that, once deposited on the surface of the
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oceans, further chemical evolution might have transformed these molecules into the
first building blocks of living entities. And, indeed, the laboratory analogs of the
Titan aerosols (tholins) in the presence of liquid water are able to hydrolyze and
produce prebiotic molecules including aminoacids.
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Chapter 13
SNC Meteorites: Atmosphere Implantation Ages
and the Climatic Evolution of Mars

C.E. Moyano-Cambero, Josep M. Trigo-Rodrı́guez, and F. Javier
Martı́n-Torres

Abstract SNC meteorites are Martian rocks that provide valuable information
about the atmospheric composition of Mars over time. These meteorites experienced
significant shock during the impact that released them from Mars, and during the
flight through the Martian atmosphere some of the gases were retained in the
melted shock-altered glasses. As using different radiogenic systems can precisely
date such shock processes, SNC achondrites can be considered time capsules
capable of providing significant insight into the atmospheric evolution of Mars.
Different SNCs were released by impacts at different times, having then different
atmosphere-implantation ages, so in practice we can obtain clues on the composition
of Mars’ atmosphere at different times. Taking this information into account, we
have developed a 1D model of the evolution of Martian Mars’ atmosphere mass,
near surface temperature and pressure.

Introduction

Due to the complexity of in situ planetary exploration the only samples of Mars
that are currently available to be studied in terrestrial laboratories are the Martian
meteorites. Three main classes have been identified and named after the first
identified meteorites of each class. These classes are: (i) shergottites (basaltic
to lherzolitic igneous rocks, named after the Shergotty, India, fall of 1865); (ii)
nakhlites (clinopyroxenites or wehrlites, formed as cumulate rocks and named after
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the Nakhla, Egypt, fall of 1911); and (iii) chassignites (dunitic cumulate rocks
named after the Chassigny, France, fall of 1815). They are known by the acronym
SNC (see e.g. the recent review by McSween and Huss (2010)). In the family of
Martian meteorites we also have ALH 84001, an orthopyroxene-rich meteorite not
assigned to any of the SNC types. Despite their unique and distinctive chemical
and oxygen isotopic values, the SNC suite was not completely accepted as Martian
in origin until that D.D. Bogard and P. Johnson noticed that some of them contain
mineral phases with trapped gases that are consistent with Viking measurements
(Bogard and Johnson 1983).

New measurement capabilities in the 1980s allowed analyzing tiny amounts of
such gases that confirmed their Martian origin. The extraordinary compositional
match was well exemplified with the study of the shergottite Elephant Moraine
79001 (EET 79001). This meteorite experienced a significant shock during the
impact that released the original rock from Mars, and small samples of Martian
atmosphere were retained during the ejection in the melted shock-altered glasses and
the maskelynite that were formed in the shock veins (Bogard and Johnson 1983). A
similar pattern was found later in Zagami (Fig. 13.1) shergottite (Marti et al. 1995).
Using different radiogenic systems can precisely date such shock processes, so, in
fact, meteorites can provide us information about Mars’ atmosphere past. Many
Martian meteorites could have been ejected by the same event, but even so there
are enough meteorites released by impacts at different times, so as the ejection
from Mars ages range from 1 to 20 Myr, in the practise we can obtain clues on the
composition of Mars’ atmosphere at different stages. For example, it is well known
from isotopic studies that most shergottites reveal that were released from Mars
at the time of the late Amazonian volcanism (Nyquist et al. 2001). It would also be
desirable to obtain information about Mars’ atmosphere at the epochs when Martian
meteorites were formed, because it would cover a large part of the history of the
red planet. In fact, preferred radiometric formation ages of basaltic and lherzolitic
shergottites lie in the range ∼ 165–475Myr, while nakhlites and chassignites are
compatible with an average age of ∼ 1,300Myr (Nyquist et al. 2001), and the
oldest recognized Martian meteorite is ALH 84001 whose igneous crystallization
date has been recently revised to be about 4,100 Myr (Lapen et al. 2010). Then,
the method to analyze trapped gases in SNC meteorites is a way to corroborate
accurate physical models dealing with the evolution of Mars’ atmosphere over time.
In this work we start a common project in order to analyze and characterize SNC
meteorites that will be used to validate a model of Mars’ atmospheric evolution
from the beginning of the secondary atmosphere around 3.5 Gyr ago to our days
(Martı́n-Torres et al. 2012).

The geological history of Mars can be split into three primary periods: Noachian
(4.5 Gyr ago to 3.5 Gyr ago), Hesperian (3.5 Gyr ago to 2.9–3.3 Gyr ago), and
Amazonian (2.9–3.3 Gyr ago to present). To understand paleoclimate and to cor-
rectly interpret the Mars meteorite record we need to understand two types of
atmospheric conditions that may have occurred through the history of Mars: a dry,
dusty situation similar to the current Mars and a warmer, wetter climate unlike
any recent Martian conditions. For the first, the key difference between the current



13 SNC Meteorites: Atmosphere Implantation Ages . . . 167

Fig. 13.1 High-resolution mosaic of the Zagami shergottite, generated from separate reflection
images taken with a Zeiss Scope petrographic microscope. Note the highly porous nature of this
rock. The overlapped grid is 1 mm wide being used to locate features under study

climate and the paleoclimate is the possibility of a much thicker atmosphere. This
kind of atmosphere leads to an increase in the atmospheric heat capacity, a change
in the transmission of insolation and infrared energy through the atmosphere, and
therefore a change in the general circulation and behavior of the atmosphere.
For the second case the differences are more drastic. To achieve these globally
“wet” conditions on ancient Mars requires a large global water inventory. To better
understand these two possible paleoclimate states we have conducted several studies
to examine the evolution of the Mars atmosphere bearing in mind these factors and
deriving the expected mass, pressure, and temperature of the Mars atmosphere as
a function of time. In the same way that Martian meteorites can help us to check
this atmospheric evolution model, reciprocally the evolution derived from it will
have an impact on the correct interpretation of the meteorites as will affect the
environmental conditions in Mars. For example large atmospheric pressures in early
Martian atmosphere would imply the existence of higher temperatures (through
greenhouse effect with atmospheric CO2) and, possibly, the existence of liquid water
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on the surface. This view agrees with evidences of liquid water in past, like valley
networks and outflow channels (McElroy et al. 1977; Clifford et al. 1988). This also
fits with the only current evidence available of the oldest Martian meteorite known:
ALH 84001 with secondary minerals produced by aqueous alteration and even a
highly debated hosting of fossils of bacteria (Lapen et al. 2010).

Mars Atmosphere Evolution Model

The model (Martı́n-Torres et al. 2012) we are going to use in the future together
with the information from Martian meteorites begins considering the mass of Mars’
atmosphere. At time t the amount of mass in the atmosphere is m(t). It depends
of two variables: the degassed mass, md(t), since the beginning of secondary
atmosphere, and the mass lost, ml(t) by the atmosphere during the same period,
i.e.:

m(t) = md(t)−ml(t) (13.1)

Periods of volcanism and calm made a non-continuous rate of degassing in time
with, but we know that since the end of the accretion period (Noachian epoch)
Mars was cooling. It is expected that this rate diminished as the planet aged and
we assume that the degassing rate could be computed as follows:

md(t) = (A/B) [exp[B(t− t0) ]−1] (13.2)

where A is the degassing rate at time t0 (1 Gyr, the beginning of secondary
atmosphere) and B is a constant that controls the velocity of degassing.

There are several mechanisms of atmospheric mass loss, but the main ones are
the drag of ions by the solar wind (mi(t)), the dissociative recombination (mdr(t))
and the oxidation of the surface rocks (mox(t)). Together, they can be expressed like:

ml(t) = mi(t)+mdr(t)+mox(t) (13.3)

These three mass terms contributing to the mass loss can be computed as follows:

1. Material dragged by solar wind, mi(t):
We assume that the mass loss rate of ions is:

dmi/dt = A ·ρS ·v2 ·L/2 (13.4)

where A is a constant, ρS is the solar wind density, L is the solar ultraviolet
irradiance normalized to current values, and v is the solar wind velocity.
Using current values of the solar ultraviolet irradiance (L = 1), a value of
v = 4× 105m/s, and ρS = 7.15× 10−21kg m−3, A should have a value between
−4.37× 108s m and −1.75× 109s m. Taking the following expression (Zahnle
and Walker 1982):

L = C · tm (13.5)
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where C = 1.898×1021 s1.24 and m is a dimensionless constant with value -1.24.
It also was established (Newkirk 1980) that:

v = D · tr (13.6)

where D = 5.27× 1012 m s−0.585 and r is an adimensional constant with a value
of -0.415. With (13.5) and (13.6) it is possible to find the solution of Eq. (13.4):

mi(t) = A · r ·C ·D2 · (tm+2r+1 − tm+2r+1
0

)
/ [(m+ 2r+ 1)] (13.7)

2. Dissociative recombination, mdr(t):
This is a mechanism by which an ionized molecule is recombined with an
electron and then dissociated, producing fragments that may acquire velocities
larger than the planetary escape velocity. We assume that its rate is proportional
to the magnitude of the flux of incident solar ultraviolet radiation (McElroy and
Yung 1976):

dmdr/dt = b ·L (13.8)

so that with Eq. (13.5) we obtain:

mdr(t) = b ·C · (tm+1 − tm+1
0

)
/(m+ 1) (13.9)

3. Oxidation of the surface rocks mox(t):
The rate (dmox/dt) at which oxygen atoms may be trapped at the surface could
be as large as 1.3× 1012 atoms m−2 · s−1 (Newkirk 1980), this is equivalent to a
total mass loss of 5 kg/s in the whole surface. Assuming this rate as constant in
time we get that:

mox(t) = 5(t− t0) (13.10)

Total mass:
Now we are able to calculate the total mass of the atmosphere. For the sake of
clarity, avoiding confusion with the constant m, we are going to use M(t) as the total
mass instead of m(t). From previous Eqs. (13.1), (13.3), (13.7), (13.9) and (13.10)
the equation that describes the evolution of total atmospheric mass in time is:

M(t) = (A/B) [exp [B(t−t0)]−1]−A·r·C·D2·(tm+2r+1 − tm+2r+1
0

)
/ [2(m+2r+1)]

− bC
(
tm+1 − tm+1

0

)
/(m+1)−5(t−t0) (13.11)

This equation depends on parameters A and B. Taking t= tP, in which tP = 4.6Ga
(present time), we can find A as a function of B:

A = B
[
M(tP)+A · r ·C ·D2(tm+2r+1

P − tm+2r+1
0

)
/ [2(m+ 2r+ 1)]

+bC
(
tm+1
P − tm+1

0

)
/(m+ 1)+ 5(tP− t0)

]\{exp [B(tP − t0)]− 1} (13.12)

where B, explained before, becomes a free parameter of the model.
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Near Surface Temperature Modeling:

At the planetary surface the temperature produced by the greenhouse effect is:

T4(t) = T4
e[1+ 3 · τ/4] (13.13)

(Chamberlain and Hunten 1987) where Te is the mean planetary black body
temperature and τ is the atmosphere optical thickness. After some studies (Zahnle
and Walker 1982; Kasting and Grinspoon 1990; Gough 1981) Te can be written as:

Te(t) = TP [1+ 0.4(1− t/tP)]
−1/4 (13.14)

where TP is the present value of Te, t is time, and tP is the age of the Sun. After
the value of the total mass obtained in (13.11) the atmospheric temperature at the
surface becomes:

T(t) = TP [1+ 3tPM(t)/4MP]
1/4 [1+ 0.4(1− t/tP)]

−1/4 (13.15)

Surface Pressure Modeling:

The atmospheric pressure P as function of time through the perfect gas equation
normalized with respect to the present values (PP, MP, Ta) is given by

P(t) = M(t)T(t)PP/MPTP (13.16)

Using Eqs. (13.11), and (13.16) we evaluate P(t):

Conclusions

We have developed a 1D model of the evolution of Martian mass, near surface
temperature and pressure considering the main production and loss processes of
Mars atmosphere and the radiative conditions on Mars (Fig. 13.2). SNC meteorites
provide a complementary tool for atmospheric modeling and a straightforward
method for model validation. The identification of the exact Mars surface region of
SNC meteorites seems difficult, but they are still the only available samples of the
red planet to test our climate evolution hypothesis (Moyano-Cambero et al. 2012).
We plan to validate this atmospheric model with the clues obtained from Martian
meteorites and tune the free parameters in our model. By now we have reached the
following conclusions: (a) SNC meteorites provide valuable information about the
atmospheric composition of Mars over time; (b) The three SNC classes are scattered
in time and consequently are not homogeneously sampling Mars’ atmospheric
evolution, but it is obvious that they provide a complementary tool for atmospheric
modeling as they contain tiny amounts of atmospheric constituents at the departure
time from the red planet.
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Fig. 13.2 Near surface temperature as a function of time for different set of free parameters in the
model. The melting point temperature is plotted for reference
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Glossary

Compiled by Carles E. Moyano-Cambero, F. Javier Martı́n-Torres, Marı́a
Serrano, and Josep M. Trigo-Rodrı́guez

Abiotic processes: Non-biological factor (such as sunlight), material (such as
sulfur dioxide), or process (such as hydrolysis) which can affect living or non-living
constituents of an ecosystem.
Ablation: Removal of material from the surface of an object by vaporization,
chipping, or other erosive processes.
Absorption: of electromagnetic radiation is the way in which the energy of a
photon is taken up by matter, typically the electrons of an atom.
Accretion: The growth of a massive object by gravitationally attracting more
matter, typically gaseous matter in an accretion disc
Actinism: The property of solar radiation that leads to the production of photo-
chemical and photobiological effects.
Achondrite: A differentiated meteorite that exhibits no chondrules. Most achon-
drites are igneous↑ rocks coming from planetary bodies like e.g.: Mars, Moon or
Vesta.
Adiabatic: Any process occurring without input or output of heat within a system
(i.e. during the process the system is thermodynamically isolated- there is no heat
transfer with the surroundings).
Aerosol: Suspension of fine solid particles or liquid droplets in a gas.
Albedo: The diffuse reflectivity or reflecting power of a surface
Aliphatic compounds: In organic chemistry, compounds composed of carbon and
hydrogen are divided into two classes: aromatic compounds, which contain benzene
or similar rings of atoms, and aliphatic which do not contain those rings.
Aliphatic compounds can be cyclic, like cyclohexane, or acyclic, like hexane. They
also can be saturated, like hexane, or unsaturated, like hexene.
Amazonian epoch: The youngest epoch in the geologic history of Mars.
Anaerobic bacteria: Organism that does not require oxygen for growth.
Andesite: Extrusive igneous↑, volcanic rock, intermediate type between basalt↑
and dacite ranging from 57 to 63% SiO2. Its typical mineral assemblage is
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dominated by plagioclase↑ plus pyroxene↑. Along with basalts↑ they are a major
component of the Martian crust.
Anoxic: A total depletion in the level of oxygen, an extreme form of hypoxia or
“low oxygen”.
Archean: Geologic eon before the Proterozoic Eon, before 2.5 Ga (billion years,
or 2,500 Ma) ago. The Archean era is generally agreed to have started at 3.8
billion years ago, but this boundary is informal. the earlier of two divisions of
the Precambrian era, during whichthe earliest forms of life are assumed to have
appeared.
Augite: Essential mineral in mafic↑ igneous↑ rocks and is also quite common in
ultramafic rocks. It is a quite common clinopyroxene↑ rock with formula (Ca,Na)
(Mg,Fe,Al,Ti)(Si,Al)2O6.
Basalt: General term referring to dark-coloured mafic↑ igneous↑ rocks, mostly
composed of calcic plagioclase↑ and clinopyroxene↑; the fine-grained equivalent
of gabbro↑.
Biomarker: Indicator of a biological state.
Biosphere: The global sum of all ecosystems. It can also be called the zone
of life on Earth, a closed (apart from solar and cosmic radiation), and self-
regulating system. is the global ecologicalsystem integrating all living beings and
their relationships, including their interaction with the elements of the lithosphere,
hydrosphere, and atmosphere.
Birefrigence: The optical property of a material having a refractive index that
depends on the polarization and propagation direction of light.
Bolometric luminosity: A measurement of brightness. The difference in bolomet-
ric magnitude is related to the luminosity ratio
Branching ratios: In particle physics and nuclear physics, the branching fraction
for a decay is the fraction of particles which decay by an individual decay mode
with respect to the total number of particles decaying
Breccia: A coarse-grained clastic rock, composed of angular broken rock frag-
ments held together by a mineral cement or in a fine-grained matrix↑.
Calcite: A common rock-forming mineral with a perfect rhombohedral cleavage,
and general formula: CaCO3.
Cambrian explosion: The relatively rapid appearance, around 530 million years
ago, of most major animal phyla, as demonstrated in the fossil record, accompanied
by major diversification of organisms including animals, phytoplanckton and
calcimicrobes.
Chondrite: Primitive meteorites with contain glassy spherules or chondrules
mostly composed of silicates in their inner structure.
Chromite: A mineral of the spinel group of general formula: (Fe,Mg)(Cr,Al)2O4.
It could consist of iron: FeCr2O4 or magnesium MgCr2O4. When Al substitutes Cr,
it is called hercynite: FeAl2O4

Clinopyroxene: A group name for pyroxenes↑ crystallizing in the monoclinic
system and sometimes containing Ca with or without Al and the alkalies.
Collisional excitation: In astronomy, collisional excitation gives rise to spectral
lines in the spectra of astronomical objects such as planetary nebulae and H
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II regions. In these objects, most atoms are ionised by photons from hot stars
embedded within the nebular gas, stripping away electrons. The emitted electrons,
(called photoelectrons), may collide with atoms or ions within the gas, and excite
them. When these excited atoms or ions revert to their ground state, they will emit a
photon.
Crossed molecular beam: Chemical experiments where two beams of atoms or
molecules are collided together to elucidate the dynamics of the chemical reaction,
and can detect individual reactive collisions.
Cumulate rock: An igneous↑ rock formed by the accumulation of crystals that
settle out from a magma by the action of gravity. Cumulate rocks are named
according to their texture, and acumulate texture is diagnostic of the conditions of
formation of this group of igneous↑ rocks.
Cyanobacteria: Phylum of bacteria that obtain their energy through photosynthe-
sis. The name “cyanobacteria” comes from the color of the bacteria (blue).
Degassing: The removal of dissolved gases from liquids, especially water or
aqueous solutions.
Diabase: An intrusive rock whose main components are labradorite and pyroxene↑
and which is characterized by having an ophitic↑ texture.
Diaplectic: Glasslike mineralogic features produced by shock waves in such a way
that the characteristics of the liquid state are lacking. A diaplectic mineral has been
disordered and deformed crystals have been modified by shock waves propagating
into the mineral.
Diffusion: One of several transport phenomena that occur in nature. A distinguish-
ing feature of diffusion is that it results in mixing or mass transport without requiring
bulk motion.
Dunite: A periodotite in which the mafic↑ mineral is almost entirely olivine↑, with
accessory chromite↑.
Dwarf stars: A star, such as the sun, having relatively low mass, small size, and
average or below average luminosity.
Eccentricity: The orbital eccentricity of an astronomical object is a parameter that
determines the amount by which its orbit around another body deviates from a
perfect circle.
Effective temperature: The temperature of a black body that would emit the same
total amount of electromagnetic radiation.[1] Effective temperature is often used as
an estimate of a body’s temperature when the body’semissivity curve (as a function
of wavelength) is not known.
Electrospray ionization (ESI): Technique used in mass spectrometry to produce
ions.
Endogenous: Proceeding from within; derived internally.
Endothermic reactions: A process or reaction in which the system absorbs energy
from the surroundings in the form of heat.
Enstatite: A common rock-forming mineral of the orthopyroxene↑ group and
general formula: MgSiO3
Enthalpy: A measure of the total energy of a thermodynamic system.
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Entropy: A thermodynamic property that is the measure of a system’s thermal
energy per unit temperature that is unavailable for doing useful work.
Escape velocity: The speed at which the kinetic energy plus the gravitational
potential energy of an object is zero.[nb 1] It is the speed needed to “break free”
from a gravitational field without further propulsion.
Euhedral: A mineral grain that is completely bounded by its own rational faces,
and whose growth during crystallization was not interfered by adjacent grains.
EUV irradiation: Extreme ultraviolet radiation (EUV or XUV) is high-energy
ultraviolet radiation, generally defined to be electromagnetic radiation in the part of
the electromagnetic spectrum spanning wavelengths from 120 nm down to 10 nm,
and therefore (by the Planck–Einstein equation) having photons with energies from
10 eV up to 124 eV (corresponding to 124–10 nm respectively). EUV is naturally
generated by the solar corona and artificially by plasma and synchrotron light
sources.
Excited state: Any quantum state of the system that has a higher energy than the
ground state(that is, more energy than the absolute minimum)
Exogenous: Caused by factors or an agent from outside the organism or system
Exoplanet: Usual term to design an extrasolar planet, i.e. a planet found around a
star different to our Sun.
Exosphere: The uppermost layer of Earth’s atmosphere. In the exosphere the
density is so low that particles collide only rarely.
Exothermic reaction: Chemical reaction that releases energy in the form of light
or heat.
Faint young Sun paradox: Describes the apparent contradiction between obser-
vations of liquid water early in the Earth’s history and the astrophysical expectation
that the Sun’s output would be only 70% as intense during that epoch as it is during
the modern epoch. The issue was raised by astronomers Carl Sagan and George
Mullen in 1972.[1] Explanations of this paradox have taken into account greenhouse
effects, astrophysical influences, or a combination of the two.
Fayalite: A brown to black mineral of the olivine↑ group: Fe2SiO4.
Feldspar: A group of abundant rock-forming minerals of general formula:
Mal(Al,Si)3O8, where M = K,Na,Ca,Ba,Rb,Sr, and Fe. Feldspars are the most
widespread of any mineral group and constitute about 60% of the crusts of rocky
planets.
Fischer-Tropsch reaction: Chemical process for the prouction of liquids hydro-
carbons (gasolina, kerosene, gasoil and lubricants) from synthesis gas (CO and H2).
Forsterite: A white or yellow mineral of the olivine↑ group: Mg2SiO4. Use to be
isomorphous with fayalite↑.
Fusion crust: A glassy thin layer produced by the cooling of viscous minerals
produced by the ablation of a meteorite during its deceleration in the atmosphere of
a planet. Its thickness constrains the outer region affected by the temperature peak
induced by friction to less than one millimeter due to the low thermal conductivity
of chondrites↑ or achondrites↑.
Gabbro: A group of basic intrusive igneous↑ rocks composed principally of basic
plagioclase↑ and clinopyroxene↑, with or without olivine↑ and orthopyroxene↑.
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Gas giant: Large planet that is not primarily composed of rock or other solid
matter.
Geo-corona: The luminous part of the outermost region of the Earth’s atmosphere,
the exosphere. It is seen primarily via far-ultraviolet light (Lyman-alpha) from the
Sun that is scattered from neutral hydrogen. It extends to at least 15.5 Earth radii.
Gibbs energy: A thermodynamic potential that measures the “useful” or process-
initiating work obtainable from a thermodynamic system at a constant temperature
and pressure (isothermal, isobaric)
Glacial era: A period of long-term reduction in the temperature of the Earth’s
surface and atmosphere, resulting in the presence or expansion of continental ice
sheets, polar ice sheets and alpine glaciers.
Haber process: The industrial implementation of the reaction of nitrogen gas and
hydrogen gas. It is the main industrial route to ammonia
Hadean: The first geologic eon of Earth and lies before the Archean
Helioseismology: The study of the propagation of wave oscillations, particularly
acoustic pressure waves, in the Sun.
Hematite: A common Fe mineral with general formula: α−Fe2O3

Hollandite: A silvery-gray to black mineral of general formula: Ba(Mn+2,
Mn+4)8O16.
Homopause: The level of transition between the homosphere and the heterosphere;
it lies about 50–56 miles (80–90 km) above the earth. Also known as turbopause.
Hot-jupiters: A class of extrasolar planets whose characteristics are similar
toJupiter, however, with high surface temperatures because they orbit very close
to their parentstars,[6] between approximately 0.015 and 0.5 astronomical unit
(2.2×106 and 75×106 km) of their parent stars,[7] while Jupiter orbits its parent star
(the Sun) at 5.2 astronomical units(780×106 km), causing low surface temperatures.
Hydrolysis: Cleavage of chemical bonds by the addition of water.
Hydrosphere: In physical geography describes the combined mass of water found
on, under, and over the surface of a planet.
Iddingsite: A mixture of silicates (of ferric iron, calcium, and magnesium) formed
by the alteration of olivine↑. It basically consists of a mixture of clay minerals,
and iron oxides. As it has been found on Martian meteorites, its ages have been
calculated to obtain absolute ages when liquid water was at or near the surface of
Mars. Iddingsite forms from the weathering of basalt↑ in the presence of liquid
water and can be described as a phenocrist↑, i.e. it has megascopically visible
crystals in a fine-grained groundmass of a porphyritic↑ rock. Because iddingsite
is constantly transforming it does not have a definite structure or a definite chemical
composition. The chemical formula for iddingsite has been approximated as MgO ·
Fe2O3 ·4H2O where CaO can be substituted by MgO.
Igneous rock: Rocks that solidified from molten or partly molten material.
Ilmenite: An iron-black, opaque, and rhombohedral mineral with general formula:
FeTiO3.
Interferometry: A family of techniques in which waves, usually electromagnetic,
are superimposed in order to extract information about the waves.
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Ionosphere: A part of the upper atmosphere, from about 85 to 600 km altitude,
comprising portions of the mesosphere,thermosphere and exosphere, distinguished
because it is ionized by solar radiation. It plays an important part in atmospheric
electricityand forms the inner edge of the magnetosphere.
Isomers: Compounds with the same molecular formula but different structural
formulas.
Isotopologues: Molecules that differ only in their isotopic composition. Simply,
the isotopologue of a chemical species has at least one atom with a different number
of neutrons than the parent.
Large convection cells: A system in which a fluid is warmed, loses density and is
forced into a region of greater density.
Late heavy bombardment (LHB) period: A period of time approximately 4.1 to
3.8 billion years ago (Ga) during which a large number of impact craters were
formed on the Moon, and by inference on Earth, Mercury, Venus, and Mars as well.
Lherzolitic: Peridotite mainly composed of olivine↑, orthopyroxene↑, and clinopy-
roxene↑.
Line-by-line radiative transfer model: LBLRTM is an accurate, efficient and
highly flexible model for calculating spectral transmittance and radiance.
Lithosphere: The rigid outermost shell of a rockyplanet. On Earth, it comprises
the crust and the portion of the uppermantle that behaves elastically on time scales
of thousands of years or greater.
Lyman-α line: A spectral line of hydrogen, or more generally of one-electron ions,
in the Lyman series, emitted when the electron falls from the n = 2 orbital to the
n = 1 orbital, where n is the principal quantum number.
Mafic: An igneous↑ rock mainly composed of one or more ferromagnesian
minerals.
Magnetite: A black, strongly magnetic, opaque mineral of the spinel group with
general formula: (Fe,Mg)Fe2O4. The formula for magnetite may also be written as
FeO ·Fe2O3, which is one part wüstite (FeO) and one part hematite↑ (Fe2O3).
Magnetosphere: Layer of the atmosphere formed when a stream of charged
particles, such as the solar wind, interacts with and is deflected by the magnetic
field of a planet or similar body. Earth is surrounded by a magnetosphere, as are the
other planets with intrinsic magnetic fields: Mercury, Jupiter, Saturn, Uranus, and
Neptune.
Maskelynite: Thetomorphic plagioclase↑ glass; common as meteorite mineral
consisting of a shock-formed noncrystalline phase that results from vitrification
of plagioclase↑ in rocks transfigured by shock waves and that retains the external
features of crystalline plagioclase↑.
Mass Independent Fractionation (MIF): Any chemical or physical process that
acts to separate isotopes, where the amount of separation does not scale in
proportion with the difference in the masses of the isotopes.
Matrix: The finer-grained material enclosing, or filling the interstices between the
larger grains or particles of a sedimentary rock, or meteorite.
Merrilite: A mineral with general formula: Ca9(Mg,Fe)Na(PO4)7.
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Mesosphere: Layer of the Earth’s atmosphere that is directly above the strato-
sphere and directly below the thermosphere.
Mesostasis: The last formed interstitial materials, either glassy or aphanitic of an
igneous↑ rock.
Metasomatism: The process of practically simultaneous capillary solution and de-
position by which a new mineral of partly or wholly different chemical composition
may grow in the body of an old mineral or mineral aggregate.
Metastable states: States of certain physical systems that can exist in long lived
states that are less stable than the system’s most stable state
Metazoan: A major group of multicellular, eukaryotic organisms of the kingdom
Animalia or Metazoa.
Methanogens: Microorganisms that produce methane as a metabolic byproduct in
anoxic conditions.
Microphenocryst: A small, conspicuous crystal present in a porphyritic↑ rock.
Mixing ratio: The abundance of one component of a mixture relative to that of all
other components.
M-star: The spectral class of a star is a designated class of a star describing
the ionization of its photosphere (what atomic excitations are most prominent in
the light), giving an objective measure of the photosphere’s temperature. Stars of
spectral class M (M-star) have such low luminosities; there are none bright enough
to see with the unaided eye.
Nadir: The direction pointing directly below a particular location; that is, it is one
of two vertical directions at a specified location, orthogonal to a horizontal flat
surface there
Nebula: An interstellar cloud of dust, hydrogen, helium and other ionized gases.
Nitrogen fixation: A process by which nitrogen (N2) in the atmosphere is con-
verted into ammonia (NH3). Atmospheric nitrogen or elemental nitrogen is rela-
tively inert: it does not easily react with other chemicals to form new compounds.
Fixation processes free up the nitrogen atoms from their diatomic form (N2) to be
used in other ways.
Noachian epoch: The oldest epoch in the geologic history of Mars. It extends back
in time to the beginnings of the planet, and ended sometime between 3.8 and 3.5
billion years ago (according to accepted models)
Olivine: An orthorhombic magnesium iron mineral with general formula:
(M,Fe)2SiO4. It is a common mineral in the Earth’s subsurface but weathers
quickly on the surface. It consists of the isomorphous solid-solution series
forsterite↑-fayalite↑. The ratio of magnesium and iron varies between the two
endmembers of the solid solution series: forsterite (Mg-endmember) and fayalite
(Fe-endmember). Compositions of olivine are commonly expressed as molar
percentages of forsterite↑ (Fo) and fayalite↑ (Fa) (e.g., Fo70Fa30). The melting
temperature varies smoothly between the two endmembers, as do other properties.
Olivine-phyric: An olivine↑ formed by large crystals in a porphyritic↑ way.
Ophitic: A granular texture of an igneous rock in which lath-shaped plagioclase↑
crystals are partially or completely included in pyroxene↑ crystals, typically augite↑.
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Orbital periods: The time taken for a given object to make one complete orbit
about another object.
Orthoclase: A color-less, white, cream, or grey mineral of the alkali feldspar↑
group with general formula: KalSi3O8.
Orthopyroxene: A group name for pyroxenes↑ crystallizing in the orthorhombic
system and usually containing no Ca and little or no Al.
Outgassing: The release of a gas that was dissolved, trapped, frozen or absorbed
in some material.
Palagonite: An alteration product from the interaction of water with volcanic
glass of chemical composition similar to basalt. Palagonite can also result from the
interaction between water and basalt melt.
Paleoclimatology: The study of changes in climate taken on the scale of the entire
history of Earth.
Paleosol: In Paleoclimatology refers to “fossil” soils buried within sedimentary or
volcanic deposits from which we can infer valuable information of the environment
in which such materials formed.
Peridotite: A general term for a coarse-grained plutonic↑ rock composed mainly
of olivine↑ with or without other mafic↑ minerals like e.g. pyroxenes↑, amphiboles
and micas.
Phenocryst: A relatively large, conspicuous crystal in porphyritic rock.
Phosphate: A mineral compound containing tetrahedral PO−3

4 groups. Pyromor-
phite is a quite common example: Pb5(PO4)3Cl
Photolysis: Photodissociation, photolysis, or photodecomposition is a chemical
reaction in which a chemical compound is broken down by photons. It is defined
as the interaction of one or more photons with one target molecule.
Photoionization: The physical process in which an incident photon ejects one or
more electrons from an atom, ion or molecule
Photon: An elementary particle, the quantum of light and all other forms ofelec-
tromagnetic radiation, and the force carrier for the electromagnetic force, even when
static via virtual photons
Pigeonite: A mineral of the clinopyroxene↑ group with general formula:
(Mg,Fe+2,Ca)(Mg,Fe+2)Si2O6. It is an intermediate in composition between
clinoenstatite and diopside, and has little Ca, little or no Al, and less ferrous Fe than
Mg.
Plagioclase: A group of triclinic feldspars↑ of general formula: (Na,Ca)Al(Si,Al)
Si2O8. Rather than referring to a particular mineral with a specific chemical compo-
sition, plagioclase is a solid solution series of different compositional members. The
series ranges from albite to anorthite endmembers (with respective compositions
NaAlSi3O8 to CaAl2Si2O8), where soNa and Ca can substitute for each other in the
mineral’s crystal lattice structure. Plagioclase is a major constituent mineral in the
Earth’s crust, and a major constituent of rock highlands on the Moon.
Planetesimals: Solid objects thought to exist in protoplanetary disks and in debris
disks.
Plutonic: An igneous↑ rock formed at great depth.
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Polarizers: An optical filter that passes light of a specific polarization and blocks
waves of other polarizations
Polymorph: A crystal form of a substance that displays polymorphism.
Porphyritic: The texture of a rock in which larger crystals are set in a finer-grained
groundmass, which may be crystalline, or glassy or both.
Potencial vorticity: A quantity which is proportional to the dot product of vorticity
and stratification that, following a parcel of air or water, can only be changed by
diabatic or frictional processes.
Precambrian epoch: The epoch that describes the large span of time in Earth’s
history before the current Phanerozoic Eon, and is a Supereon divided into several
eons of the geologic time scale. It spans from the formation of Earth about 4,570 Ma
(million years) ago to the beginning of the Cambrian Period, about 542 Ma, when
macroscopic hard-shelled animals first appeared in abundance.
Pressure gradient: A physical quantity that describes which direction and at what
rate the pressure changes the most rapidly around a particular location (Pa/m).
Primordial terrestrial atmosphere, primeval atmosphere or protoasmosphere:
The primeval atmosphere was composed mostly of water (H2O), carbon dioxide
(CO2) and monoxide (CO), molecular nitrogen (N2) and molecular hydrogen (H2),
and hydrogen chloride (HCl) outgassed from molten rock, with only traces of
reactive molecular oxygen (O2)
Prokaryotes: A group of organisms whose cells lack a cell nucleus(karyon), or any
other membrane-bound organelles.
Proterozoic: A geological eon representing the time just before the proliferation
of complex life on Earth.
Protoplanetary disk: A rotating circumstellar disk of dense gas surrounding a
young newly formed star, a T Tauri star, or Herbig Ae/Be star. The protoplanetary
disk may be considered an accretion disc because gaseous material may be falling
from the inner edge of the disk onto the surface of the star, but this process
should not be confused with the accretion process thought to build up the planets
themselves
Pyrite: A common isometric mineral that has general formula: FeS2. It is dimor-
phous with marcasite and often contains small amounts of other metals.
Pyrolisis: A thermochemical decomposition of organic material at elevated tem-
peratures without the participation of oxygen.
Pyroxene: A group of dark rock-forming silicate minerals, closely related in
crystal form and composition and having the general formula: ABSi2O6, where
A =Ca, Na, Mg or Fe+2, and B = Mg, Fe+2, Fe+3, Fe, Cr, Mn or Al.
Pyrrhotite: A common red-brown to bronze pseudohexagonal mineral: Fe1−xS
that has a defect structure in which some of the ferrous ions are lacking.
Radiative transfer analysis: It describes the way in which radiation is affected as
it travels through a material medium.
Radiative transfer model: Code or simulator calculates radiative transfer of elec-
tromagnetic radiation through a planetary atmosphere, such as the Earth’s.
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Radioisotopes: An atom with an unstable nucleus, characterized by excess energy
available to be imparted either to a newly created radiation particle within the
nucleus or via internal conversion.
Rate coefficient: In chemical kinetics a reaction rate coeffient k or λ quantifies the
speed of a chemical reaction.·
Rayleigh scattering: Named after the British physicist Lord Rayleigh,[1] is the
elastic scattering of light or other electromagnetic radiation by particles much
smaller than the wavelength of the light.
Rocky planets: A planet that is composed primarily of silicate rocks or metals.
Within the Solar System, the terrestrial planets are the planets closest to the Sun.
Rydberg state: An electronically excited state of an atom with energy that follow
the Rydberg formula as they converge on an ionic state with an ionization energy.
Sedimentary rock: A rock formed by the deposition of sediment by a geologic
process: vulcanism, erosion, etc.
Sensitivity: A measure of the proportion of actual positives which are correctly
identified as such.
Serpentine: A rock consisting almost wholly of serpentine-group minerals like e.g.
antigorite and chrysotile or lizardite, derived by alteration of ferromagnesian silicate
minerals.
Serpentinisation: The process of hydrothermal alteration by which Mg-rich sili-
cate minerals like e.g. olivine↑, pyroxenes↑ and amphiboles in ultrabasic rocks are
converted into or replaced by serpentine↑ minerals
Shale: Fine-grained, clastic↑ sedimentary rock composed of mud that is a mix of
flakes of clay minerals and tiny fragments of other minerals.
Siderite: A rhombohedral mineral of the calcite group with general formula:
FeCO3.
Silica: The chemically resistant dioxide of silicon that is omnipresent in achon-
dritic↑ meteorites, and has the general formula: SiO2.
S/N: Signal-to-noise ratio
Spectrum: A condition that is not limited to a specific set of values but can vary
infinitely within a continuum.
Stochastic processes: A collection of random variables; this is often used to
represent the evolution of some random value, or system, over time.
Stoichiometry: A branch of chemistry that deals with the relative quantities of
reactants and products in chemical reactions. In a balanced chemical reaction, the
relations among quantities of reactants and products typically form a ratio of whole
numbers.activation energy of the reaction
Stratosphere: The second major layer of Earth’s atmosphere, just above the
troposphere, and below the mesosphere
Stromatolite: Layered accretionary structures formed in shallow water by the trap-
ping, binding and cementation of sedimentary grains by biofilms of microorganisms,
especially cyanobacteria (commonly known as blue-green algae). Stromatolites
provide some of the most ancient records of life on Earth by fossil remains which
date back more than 3.5 billion years ago.
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Sulfide: A mineral compound characterized by the sulfate radical SO4. Two main
types exist: anhydrous sulfates as barite BaSO4 or hydrous ones like e.g. gypsum:
CaSO4 ·2H2O
Thermal escape: The loss of planetary atmospheric gases to outer space.
Thermosphere (exobase): The layer of the Earth’s atmosphere directly above the
mesosphere and directly below theexosphere. Within this layer, ultraviolet radiation
(UV) causes ionization
Tholins: A heteropolymer molecule formed by solar ultraviolet irradiation of
simple organic compounds such as methane or ethane. Tholins do not form naturally
on modern-day Earth, but are found in great abundance on the surface of icy bodies
in the outer solar system. They usually have a reddish-brown appearance.
Tides: The rise and fall of sea levels caused by the combined effects of the
gravitational forces exerted by theMoon and the Sun and the rotation of the Earth.
Trace specie: A specie that has an average concentration of less than 100 parts per
million measured in atomic count or less than 100 micrograms per gram.
Troposphere: The lowest portion of Earth’s atmosphere. It contains approximately
80% of the atmosphere’s mass and 99% of its water vapor and aerosols
Ultramafic rock: Igneous and meta-igneous rocks with very low silica content
(less than 45%), generally > 18% MgO, high FeO, low potassium, and are com-
posed of usually greater than 90% mafic minerals (dark colored, high magnesium
and iron content). The Earth’s mantle is composed of ultramafic rocks.
Uraninite: A radioactive, uranium-rich mineral and ore with a chemical composi-
tion that is largely UO2, but also contains UO3 and oxides of lead, thorium, and rare
earth elements. It is most commonly known as pitchblende.
Valence state: The number of valence bonds[1] a given atom has formed, or can
form, with one or more other atoms.
Vertical circulation patterns: The general geometric configuration of atmo-
spheric circulation usually applied, in synoptic meteorology, to the large-scale
features of synoptic charts and mean charts.
Volatiles: Chemical elements exhibiting low boiling points.
Vortex core line: A line-like feature tracing the center of a vortex within a velocity
field.
VUV radiation: Vacuum UltraViolet radiation.
Wavenumber (wavelength): The spatial frequency of a wave. It can be envisaged
as the number of waves that exist over a specified distance
Wehrlite: A plutonic↑ rock, typically a peridotite↑ composed of olivine↑ and
clinopyroxene↑ with common accessory opaque oxides.
Zenith angle: An imaginary point directly “above” a particular location, on the
imaginary celestial sphere. “Above” means in the vertical direction opposite to the
apparent gravitational force at that location.
Zircon: A mineral belonging to the group of nesosilicates. Its chemical name is
zirconium silicate and its corresponding chemical formula is ZrSiO4.
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