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Abstract: Terrestrial planets form over tens of millions of years by accreting
material from the protoplanetary disk surrounding a young host star. The violent
accretion of small bodies, called planetesimals, imparts enough energy to melt
the growing planet, releasing volatile elements into a surface magma ocean and
onto a developing gas atmosphere. The elements that end up frozen into the
upper mantle depend on the terrestrial planetʼs initial bulk composition and mass,
and subsequent cooling evolution. A terrestrial planetʼs primary atmosphere
changes radically with time as light gases (such as H) escape to space and
photochemistry splits heavier molecules enabling the lighter component to
escape to space. On Earth, most of the early atmosphere's CO2 dissolved in the
ocean and became sequestered in limestone sedimentary rocks. This talk
summarizes what planetary scientists know about N sources and forms on
terrestrial planets.
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The biological nitrogen cycle has been in operation since life first evolved;
however, it probably looked significantly different far back in Earth’s past. There is
now widespread consensus that atmospheric O2 concentrations first reached
appreciable levels around 2.45 Ga. The most convincing evidence comes from
multiple sulfur isotopes (Farquhar et al., 2000; Ono et al., 2006), which show a sharp
drop in the spread of Δ33S values in sedimentary sulfides and sulfates from several
permil before this time to near zero afterwards. Non‐zero Δ33S values are thought to
be caused by SO2 photolysis in a low‐O2 atmosphere.
The Archean atmosphere prior to 2.45 Ga is thought to have been richer in
both CO2 and CH4 than is today’s atmosphere (Haqq‐Misra et al., 2008). Higher
concentrations of greenhouse gases are needed to compensate for the lower
luminosity of the young Sun. Higher concentrations of atmospheric N2, which is not
itself a greenhouse gas, could have enhanced surface warming by 4‐5 degrees by
pressure‐broadening the lines of CO2 and H2O (Goldblatt et al., 2009). Higher N2
concentrations are expected in the Archean based on comparison to Venus’ N2‐rich
atmosphere and because much of Earth’s nitrogen is now buried in sediments or has
been subducted (ibid.),
CH4 was probably present in the (post‐biotic) Archean atmosphere as a
consequence of the early evolution of methanogenic bacteria. It’s photochemical
lifetime in the absence of O2 is ~1000 times longer than today (10,000 yrs vs. 10
yrs) (Pavlov et al., 2001), and its biological input was comparable to today
(Kharecha et al., 2005), so its concentration could have been of the order of 1000
ppm, compared to only 1.6 ppm today. Photochemical models and laboratory
experiments both predict that organic haze should have begun to form if the
CH4/CO2 ratio exceeded ~0.1, which seems likely (Trainer et al., 2006; Domagal‐
Goldman et al., 2008). So, the Archean atmosphere may have been filled with a
Titan‐like layer of organic haze.
The main sources of fixed nitrogen on the Archean Earth were probably
lightning, impacts, and ionospheric/stratospheric chemistry. Below, I briefly
describe how these processes work and what their estimated N fixation rates should
have been.

Lightning: Lightning in today’s atmosphere produces nitric oxide, NO, by the
reaction
O2 + N2 ↔ 2 NO
(R1)
Thermodynamic equilibrium is achieved in the high‐temperature core of the
lightning strike. As the heated gas expands and cools, the kinetics become slow, and
NO is “frozen out” at some temperature, typically around 3000 K. The rate at which
NO is produced by this process today is roughly 7.7×108 NO molecules cm‐2s‐1, or
about 2.9 Tg(N)/yr (Martin et al., 2002). By comparison, the biological N fixation
rate is ~110 Tg(N)/yr (Gruber and
Sarmiento, 1997).
In the early atmosphere, O2 would
have been scarce; however, NO
could still have been produced in
lightning discharges by the reaction
CO2 + 0.5 N2 ↔ CO + NO (R2)
Likewise, some O2 would have been
produced by
2 CO2 ↔ 2 CO + O2
(R3)
The rate of NO production can be
estimated by scaling by the relative
concentration of NO at the freeze‐
out temperature in today’s
atmosphere and in the Archean
atmosphere, which turns out to be
~0.5. Hence, if lightning activity on
Fig. 1 Lightning in the modern atmosphere
the Archean Earth was
approximately the same as today
(which should be true if the surface temperature was similar), then the Archean NO
production rate should have been ~1.5 Tg(N)/yr.
Impacts: Impact production of NO was probably important only during the Hadean
era, prior to 3.8 Ga. During this time, the impact rate may have been high as a
consequence of continued migration of the outer planets in their orbits (Gomes et
al., 2005). This is the so‐called “Nice model” of Solar System evolution, so named
because several of its principal authors live in the vicinity of Nice, France. The total
amount of material hitting the Earth during
this time can be estimated from
measurements of the siderophile (iron‐
loving) elements in the lunar crust (Sleep et
al., 1989), yielding 3.6×106 kg m‐2. Much of
this material may have arrived in a pulse of
bombardment around 3.9 Ga, when Jupiter
and Saturn went through the 2:1 mean
motion resonance. If we assume that it all
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arrived in a 200‐million‐year time span between 3.8 Ga and 4.0 Ga, and that the NO
production efficiency was 3.3×1014 NO molecules J‐1 (Zahnle et al., 1990; Kasting,
1990), this yields an NO production rate of 2×109 cm‐2 s‐1, or ~8 Tg(N)/yr. But this
would only have lasted during the bombardment pulse. At any time after 3.8 Ga, the
impact source of NO should have been negligible.
Ionospheric/stratospheric chemistry: The most difficult tasking in fixing nitrogen,
either biologically or abiotically, is splitting the strong N≡N triple bond. A third
abiotic way to accomplish this is to utilize high‐energy, far‐UV solar photons that are
available high up in the atmosphere. At wavelengths shorter than 79.6 nm, N2 can be
ionized
N2 + hν → N2+ + e
(R4)
+
Then, in some cases, the N2 ion that is produced reacts with another electron in a
process called dissociative recombination
N2+ + e → N + N
(R5)
The resulting N atoms can
flow down from the
ionosphere into the lower
atmosphere. In today’s O2‐rich
atmosphere, they typically
react with O2 to produce NO,
then the NO reacts with
another N to produce N2: N +
NO → N2 + O. Consequently,
very little fixed nitrogen (or
“odd nitrogen”, as it is called
by atmospheric chemists)
makes its way from the
ionosphere down into the
stratosphere.
In the O2‐poor early
atmosphere, the reaction of N
with O2 is, of course, slower,
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in the lower atmosphere, the
N atoms can then react with
the byproducts of CH4 photolysis to make hydrogen cyanide, HCN (Zahnle, 1986)
CH4 + hν → CH3 + H
(R6)
CH3 + N → HCN + H2
(R7)
HCN can then diffuse downward into the troposphere where it can be removed by
surface deposition and rainout. Once in the ocean (or in a lake), HCN hydrolyzes to
form NH3, making this another source of fixed nitrogen. The amount of HCN entering

the ocean from this mechanism is highly model dependent. It is highest if CH4 is
relatively abundant, 1000 ppm or more. At these CH4 levels, and assuming an
enhanced far‐UV flux from the young Sun, the HCN production rate could have been
as high as 1×1010 cm‐2 s‐1, or 40 Tg(N)/yr (Zahnle, 1986). This is roughly 1/3rd of the
present biological N fixation rate. HCN drops linearly, though, with CH4 abundance,
so at low CH4 concentrations fixed nitrogen could still have been in short supply.

The last part of my talk was a speculation concerning why the rise of
atmospheric O2 may have been delayed. Biomarker evidence (Brocks et al. 1999;
Eigenbrode and Freeman, 2006; Eigenbrode et al., 2008) suggest that O2‐producing
cyanobacteria were already extant by 2.7 Ga or earlier; yet, atmospheric O2
concentrations did not rise until 2.45 Ga, as mentioned earlier. If these dates are
correct, then why did it take so long for atmospheric O2 to increase? Gradual
oxidation of a large ferrous iron reservoir cannot explain this (Kump and Holland,
1992), and changes in mantle redox state (Kasting et al., 1993) can now be ruled out
(Canil, 2002; Li and Lee, 2004). One possibility, which has not received serious
scrutiny, is that early cyanobacteria had not yet learned to fix nitrogen. Nitrogen
fixation itself had probably originated well before this time, as it is widespread
amongst various anaerobic prokayotes. However, because they also generate O2,
fixing nitrogen is more difficult for cyanobacteria. They have to resort to various
complex strategies, including separating these metabolic activities spatially, using
heterocysts, or separating them temporally, using circadian rhythms. If these
strategies for N‐fixation took some time to evolve, then early cyanobacteria may
have limited their own spread by making their local environment oxic and thereby
putting anaerobic N‐fixers out of business. A detailed phylogenetic tree of the genes
related to these protection mechanisms for N‐fixation might show whether this
hypothesis can be supported.
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Minerals and prebiotic nitrogen fixation
Early models of the prebiotic atmosphere assumed very reducing conditions with
most of the nitrogen present as ammonia.
For example, the spark discharge
experiments conducted by Miller involved ammonia in the gas phase [1]. By contrast,
most recent models of the Hadean atmosphere favor moderately reducing conditions,
with dinitrogen as the dominant nitrogen species[2]. Furthermore, ammonia undergoes
photolysis in the atmosphere [3]. It is widely believed that for life to emerge it would
have to be preceded by a stage in which prebiotic synthesis generated the building
blocks for life. Amino acids are some of the critical building block. Their synthesis
would be greatly facilitated if there was ammonia present in the ocean or in restricted
aqueous environments.
One possible solution to the ammonia problem on a moderately reduced Hadean
Earth is to reduce dinitrogen in restricted, reducing environments. Dinitrogen represents
an enormous reservoir of nitrogen on the Hadean Earth, but its triple bond is among the
strongest bonds found in nature. Hence, reducing dinitrogen involves a considerable
activation energy. While the activation energy is high, conditions during serpentinization
and in hydrothermal submarine vents are sufficiently reducing for the reaction to be
thermodynamically feasible. For example, the conversion of metastable FeS—a nano
material that forms rapidly as vent solutions discharge into the overlying seawater—to
the stable iron sulfide pyrite has the potential to completely reduce all dissolved
dinitrogen to ammonia. Experimental work by our group [4] as well as by Dorr et al. [5]
has indeed shown that some dinitrogen can be reduced to ammonia in submarine vents
with FeS facilitating the reaction. However, the yield is much smaller than one would
expect if the conversion of FeS to pyrite would go to completion. Serpentinization—the
alteration of ocean basalts by interaction with water—generates exceedingly reducing
conditions. In fact, serpentinization leads to conditions that promote the formation of NiFe alloys. Recent work in our group has shown that these Ni-Fe alloys are capable of
facilitating the reduction of dinitrogen to ammonia, but the yields are small [6].
Photoreduction of dinitrogen with greenrust as substrate does not proceed at a
significant rate [7]. Reduction of dissolved nitrate and/or nitrite produced in the
atmosphere during lightning is efficient [8] but the overall formation of ammonia is
limited by the rate of nitrate/nitrite formation.
An alternative solution to the ammonia problem is the release of reduced
nitrogen species from ultramafic basalts on the early Earth. This notion is based on the
fact that dinitrogen will dissolve in silicate melts and reacts in the melt to form nitride, N
(-III) and possibly other reduced nitrogen species [9].
Typically ocean-floor basalts
contain only a few ppm N [10], but the nitrogen concentration increases one or two

orders of magnitude if the magma is more reduced [11]. The earliest solid surfaces on
the Earth were most likely made up of komatiitic composition [12, 13], formed from very
reduced melts. Upon weathering, the reduced nitrogen species will be released as
ammonium to the seawater.
This possibility is currently being investigated
experimentally in our laboratory.
Delivery of ammonia by impact material and interplanetary dust will complement
any ammonia formation on the Hadean Earth. Nitrogen dissolves into metallic melts as
nitride. As a result metals and alloys in meteorites contain around 30 ppm N. We have
used these concentrations to constrain the flux of reduced nitrogen that could be
delivered by iron meteorites [6]. On a mass basis (not on the basis of the number of
meteorites!), iron meteorites may have accounted for about 50% of the total meteoritic
flux. During the Heavy Bombardment the flux would have been around a factor of 105
to 106 higher than the present meteoric flux. Combining this increased flux with the
average concentration of N in iron meteorites leads to an estimate of the total annual N
flux delivered to the early Earth of around 105 moles of NH3-N[6]. This flux is orders of
magnitude lower than the amount of ammonia thought to be released from komatiites
and formed during serpentinization and in hydrothermal systems.
In conclusion, the Hadean nitrogen cycle remains poorly constrained, but it appears that
formation in hydrothermal systems, during serpentinization, and release from komatiitic
rocks may have been important processes in the formation of the reactant which is
critical to prebiotic synthesis of amino acids.
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