Reports

Fixation of Nitrogen in the Prebiotic Atmosphere

Abstract. Reactions between nitrogen and water in the air surrounding lightning
discharges can provide an important source of nitric oxide even under conditions
where oxygen is a minor atmospheric constituent. Estimates are given for the associ-
ated source of soluble nitrite and nitrate. It is shown that lightning and subsequent
atmospheric chemistry can provide a source of nitrate for the primitive ocean as
large as 10° tons of nitrogen per year, sufficient to fill the ocean to its present level of

nitrate in less than 10°% years.

Nitrogen is often a limiting nutrient for
life, despite its ubiquitous presence in air
and water. It occurs in the atmosphere
mainly as N,, an inert gas that must be
fixed or dissociated before it can be in-
corporated in living organisms. Fixation
is to a large extent biologically mediated,
with important contributions due to sym-
biotic bacteria and blue-green algae (/).
Most of Earth’s fixed nitrogen resides in
the ocean as NO;™. It is delivered to the
ocean by rivers and by rain and is re-
turned to the atmosphere (as N, and
N,O) in a variety of biologically mediat-
ed reactions. Biological reactions serve
as both source and sink for fixed nitrogen
in the present system.

In this report we attempt to identify
processes that may have influenced fixa-
tion of nitrogen in the early prebiotic en-
vironment. We consider in particular the
role of lightning. In the present atmo-
sphere lightning is a source for NO (/-3)
amounting to between 107 and 4 x 107
tons of N per year. The gas is formed by
reactions

0,20+0
O+ N,2NO +N (1)
N+ O,&2NO + O

that take place in the volume of high-
temperature air near the lightning dis-
charge. Temperatures are raised initially
to values in excess of 30,000 K, but de-
crease rapidly due to expansion, radia-
tion, and other means of heat exchange
with the surrounding medium. The con-
centration of NO at temperatures above
about 2000 K (3, 4) may be estimated
from considerations of thermodynamic
equilibrium. At lower temperatures the
chemical time constant is long compared
with the time required for the air parcel
to cool toward ambient conditions, and
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NO is frozen in at an effective temper-
ature of about 2000 K. Nitric oxide
formed in lightning is converted photo-
chemically in the ambient atmosphere to
NO,, HNO,, and HNO; by reactions
such as (5)

NO + O3 — NO, + O,
NO + HO, — NO, + OH
NO + OH + M — HNO, + M
NO, + OH + M —- HNO; + M

@)

These reactions are followed by dry and
wet deposition of products, contributing
ultimately to the fixed nitrogen pool of
the hydrosphere and soil.

The abundance of O, was presumably
low in the early prebiotic atmosphere.

o
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Fig. 1. Rate of nitrogen fixation in the primi-
tive atmosphere as a function of mixing ratio
of O,. Production of NO by lightning in the
contemporary atmosphere is taken as 40 X 10°
tons of N per year.
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Under such conditions, production of
NO in lightning would have been domi-
nated by reactions involving H,O rather
than O,. At low concentrations of O, we
must consider

H,O0 2 OH + H
OH + OH «H,0 + O
O+ N,2NO + N
N+OH=NO +H

3)

in addition to reactions 1. As before, the
concentration of NO tends to be frozen
in at a temperature of about 2000 K (6).
The concentration of NO decreases as
the shock-heated air mass cools down,
with a chemical time constant set mainly
by

NO + H— N + OH

4)
NO+N-—->N,+O0

and
in contrast to the high-oxygen case, for
which

NO+O—-N + 0,

)
NO +N—>N, + O

and
play a determinative role ¢). Figure 1
shows the source strength for NO that
might be expected to arise as a function
of the assumed oxygen concentration if
the frequency of lightning in the low-ox-
ygen atmosphere was similar to that ob-
served today.

The ultimate yield of precipitable
products, mainly HNO, and HNO;, de-
pends on the detailed chemistry of the
ambient atmosphere. A summary of
more important atmospheric reactions is
given in Table 1. The reaction

NO + v —- N + O (6)
followed by
NO+N—->N,+0 @)

represents the primary atmospheric sink
for fixed nitrogen; it is most important
at low concentrations of O,, where the
abundance of NO is largest, reflecting
inefficient conversion of NO to NO,,
HNO,, and HNO,. However, absorption
by water vapor molecules effectively
shields NO from dissociation below the
tropopause (7).

We consider three models, chosen to
represent Earth at various stages of evo-
lution. The gross composition of all three
atmospheres is similar to what one might
expect for the present atmosphere in the
absence of biological perturbation. Ni-
trogen is the major constituent, followed
by H,O and CO, at concentrations simi-
lar to those in the present system (8).

In model A we assume a closed atmo-
sphere with negligible import and export
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Fig. 2. (a) Concentrations of H, OH, HO,, O, and O, for rpodel A. The temperature profile and abundances of N,, H,0, and CO, are assumed to
be the same as today. Mixing ratios of O,, H,, and CO are 5 x 1078, 1 x 1077, and 1 X 107, respectively. (b) Production and loss rates of H,O

and H, in model A.

of material through lower and upper
boundaries. Water vapor is readily dis-
sociated by sunlight shortward of 2400 A

H,0 + hv — H + OH ®)

Formation of H,O proceeds primarily by

OH + H,—»> H,O0 + H ©)
OH + HO, - H,0 + O,

Molecular oxygen and hydrogen are
formed by reactions such as
O+O0OH—->0,+H
H + HO, — H, + O,
H+H+M—-H,+M

(10)

and in steady state these gases attain
mixing ratios of 5 X 10~® and 1 X 1077,
respectively. Equilibrium is reached in
less than 1 year, and mean concentra-
tions of the more abundant radical spe-
cies are shown in Fig. 2a. Production and
loss rates for the major hydrogenic spe-
cies H,0 and H, are given in Fig. 2b.

Model B describes a possible earlier
phase of evolution in which degassing
from a relatively reduced crust is taken
to provide a surface input of H, (9) equal
to 3 x 10° ton/year (1 X 10*° atom/cm?-
sec). Hydrogen atoms escape from the
exosphere at a rate exactly equal to the
surface input, with escaping atoms sup-
plied mainly by (10)

N,* + H, — N,H* + H

(amn
N.H* +e—> N, + H

Mixing ratios for H, and O, are calcu-
lated as 1 x 10=% and 2 x 10~'2, respec-
tively, for model B. Concentrations of
OH and HO, are low, of order 1 x 10°
cm™3. The assumption of a steady state
requires that the concentration of O, be
exceedingly low in model B. Higher lev-
els of O, would result in rapid conversion
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of H, to H,O. The escape rate for hydro-
gen would be lowered accordingly, and
water would accumulate in the ocean un-
til the mixing ratio for O, was restored to
its equilibrium value, 2 x 10712,

Model C describes a possible later
phase in atmospheric evolution when the
mixing ratio for O, has risen to 1 X 1073,

due, for example, to the influence of pho-
tosynthesis. This model describes a
quasi-steady state with the level of O,
constrained as given. Input of H, at the
surface is assumed to balance escape of
H from the exosphere, and the level of
O, is maintained solely by atmospheric
photochemistry. This model yields a

Table 1. Reactions and rate constants for the primitive terrestrial atmosphere. Rate constants
for two-body and three-body reactions are denoted by k and have units cm?® sec™! and cm® sec™!,
respectively. Mean dissociation rates are denoted by J and have units sec™!; numerical values

refer to the optically thin regime (/3).

Reaction

Rate constant

O, +hv—>0+0
O;+hw—>0,+0

H,O + - OH + H
H,0, + hv— OH + OH
CO, + w—>CO +0
NO+ hw—->N+0
HNO, + hv - OH + NO
HNO; + hv - NO, + OH
NO, + hv - NO + O
0+0,+M—-0,+M
0O +0;—->0,+0,
0O+0+M—-0,+M
OH + O3 — HO, + O,
HO, + O; — OH + O, + 0,
O+0OH—-0,+H

O + HO, - OH + O,
H+0;—->0H +0,
H+0,+M—-HO,+M
OH + HO, —» H,0 + O,
H + HO,— H, + O,

H + HO, - OH + OH

H + HO, - H,0 + O
HO, + HO, —» H,0, + O,
H,0, + OH — H,0 + HO,
H+H+M->H,+M
OH + OH - H,0 + O
OH + H, - H,O + H
OH + CO—-CO, + H

N +NO—-N, +0

NO + OH + M - HNO, + M
NO, + OH + M — HNO,; + M
NO + HO, —» NO, - OH
N + OH—- NO + H
N+0,—-NO+0

J, =13 x10"°

J, =48 x 1073

J; =37 % 10®

J, =57 %107

Js =47 x 1077

Je =27 %107

J;=1.0x 1073

Jg = 6.0 x 1075

Jy=3.5x%x 1073

ky = 1.1 X 10734 exp (520/T)
ky, = 1.3 X 107" exp (—2140/T)
ks = 2.0 X 10734exp (710/T)
ks = 1.3 X 1072exp (—956/T)
ks = 1.0 X 1072exp (—1875/T)
ke = 1.4 X 1071 exp (—300/T)
k; = 8.0 X 10" exp (—500/T)
kg = 2.6 x 1071

ky = 1.8 X 10732 exp (340/T)
ki = 5.0 x 1071

ki = 3.0 X 107" exp (—330/T)
ki, = 1.0 X 107%exp (—330/T)
ks = 8.3 X 107" exp (—500/T)
ki = 1.0 X 107" exp (—500/T)
kis = 4.1 X 10713 T2 exp (—600/T)
kg = 1.0 X 10732

ki, =2.6x 10712

kg = 1.8 X 107 exp (—2350/T)
kg = 2.1 X 10~ exp (—115/T)
koo = 2.2 X 1071

kyy*

k22

ko = 8.0 X 10712

koy = 7.0 X 10711

kos = 1.0 X 10716

*See expression in Hudson (/4).
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mixing ratio for H, equal to 1 x 1078,
with an escape rate for H equal to 1 X
10% atom/cm?2-sec. Higher concentrations
of O, would imply net conversion of H,
and O, to H,O and would require an ad-
ditional source for O, of order 10' g/
year, which could in principle be sup-
plied by photosynthesis followed by bur-
ial of organic material. We must note,
however, that the photochemical steady
state represented by model C is estab-
lished exceedingly rapidly, on a time
scale of less than 1 year. Photosynthesis
with associated burial of organic carbon
would cause a relatively slow rise in O,.
Model C indicates that the concentration
of atmospheric H, should respond imme-
diately to changes in O,. Concentrations
of OH and HO, are large, of order 10®
and 10 cm™3, respectively.

Nitrogen fixed by lightning in models
A and C is rapidly converted to HNO,
and is removed from the atmosphere by
both dry and wet deposition, contrib-
uting ultimately to the reservoir of oce-
anic NO;~. The composition of fixed ni-
trogen in rain is dominated by HNO; as
long as the mixing ratio for O, exceeds
10", In model B, with the mixing ratio
for O, equal to 2 x 107'2, approximately
10 percent of the nitrogen fixed in light-
ning is converted to HNO,. Even under
these relatively extreme conditions, ni-
trate should be a significant end product.
Indeed, source rates for nitrate as esti-
mated here would imply that the primi-
tive ocean could acquire an abundance
of NO;~ similar to that observed today
on a time scale as short as 10¢ years (/7).
Under these circumstances one would
not expect availability of fixed nitrogen
to pose any serious limitation for the
evolution of life on Earth (/2).

The chemical processes discussed
here suggest that the combination of
lightning and subsequent photochemis-
try could result in steady removal from
the atmosphere of soluble oxidized gases
such as HNO, and HNO;. There should
be a corresponding source of reduced at-
mospheric species such as H,. The al-
most inevitable segregation of reduced
and oxidized compounds between atmo-
sphere and ocean could have implica-
tions for the emergence of primitive biol-
ogy and should be considered in more
complete models for atmospheric evolu-
tion.
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Observations of Hydrogen at Room Temperature (25°C) and

High Pressure (to 500 Kilobars)

Abstract. Hydrogen becomes a solid at 25°C when subjected to a pressure of 57
kilobars. The high-pressure phase appears as a transparent crystalline mass. The
refractive index of the high-pressure phase increases sharply with pressure, in-
dicating a density increase of similar magnitude. At 360 kilobars the calculated den-
sity of the high-pressure phase is 0.6 to 0.7 grams per cubic centimeter.

When sufficient pressure is exerted on
nitrogen or argon a liquid and then a sol-
id appears even at room temperature.
Thus, at some pressure one might expect
hydrogen to solidify at room temper-
ature. Furthermore, it has been sug-
gested that all matter would become me-
tallic under extreme pressure. Is it pos-
sible to make metallic hydrogen? Some
theoretical studies (/) answer this ques-
tion affirmatively. Many experimental
difficulties must be overcome before ob-
servations can be made to test this hy-
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pothesis. First, there is the problem of
containing a sufficient volume of hydro-
gen that must ultimately be brought to
what, for hydrogen, is a relatively high
density. Then one must be able to exert
on the hydrogen enormous pressures
that are accurately known. Finally, one
must be able to observe the pressure ef-
fects directly or indirectly. In the present
study, experiments were designed to seal
liquefied hydrogen into a pressure cell at
cryogenic temperatures and afterward
remove the cell from the assembly and
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