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The origin and evolution of the Earth’s early atmosphere depend crucially on the dissipation time tn of the primitive
solar nebula, SN. Using different theories of turbulence, we estimate that for a 0.1 Mg SN, ty is 2.5-8.3 Myr. Because
accretion times are usually much longer, we conclude that most planetary accretion must have occurred in a gas-free
environment. Using new IUE data, a wavelength-dependent UV flux is constructed for the young Sun which is then
used to study the photochemistry and concentrations of O, O, O, OH, H, HCO and formaldehyde H.CO in the

Earth’s early prebiological atmosphere.

THERE is convincing observational evidence that the placental
interstellar medium (ISM) from which the Solar System origi-
nated was a dense molecular cloud" In fact, the recent
evidence of the presence of short-lived nuclei in meteorites®
requires that the free-fall time scale for gravitational collapse
(tx) be less than or comparable with the mean lifetime of 2°Al
(10 yr), that is t <4 x 107/vn,; < 10® yr, which requires? ny >
10° cm™, a value typical of molecular clouds. As molecular
clouds are observed to be a major feature in our Galaxy, they
constitute a reliable starting point for the processes that will
eventually lead to the formation of stars and planetary systems>,
A detailed analysis of the events that take place in such clouds,
after an external agent has caused them to become unstable,
has been worked out for a large variety of initial conditions*>,
Typically: M/Mo=10%,p=17%x10gem >, T=75K,R =
6.6x10" cm, Q=10""rads™, and J/M =1.75x 10** cm®s~".
Since T-Tauri stars have J/M =10"-10" cm*s™', a major
effort has been dedicated to understand how to achieve a
reduction of about 6 orders of magnitude in the value of J/M.
The analysis indicates that the J/M reduction may be best
achieved through a hierarchy of collapse and fragmentation
and that the process yields binary fraagments, a reassuring
result in view of the preponderance of binary star systems. The
most relevant result of these computations is that the fragments
form with masses larger than the local Jeans masses, ensuring
their continuous collapse, thus placing, the hierarchical frag-
mentation model on firm foundations®.

Recent work®’ has, however, indicated difficulties with the
previous scenario. Study of the collapse of a dark cloud (M =
50Mo, T=10K,R=2x10"*cm, Q=3x10"rads ™, J/M =
4x10% cm®s™!) indicates that a binary system is first formed
with M/M o =8, each of the two fragment dividing further into
a triple system with M/Mo=2, R=2x10"cm, J/M =
10%° cm?s*. The dynamics of each triple system indicates® that
one object will be ejected in a time scale of ¢=10°yr, thus
isolating one of the three partners which may then be considered
a candidate for a massive primitive solar nebula as demanded
in ref. 9. This sequence of events may, however, not be the true
endpoint of the fragmentation process. A recent study’ of the
fate of the 2M¢ ejected body indicates that it will further
fragment into a multiple system, a process that will stop only at
M <0.1M . These results show that fragmentation is not a
self-regulating mechanism until one reaches M ~107°M, in
agreement with an earlier analytic result'® on opacity limited
fragmentation. It has been suggested'' that turbulence rather
than simple fragmentation may be the relevant mechanism at
work in star formation. If so, the resulting mass interval is
5$X1072< M/M s < 1, thus suggesting a solar nebula less mass-
ive than that of ref. 9 (see also ref. 12).
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Protostellar evolution—UYV spectrum

Observationally, the pre-main-sequence stars appear to pass
through three phases of evolution. While extremely young, the
protostars are detected primarily at IR wavelengths. This phase
is thought to correspond with the accretion of the protostellar
core, obscured beyond a shroud of dust. Theoretical models'?
indicate that a 1M, star will remain in this early stage for 10° yr.

The second phase, characterized by the T-Tauri stars, begins
as the protostars become visible. By this time, relatively small
amount of gas and dust accompany the star; the stellar photo-
sphere and bright chromosphere may be seen. The termination
of this phase may be estimated from the maximum observed
ages of the stars. Examinations of several associations, using
member hot stars of known ages and stability arguments, indi-
cate ages of 3-5Myr (refs 14, 15). If the T-Tauri stage
corresponds to the fully convective phase of pre-main-sequence
evolution (vertical portion of the tracks of Fig. 1), then theoreti-
cal predictions may be used'®: 2 Myr for a 2M,, star, 12 Myr
for a 1M star, and 40 Myr for a 0.7M, star. The ages for
several T-Tauri stars in several young associations and clusters
have been estimated from their HR diagram'’. Figure 1 shows
three evolutionary tracks, superimposed on data obtained for
stars in Taurus-Auriga and Orion'’, indicating ages from 10°
to 107 yr. Considering that the stars are variable, rotate, possess
magnetic fields and lose mass, complications with which the
theory cannot yet deal completely, the overall agreement among
ages derived by all these methods is good. Thus we conclude
that, for a solar mass star, the T-Tauri stage of pre-main-
sequence evolution begins when the star is ~10° yr old and
lasts until it is ~6-12 Myr old.

The phase following the T-Tauri stars, the radiative phase,
although it comprises over 80% of the time required for the
star to evolve to the main sequence, is not as well-defined
observationally. Herbig'® postulated the probable characteris-
tics of the post T-Tauri star. Unexpectedly, a few such stars
have been found through X-ray detection by the Einstein satel-
lite’>?°, The post T-Tauri stars exhibit the characteristics expec-
ted for protostars which are more evolved than the T-Tauri
stars. However, no clear difference in ages has yet been estab-
lished?!. Thus clear examples of solar mass protostars with ages
of 10-50 Myr are as yet lacking.

The Sun is a relatively normal star of moderate mass, tem-
perature and luminosity; it is very reasonable to assume that
it passed through these three phases of pre-main-sequence
evolution. Therefore, we can use UV observations of pre-main-
sequence stars to represent the UV spectrum of the youthful
Sun. Several such stars have been observed with the Interna-
tional Ultraviolet Explorer (IUE)**7¢, Virtually all of the data
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have been obtained for the brighter T-Tauri stars. Thus we use
IUE spectra of three of the best studied T-Tauri stars to
represent the probable solar UV spectrum at roughly an age
of 1-10 Myr. We have drawn on comprehensive data (acquired
by two of us) for three bright T-Tauri stars, SU Aurigae, RW
Aurigae, and T Tauri (prototype of the class). The three stars
form a reasonable sample of the heterogeneous class, represent-
ing a range of T-Tauri characteristics. Fourteen low-resolution
IUE spectra of the three stars were averaged to produce a
composite T-Tauri UV spectrum. The composite spectrum Iacks
information at the short wavelength end concerning the very
strong hydrogen Lya line because of geocoronal Lya emission
contamination. A weak stellar Lya emission feature can be
seen in the spectrum of RW Aurigae, superimposed on the
geocoronal feature. A rough estimate of the flux indicates that
the Lya line in RW Aur is about 1/10 as strong as its hydrogen
Balmer-a emission line?’. Thus we have estimated the Lya
fluxes for the three T-Tauri stars as 0.1 times their respective
Balmer-a fluxes. These estimates are consistent with the non-
detections in SU Aur and T Tau. To complete the composite
T-Tauri spectrum we have used published visual fluxes of these
stars”’, Small gaps in the UV and visual data were interpolated,
as no strong emission lines are expected at those wavelengths.
The mean spectrum of the visual spectra of the three stars was
formed and reduced to the flux intercepted at a distance of
1 AU. A conservative correction for dust extinction correspond-
ing to A, =0.5 mag was made. The resulting T-Tauri spectrum
normalized to the present solar value is presented in Fig. 2.
Three strong emission lines are notable: Lya (121 nm), Mg
(280 nm) and Balmer a (656 nm). The greater luminosity of
the average T-Tauri star may be seen at all wavelengths.
However, the ratio is a strong fuction of wavelength: at the
shortest wavelengths to which the photochemical processes are
most4sensitive, a young star is brighter than the present Sun by
>10°

Thus, the use of this observationally determined UV spec-
trum rather than a wavelength-independent approximation®®
constitutes a significant improvement to the input for modelling
the photochemistry of the early atmosphere.

It might be argued that the extreme level of UV emission
seen in the T-Tauri stars does not characterize the solar UV
spectrum of the Sun’s subsequent evolution towards the main
sequence. The lack of known ‘old’ post T-Tauri stars does not
allow us a direct observational test. However, Bosegaard and
Simon® have studied the changes in the UV emission lines
originating in the stellar chromosphere (corresponding to A <
1,900 A) with age for several young main sequence stars. The
line fluxes, normalized to stellar surface areas, fall off roughly
as ¢~'/2. We have used this result to estimate how the emission
line flux decreases with time after the T-Tauri phase®®. We find
that, even after the Sun has reached the main sequence, its
far-UV luminosity is still 10? times the present value. The slow
decrease in the UV flux means that the results derived here for
the T-Tauri phase are largely applicable, with moderate down-
scaling, to the later stages of the Sun’s pre-main-sequence
evolution.

Earth formation—solar nebula dissipation

The accretion process that led to the formation of the earth
from grains, dust and gas has been studied by several
authors'>?%¢, (For a detailed review, see ref. 32.) While early
estimates by Schmidt®® resulted in an accretion time 5=
250 Myr, all recent analyses®” yield considerably lower values,
that is 23 <¢, <88 Myr. These results assume that accretion
occurred in the absence of gas®. In the presence of gas®>, ¢,
decreases to ~10 Myr, and a massive atmosphere (~10* times
the present one or the one corresponding to the gas-free situ-
ation) results. Since the two models lead to very different
conclusions for the Earth’s atmosphere, it is important to
analyse their basic ingredients. A critical role is played by tx,
the dissipation time of the solar nebula, whose value depends
in most models considered thus far, on the turbulent viscosity

NATURE VOL. 305 22 SEPTEMBER 1983

log (L/L,)

®,,, =500

I Fluxes and ages
correspond to 1M, track
ZAMS

L 1 1L

1 L 1
4.0 38 3.6 34
log T
Fig. 1 The pre-main-sequence evolution of 0.5Mg, 1My and
1.5M stars. @, Observational data'”. The increase in the UV
flux gy (measured in terms of its present value) as well as_the
ages for 1M 5 star have been indicated. It is seen thatat t = 107 yr,
corresponding to the end of the T-Tauri phase, the UV flux was
500 times stronger than today.
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Fig. 2 The composite UV flux (normalized to its present value)

as derived using 14 spectra of three T-Tauri stars. In the region

of importance to photochemical processes, the UV flux is 10*
greater than its present value.

v.= ¢, (where [, and v, are typical lengths and velocities of
the turbulent motion). A detailed analysis®’ leads to the follow-
ing dependence of 7y on ¢

A
= M
In 4z yr (1)
where A =(My/107"'Mp)™>  (X/50 AU) ™Y (VMw/2X
10%)7"*, Here, My is the mass of the solar nebula, X its
extension, Vy the solar wind and My, the rate of mass loss*®™",
In the absence of a direct estimate of £, one can only say that™

107°<¢=<1/3 2)

a result arrived at as follows. In the standard treatment of
a turbulent fluid, one envisages three regions characterized by
different sizes of the eddies there contained. In the first region,
the eddy sizes [ are comparable with L, the size of the system
itself. In this case one writes v = £, vl, where £, is the inverse
of the Reynolds number Re which, for turbulence to set in,
must be >10% and so & <107, yielding the lower limit in
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equation (2). At the other end of the spectrum, the eddies are
sufficiently small for molecular forces to dominate, and so
v =¢nl, where £,=1/3, thus yielding the upper unit in
equation (2).

In the intermediate size region, containing all the turbulent
phenomena, v, = &l w, and £ must be computed from first prin-
ciples. Using the Heisenberg-Weizsacker’s theory of tur-
bulence*?, one has

oo F k 1/2
[ (8,
k
w (3)
vi= I F(k)dk, i=m/k
k
where F(k) is the spectral-energy distribution function solution
of the dynamical equations governing turbulence. We have
computed ¢ using:
(1) Kolmogoroff spectrum®?, F(k)~k /%, In this case

£= 1\ﬁ =006, y=1/3 )
T V8

(2) The Steward-Townsend*® experimental spectrum F(k)~
k*"k, We obtain

v ff 1=

7 Va {1-®(y)}"?

where xV2=alng+0.5¢"", y=alng-0.5a"", g=k/ko=
L/Il. We solved equation (5) numerically. For a wide range of
parameters, the resulting values of £ are

0.03<¢<0.08 (6)

(3) The theory of convective turbulence developed in ref. 43
and valid for Ro « 1, where R is the Rayleigh number and o
the Prandtl number. Since F(k) cannot be given in closed
analytical form, the evaluation of ¢ was done numerically. For
the range 1077 <8 <107" of § =87*/R, the result is

0.03<¢<0.07 (7a)

(4) We have extended the theory of ref. 43 to the case Ro » 1.
Because the entire analysis must be done numerically, we report
only the final result, that is

0.06<¢<0.07 (76)

(5) The theory of convective turbulence developed by one of
us (V.M.C,, in collaboration with I. Goldman) in which the
Heisenberg expression (3) for v, is changed to the integral over
k of the ratio F(k)/n(k), where n(k) is the growth rate of the
laminar modes**. The resultis (H*=h/2Aq> h = (1+A%q*)'*—
Aq?, CI=(1+A%)"2+A)

3 Mﬁ 1/2 a (1 +H2)1/2_1
&= ( 2 ) q(2A) (H—tg_lH)llz (8)

where A=27"*/Ro and y, =2/15 (ref. 44). For A » 1
3 1/2
&= (&) =0.1 9)

472
Using these results, as well as that of ref. 44, i.e. £=0.05, we
conclude that for A =1
t=2.5-8.3 Myr (10)

A similar result, t ~ 10 Myr, has also been obtained in ref. 45.
Note that the upper limit of ¢y closely corresponds to the point
where the T-Tauri phase (vertical part of the 1M, track, Fig.
1) ends. Furthermore, because either value of ¢ is smaller than
the values® of t,, it seems unlikely that gas might have influ-
enced accretion to the point of producing a massive H, atmos-
phere. Because the quoted values of ¢4, ranging from 10 Myr
to 23-88 Myr correspond to extreme assumptions as far as the
gas is concerned, our result suggesting a gradual dispersion of
the gas while the Earth was accreting, would in principle require
a new evaluation of ¢, with a time-decreasing gas density.
However, for the present purposes, it is sufficient to take an
average of the previous values. If we take 7, = 50 Myr, we would
conclude that the SN gas was present only for 10% of ¢4, and
that most of the accretion occurred while the Sun was moving

)
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along the radiative track stage of Fig. 1. When the Earth was
accreted, the UV flux was therefore about 107 times larger than
its present value, large enough to influence the photochemistry
of its atmosphere significantly.

Origin of the atmosphere

Having concluded that the SN was an unlikely contributor to
the Earth’s atmosphere, one may consider the following poten-
tial contributors*®: (1) collision with comets*’, (2) volatization
of impacting material and (3) outgassing. One may distinguish
two periods of outgassing*®. While the accretion energy due to
impact was in principle sufficient to melt the entire Earth, this
may not have occurred, since a fully melted Earth would have
expelled all volatiles, whilst it is known that *He is still degassed
today. Accretional heating may have produced partial melting
including Fe alloys that migrated towards the centre forming
ultimately the Earth’s core. The time scales for the core forma-
tion discussed in the past (=10° yr) have been shown to be too
long. The conclusion is that the core formed contemporaneously
with the accretion of the Earth itself, that is in =107 yr (ref
48). During this period, two sources of volatiles therefore acted
simultaneously, the outgassing caused by the impacting material
that stirred the mantle and the impacting meteorites. Because
volatiles are bound in these meteorites, the energy retained as
heat on impact would be sufficient to vaporize the volatile
species, releasing them so as to form an atmosphere. As stated
in ref. 49 this conclusion seems unavoidable: the formation
only of a solid body with the subsequent outgassing seems an
artificial division of events which more naturally should be
thought of as having occurred simultaneously. As the embryonic
Earth continued to grow, the impact velocities increased until
vaporization of the impacting material occurred. Non-volatile
solids so vaporized cooled and condensed onto the surface.
Volatiles such as H,O, CO,, N,, and noble gases probably
remained in the atmosphere. Calculations® indicate that this
process occurs for impact velocities >5 kms™', which in the
case of the Earth was achieved®! when the radius was 50% of
its present value, that is before ~10° yr (Fig. 10 of ref. 52).

The chemical composition of this atmosphere depends criti-
cally on complex chemical reactions between the infalling
vaporized gas, the outgassed volatiles and other elements, par-
ticularly Fe (G. W. Wetherill, personal communication). In the
specific impact originated atmosphere studied in ref. 50, the
partial pressure of water was estimated to be Py,o=0.01 bar.
The fate of atmospheric CO; is difficult to quantify and experi-
ments by Ahrens and collaborators (D. J. Stevenson, personal
communication) are expected to shed light on this point,
because carbonate growth may have removed a great deal of
CO, during the time scale of the Earth’s accretion. The first
phase of outgassing, together with an impact-originated atmos-
phere, lasted a period of time not greatly different from the
accretion time itself, at the end of which the Earth entered a
period in which accretion is over, the mantle solid and the core
fully formed*®. Such a period is characterized by a large ‘mass
flux’ which transports large masses of the mantle to the surface
region, thus making them available for the second period of
outgassing. Because the length of this period is difficult to
estimate, the following argument can be made*. The abundance
of '¥Xe/"*"Xe in the atmosphere is smaller than that in the
solid Earth, the latter being due to enrichment caused by the
decay of '*°I to '*°Xe. If the outgassing took much longer than
a few lifetimes of '*°I (17 Myr), at the end of it there would
have been no '*’Xe left and both the atmospheric and the
terrestrial ">*Xe should have been equally abundant. As this is
not the case, the separation of the '*°Xe from the Earth (outgas-
sing), must have occurred while '*°I was still present, that is
within a few '*°I lifetimes, say 50 Myr. (However, as Wetherill
has noted, the argument is also consistent with no outgassing
of the Earth at all, all the atmospheric '**Xe having perhaps
been deposited in the atmosphere by impact.)

We therefore conclude that the entire set of phenomena, (1)
collapse of the nebula, (2) accretion of the Earth, (3) dissipation
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of the nebular remnant, (4) formation of the Earth’s core, (5)
formation of an atmosphere by impact volatiles plus outgassing
and (6) contribution to the atmosphere by the second outgassing
period, may have occurred within 50-100 Myr, corresponding
to the time when the Sun entered the main sequence (Fig. 1).

On the basis of the previous discussion, for our photochemical
calculations we have assumed a background composition of the
palacoatmosphere consistent with both the impact and outgass-
ing scenarios. We adopt an H,0O vapour partial pressure of
0.01 bar, as from ref. 50. The H,O mixing ratio varies from
1.2%x 1072 at the surface to 4.6 x 1077 at the tropopause. Above
it, the distribution of H,O vapour is calculated using a con-
tinuity/transport equation for H,O. Because of the lack of firm
experimental evidence concerning the rate of removal of atmos-
pheric CO, due to carbonate growth, the level of CO, cannot
be uniquely determined. We have therefore performed our
photochemical calculations for two representative values:
CO, =1 (the pre-industrial level of 280 p.p.m.v.) and CO, =100
times that value. Higher values of CO, seem improbable*®
Furthermore, we have adopted 0.8 bar of N,, a chemically inert
gas that participates in the chemical reactions only as a third

607
50- \
L \\
~ 40F
£l L\
< CO,=0.028 } \
2 30 H,=17 p.p.m. ; |
b= |
< 20¢ )
/
1ok _/T TAURI
1) R et . ! ! Lo ! ]
05 10° 107 10  10° 107 1077 102

Os(em—3)
Fig. 3 The ozone profile. The solid curve (UV = 1) corresponds
to the present UV flux. The curve labelled UV =300 corresponds
to a wavelength-independent increase by a factor of 300. The
curve labelled T Tauri corresponds to the use of the flux of Fig.
2. A substantial increase in the amount of O; can be seen (see
Tables 3, 4).

60

JUv=1

50,,_, =17 ppm. :co _|) /UV=T TAURI -

jco,=100 "

) -

= 40+ /// CUVfT TAURI
=2 P L=

L e

-5 30 ///

<

[\=]
<

—
o <
T

1 IS T SR B P B |
10-3 10 y 10 310 2 10 ! 10° 100 107 10® 10*
CO/CO,
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laboratory 51mu1at10n experiments for the formation of organic

molecules®'. Tt can be seen that only with an enhanced UV flux
does one obtain CO/CO,=1.

Table 1 Solar energy flux averaged over the Earth during T-Tauri
phase (numbers in parentheses correspond to present day values)

Enerigy

Source (calem “yr )
Total radiation 4.6x10°(0.26x10%
UV light
<3,000A 2.4x10% (0.34 x 10%)
<2,500 A 9.9% 10% (0.56 x 10%)
<2,000 A 5.0x10% (40)
<1,500 A 2.2x10%(1.7)
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body. We have also added the trace gases H, and CO. Calcula-
tions were performed for the two values of the surface mixing
ratios H,, namely 17 p.p.m.v. and 1072 (refs 54, 55). The surface
flux of CO was taken to be 2 x 10® (molecules cm™2s~') which
corresponds to a surface mixing ratio of parts per billion by
volume. CH, and NH; were not included for reasons explained
elsewhere®®*’.

Photochemistry of oxygen, ozone
and formaldehyde

Studies dealing with the origin and evolution of life*® have
indicated that formaldehyde, H,CO, was a key molecule in the
process of chemical evolution, that is the formation of complex
organic molecules. Today, H,CO is a trace species produced
by the methane oxidation chain with the precursor CH, being
provided by biogenic activity. Because the lifetime of CH, in
the prebiological atmosphere is extremely short®**” due to
photochemical destruction, the question then arises as to how
to produce H,CO in the absence of a steady source of CH,. A
prebiological photochemical source for H;CO has been sug-
gested”®. As we shall show below, it is sensitive to the UV flux

Table 2 Photochemical and chemical reactions

Reaction Rate constant*
no. Reaction (s_l, em’s ! or cm® sh
1 O,+hv>0+0 4.7%x107' 6.3x107°
12 0;+hw>0+0;, 22x10™* 8.5x107*
13 O3+hr->0('D)+0, 44%x107% 2.8x1072
J4  H,0+hv>OH+H 1.1x107"* 5.1x107"?
J5  H,0,+hv>0OH+OH 53x107°  4.4x107*
J6 H,CO+hv->H+HCO 48x107° 1.6x107*
37  H,CO+hv~H,+CO 49x107° 1.4x107*
J8 CO+hr->CO+0O 1.3><10‘12 6.3x10‘“
J9 HCO+hy->H+CO 1.3x107%  5.8x1072

1.1x10” 3‘*exp (510/T)
1.5%x107! exp( 2,218/T)
3.2%10° “exp(67/T)
2.0x107" exp(lO7/T)
2.3x1071°

1 0+0,+M->03;+M
O+03">202
O( D)+0,->0+0,
o D)+N2—>O+N2
H,0+0('D)-»20H

H+0O;->0H+0,
OH+0O-H+0,
OH+0;-»HO,+0,
10 OH+OH-»H,0+0
11  HO,+0->0H+0,
12 HO,+0;->0H+20,
13 HO,+OH->H,0+0,
14 H02+H02')H202+02
15 H202+0H->H02+H20
16 O('D)+H,»OH+H
17 OH+OH+M-H,0,+M
18 H202+O">OH+H02
19 H2+0H->H20+H
20 H,CO+OH-»HCO+H,0
21 H,CO+0O->OH+HCO
22 HCO+0,->CO+HO,
23 CO+OH->H+CO,
24 O+0+M-0,+M
25 H+H+M->H;+M
26 H,+O->OH+H
27 H+H02‘>02+H2
28 H+HO,-»H,0+0
29 H+HO,;->OH+OH
30 H+CO+M->HCO+M
31 H+HCO-H,+CO
32 HCO+HCO-H,CO+CO
33 OH+HCO-H,0+CO
34 O+HCO->H+CO,
35 O+HCO-»OH+CO
36 H02+HCO—’H202+CO
37 H,CO+H->H,+HCO
38 H,CO and H,0, rainout

3
4
5
6 H+0,+M->HO,+M
7
8
9

2.1x107*exp (290/T)

1.4x10” l(l)exp( 470/T)

4.0x107"

1.6%107 "% exp (-940/T)

12 p

;gx%o 1exp (=500/T)
x107!

1. 1><10‘“exp (—580/T)

40x107!

2.5x107"2

;gx%o_“exp( 750/T)
x10~

1.

2.8x10° 12exp (=2,125/T)

1.2x10™ " exp (~2,200/7T)
1.7x10” “exp -100/T)
2.8x107! exp( 1,540/T)
5.0x10™"

.i.
28x10‘34exp(710/T
8.3%1073

3.0x10” “exp (—4,480/T)

e o

4.7%107! (x0.69)

ggxio 33exp( 850/T)
x107!

6.3x107 !

5.0x1071

1.0x107'°

1.0x 1071

1.0x107"

%gx%g “exp( 1,540/T)
X

* Photolysis rates (s
(first value) and UV = T-Tauri phase.
+ See JPL Publ. 82-57 (1982).
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and to the abundances of CO, and H,. The considerable
increase of UV radiation suggested by the IUE data on young
Sun may therefore alter the production rate of H,CO estimated
earlier™, a value of great interest because sufficient for poly-
merization purposes.
The production and destruction reactions suggested in ref.

55 are as follows:

CO,+hr > CO+0 (A <230 nm)

H,O+hAv>OH+H (A <240 nm)

CO+H+M->HCO+M

HCO+HCO-»H,CO+CO

H,CO+hv > H+HCO (278 <A <327 nm)

H,CO+hy »H,+CO (278 <A <357 nm)

HCO+hv >H+CO

H,CO+H->H,+HCO

H,CO+0->O0OH+HCO

HCO+OH-H,0+CO

HCO+0O->0OH+CO

H,CO+OH-»HCO+H,0

HCO+H-H,+CO

HCO+O-»H+CO,
These reactions were added to the one-dimensional photo-
chemical model described in ref. 57 and used in ref. 28. The
scheme was modified by eliminating the nitrogen and chlorine
species, after it was found that they were irrelevant to the H,CO
photochemistry. The present version of the model contains 10
photochemical processes and 37 chemical reactions listed in
Table 2. By simultaneously solving the coupled species con-
tinuity/transport equations, the surface concentrations and ver-
tical profiles (up to 53.5 km) of the following species were
computed: O, O,, O,, OH, H, HCO, H,CO, CO, CO,, H,0,

Table 3 Surface concentration of several species (cm™?) as a function
of UV flux and CO, and H, level

Uv=1 UV = T-Tauri phase
Species CO,=1 CO, =100 CO,=1 CO, =100
H,=17 p.p.m.
(0] 8.95 (6) 4.47(7) 4.92(8) 1.96 (9)
0, 2.72(5) 1.36 (9) 2.33(7) 1.29(10)
03 5.66 1.69 (5) 2.20(3) 1.46 (7)
OH 4.13 (3) 1.51(4) 2.28 (5) 6.66 (5)
CO 5.09 (11) 7.86 (13) 1.10(11) 5.16 (13)
H 3.24(7) 4.09 (6) 1.36 (9) 1.28 (8)
HCO 1.39 (6) 2.06 (7) 5.58(5) 2.50(7)
H,CO 1.62 (6) 2.65(8) 3.38 (4) 7.17(7)
CO/CO, 9.02(-5) 1.39 (—4) 1.95 (-5) 9.15 (-5)
H,=10""p.p.m.
O 2.10 (5) 6.57 (6) 9.49 (6) 1.44 (8)
0, 1.87(2) 1.20(4) 6.12 4) 1.99 (6)
0O; 1.07 (—4) 2.21(-1) 2.18(-1) 1.15(2)
OH 7.64 (1) 2.60 (2) 3.67 (3) 1.45 (4)
CO 3.09(13) 3.63(15) 2.66(13) 2.37(15)
H 3.46 (6) 2.32(5) 4.34(7) 8.60 (6)
HCO 1.50 (7) 7.95(7) 3.26 (7) 3.55(8)
H,CO 4.14 (8) 4.12 (9) 3.79 (8) 2.43(10)
CO/CO, 5.48(-3) 6.44 (-3) 4.72 (-3) 4.20(=3)

Table 4 Column densities of O, and H,CO (molecules cm™3)

Uv=1 UV =T-Tauri phase
0; CO,=1 CO,=100 CO,=1 CO,=100
H,=17p.p.m.v. 3.3(12) 1.5(15) 7.4(15) 4.05(16)
H,=10"? 2.1(11) 1.3(14) 6.5(14) 2.01(15)
H,CO
H,=17 p.p.m.v. 54(11) 7.34(13) 599 5.45(13)
H,=10"? 8.6(14) 2.02(15) 3.7(14) 1.1 (16)
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H,, HO, and H,0, using the UV flux of Fig. 2 to initiate
photochemical processes. Water soluble species (such as H,CO
and H,0,) are lost by rainout with a rainout coefficient of
107¢s™* (11.6 days), as derived from both theoretical calcula-
tions and direct measurements of the rainout lifetime of water
soluble NHj; (ref. 59). Calculated surface concentrations of the
species of interest are presented in Table 3. The column
densities of H,CO and O; versus UV flux are presented in
Table 4. Finally, the surface production, losses due to photo-
chemistry/chemistry and rainout and the rainout rates for
H,CO are presented in Table S.

Results

The dissipation time scale of the SN presented here, equation
(10), suggests that accretion probably occurred mostly in a
gas-free environment. This, together with previous results, sug-
gest that Earth accretion and the formation of an atmosphere
(due to impact and first phase of outgassing), occurred within
the interval of time it took the Sun to arrive at the main
sequence. During this period, the UV flux was at least 100
times larger than its present value.

The pre-main-sequence solar UV flux was determined by
using observational IUE data on the T-Tauri stars. Figure 2
shows the strong wavelength dependence of the increase in the
UV flux. (Present solar fluxes were taken from ref. 60.) In Table
1, we present the solar energy flux during the T-Tauri phase
as averaged over the Earth. While the total radiation is ~18
times larger than its present value, the UV fluxes are increased
up to 10°,

Our results show that the increment in the surface concentra-
tion and the vertical profile of O, determined in ref. 28 are not
changed. As we see from Table 3, the O, mixing ratio increases
up to 10*-10° times, depending on the value of H,. Further-
more, O, increases as the CO, and UV fluxes increase, as
expected.

While for O, the quantity of interest is the surface concentra-
tion, for ozone the total column density is perhaps more relevant
due to its ability to absorb UV radiation. Such a distribution
turns out to be substantially altered by the use of a A -dependent
UV flux, compared with the A -independent treatment of ref.
28. The results of Fig. 3 and Tables 3 and 4 indicate that there
has been an increase in the ozone column density of 1-3 orders
of magnitude.

Both O and OH radicals are seen to increase by an order of
magnitude when either CO, or the UV flux are increased.

The CO/CO, ratio is a particularly interesting quantity in
view of a recent laboratory experiment®' indicating that a mix-
ture of H,O and CO, once irradiated with UV radiation, yields
a large array of organic molecules relevant to the origin of life.
In the absence of CO, irradiation of CO, yields no organics.
The profile of the CO/CO, ratio is presented in Fig. 4 for
H, =17 p.p.m., corresponding to the minimum calculated ratio.
It is seen that at high altitudes the ratio is still much smaller

Table § Surface production and loss rates for H,CO as a function of UV flux
and CO, level (H, =17 p.p.m.v.)

Reaction rate (molecules cm™3s™')

Uv=1 UV =T Tauri
Reaction CO,=1 CO,=100 CO,=1 CO,=100

1. Production
HCO+HCO->H,CO+CO 1.22(2) 2.67 (4) 1.97 (1) 3.93 (4)
2. Loss due to photochemistry/chemistry
H,CO+hyv »H+HCO 7.75(1) 1.26 (4) 5.35(0) 1.05(4)
H,CO+ hv»H,+CO 7.97 (1) 1.30 (4) 4.84 (0) 9.86 (3)
H,CO-+H~»H,+HCO 7.03(0) 1.45(2) 6.16 (0) 1.22(3)
H,CO+OH-HCO+H,0 8.04 (-2) 4.81(1) 9.26 (-2) 5.74 (2)
H,CO+0->0H+HCO 1.94 (0) 1.58(3) 2.22(0) 1.88 (4)

Total 1.66 (2) 2.74(4) 1.87(1) 4.104)
3. Loss due to rainout 1.62 2.65(2) 3.38(=2) 7.17(1)
4. Rain-out rate
H,=17pp.m.v. 55(55)  7.34(7) 5.98(3)  5.45(7T)
H,=10"%p.p.m.v. 8.6(8)  2.02(9) 3.7(8)  1.07(10)
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than unity if the flux is unity UV and that an increase of CO,
makes the situation only worse, as expected. If, however, the
UV flux is increased as seen from Fig. 2, the situation changes
radically, yielding a ratio of the order of unity or even larger
at high altitudes, where the gas reactions simulated in ref. 61
are thought to occur. The increase of the UV fiux has therefore
distinctively improved the situation, as far as the CO/CQO, ratio
is concerned.

The value for H,CO computed in ref. 55 and corresponding
to UV=1 and CO,=1 is here well reproduced within the
uncertainties due to different photochemical models and
numerical schemes. Our results indicate that the concentration
of H,CO is extremely sensitive (up to four orders of magnitude)
to the abundance of H,. Column densities are presented in
Table 4. Perhaps the most interesting way of expressing the
results concerning H,CO is by way of Table 5, which gives the
surface production and destruction rates. We also list the loss
rates, two kinds of which are of interest. The first, representing
the combined action of chemistry/photochemistry, represents
a real destruction of H,CO molecules. It is seen from Table 5
that the H,CO destroyed at the surface exceeds its production
there, that is H,CO produced above the surface and transported
downwards is also destroyed. The second type of loss due to
Received 21 March; accepted 30 June 1983.
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rainout, transfers H,CO from the atmosphere to the ocean,
thus preserving it for polymerization processes. Finally, in Table
5 we present the rainout rates, (molecules cm™s™') obtained
by multiplying the values of Table 4 by the rainout coefficient.
They depend critically on the values of CO, and UV fluxes.
The surface concentration presented in ref. 55, 8.6 x 102, (for
UV =1 and CO, = 1) can vary by a factor of 10* depending on
the assumed values of CO, and UV fluxes. Because the value
given in ref. 55 was estimated to be sufficient to initiate poly-
merization processes in the ocean, we can conclude that if H,CO
were photochemically formed from CO, and H,O, in a UV-
enhanced environment, the level of CO, may have indeed been
greater in the early atmosphere than it is today.
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Phosphorylation of isocitrate dehydrogenase
as a demonstration of enhanced

sensitivity in covalent regulation
David C. LaPorte & Daniel E. Koshland Jr

Department of Biochemistry, University of California, Berkeley, California 94720, USA

The sensitivity to regulation of proteins undergoing covalent modification can be greatly increased when the substrates
saturate the converter enzymes. This phenomenon, termed zero-order ultrasensitivity, has been found to occur in the reversible
phosphorylation of isocitrate dehydrogenase. The possibility that this enhanced sensitivity is a common feature of covalent

regulatory systems is discussed.

REGULATION by covalent modification is known to be involved
in the control of almost every type of cellular process’>. The
phosphorylation cycle appears to be the most prevalent, but
other types of covalent modification have important roles’.
Protein phosphorylation has assumed increasing importance

0028-0836/83/380286—05%01.00

with the discovery that the gene products of certain oncogenic
viruses*> and various receptor molecules, such as the epidermal
growth factor receptor® and the insulin receptor”®, have kinase
activity.

An important feature of any control system is the degree to
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