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NASA's proposed Terrestrial Planet Finder, a space-based inter-
ferometer, will eventually allow spectroscopic analyses of the atmo-
spheres of extrasolar planets. Such analyses would provide informa-
tion about the existence of life on these planets. One strategy in the
search for life is to look for evidence of O3 (and hence O,) in a planet’s
atmosphere; another is to look for gases that might be present in an
atmosphere analogous to that of the inhabited early Earth. In order
to investigate these possibilities, we have calculated synthetic spec-
tra for several hypothetical terrestrial-type atmospheres. The model
atmospheres represent four different scenarios. The first two, repre-
senting inhabited terrestrial planets, are an Earth-like atmosphere
containing variable amounts of oxygen and an early Earth-type at-
mosphere containing methane. In addition, two cases representing
Mars-like and early Venus-like atmospheres were evaluated, to pro-
vide possible “false positive” spectra. The calculated spectra sug-
gest that ozone could be detected by an instrument like Terrestrial
Planet Finder if the O, concentration in the planet’s atmosphere is
>200 ppm, or 1073 times the present atmospheric level. Methane
should be observable on an early-Earth type planet if it is present in
concentrations of 100 ppm or more. Methane has both biogenic
and abiogenic sources, but concentrations exceeding 1000 ppm,
or 0.1% by volume, would be difficult to produce from abiogenic
sources alone. High methane concentrations in a planet’s atmo-
sphere are therefore another potential indicator for extraterrestrial
life. (© 2000 Academic Press

Key Words: exobiology; extrasolar planets; terrestrial planets;
spectroscopy; atmospheres, composition.

INTRODUCTION

to detect extrasolar planets are inadequate to answer these qt
tions. Radial velocity measurements are not sensitive enou
to detect a planet of Earth’s mass, and the extreme dispar
in brightness between an average star and its planetary comp
ions makes direct observation of the companion by ground-bas
telescopes impossible. Such measurements could be made, h
ever, by NASAs proposed Terrestrial Planet Finder (TPF) mis
sion (http://tpf.jpl.nasa.gov), which would utilize a space-born
interferometer to null out the overpowering light of a planet’s
parent star. TPF's observations would be made in the thermal i
frared, where the emission from an Earth-like planet would be :
a maximum (Angel and Woolf 1996). This method could poten
tially allow observation of the spectrum of a planet’s atmosphel
at distances as far as 15 pc from our Solar System, according
current baseline instrument plans (four 3.5-m, free-flying tele
scopes with a 50-1000 m baseline, orbiting at 1 AU). A boom
mounted configuration might also be used. Studies are underw
to determine the relative merits of the two different approache

What can observation of the spectrum of a planet's atmosphe
tell us about the existence of life on the planet? In 1965, Joshi
Lederberg suggested a possible criterion for detecting life on
planet's surface: atmospheres that had been modified by bic
should exhibit marked departure from thermodynamic equilib
rium (Lederberg 1965). This criterion would be necessary, bt
not sufficient, to demonstrate the existence of life, as any atm
sphere will display some degree of disequilibrium as a resu
of the competition between thermally and photochemically in
duced reactions. However, an extreme degree of disequilibriu
would be quite suggestive of life. Lovelock (1965) elaborate
on these ideas later in the same year, noting that a signatt

The steady growth in the number of giant extrasolar planei§life on Earth is the simultaneous presence of highly reduce
detected since 1995 (Marcy and Butler 1998) has bolstered intgases such as Gtland N,O, along with the oxidized gas;OAll
est in two questions: How many terrestrial-type planets migbf these gases are produced predominantly by biological acti
exist in other solar systems? And do any of these Earth-likg. Sagaret al. (1993) used data from the Near Earth Mapping
planets harbor life? Unfortunately, the methods currently us&gpectrometer (NIMS) on th&alileo spacecraft to show that
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all three of these gases could be detected on Earth from spadeserving range. Ozone also has a nonlinear dependence
so that one could in principle ascertain that Earth is inhabitélde atmospheric Qabundance, rising to appreciable concentre
without visiting its surface. tions even at relatively low @levels (Ratner and Walker 1972,
Although remote spectroscopic detection of life appears pdsevine et al. 1979, Kasting and Donahue 1980, Kastiial.
sible, we are limited in the types of observations we can make b985), and is therefore in some ways a more sensitive indic
the inherent difficulty in viewing terrestrial-type planets in othetor of O, than Q itself. The only significant abiotic net source
planetary systems. In particular, the thermal IR region of tle# O, in the Earth’s atmosphere is the photolysis of water il
spectrum that TPF will observe will not allow the direct obsethe stratosphere followed by the escape of hydrogen to spe
vation of N,O or O,. Although N,O has absorption lines in this (Walker 1977), which presently yields a production rate of ar
region, the absorption is rather weak for a planet like Earth bgroximately 4x 10" O, molecules cm? s~1. The rate of abiotic
cause NO is present only in small concentrations (0.3 ppm) ard, production on early Earth should have been even smalle
is mostly confined to the troposphere: @es not absorb radia- as the stratosphere would probably have been cooler and dr
tion in the thermal IR. Other interesting gases do absorb strongfiyan it is today (Kasting and Ackerman 1986).
in this range, however, including GCH,0, O3, NHz, and CH. The major sinks for @ are the oxidation of Earth’s crust
CO, and HO both appear to be essential for the existence ahd reaction with reduced volcanic gases such as CO and |
life, but do not by themselves imply that life exists. Ammoni&olland (1978, pp. 291-292) estimates the present outgassi
is produced by the processes of life on Earth, but is present ordyes of B and CO to be 11 and 8 10'* mollyr, respectively.
in small and highly variable amounts (0.1 to 10 ppb) in Earthhis gives a total volcanic oxygen sink of x410'® mol/yr, or
atmosphere, as it rapidly photolyzes. Even in a reducing, prifaix 10° molecules cm? s™. Thus, this sink alone overwhelms
itive atmosphere, the expected amount of ammonia would thee abiotic oxygen source by a factor of 60 or more. Models ¢
small; the model of Brown (1999) indicates that an ammonkarth’s early atmosphere based on these numbers indicate t
surface flux of 18 cm=2 s~* could sustain a mixing ratio of O, mixing ratios should have risen to only 10and 102 in
only 10710 because of rapid photolysis. This fluxisl0 times the stratosphere, and10~'2 at the surface in the absence of a
the current flux of ammonia from anthropogenic and naturalbjotic source (Kastingt al. 1979, Pintoet al. 1980). However,
occurring biotic sources (Brown 1999). Thus, it seems unlikeiven in the absence of volcanic activity, the existence of liqui
that ammonia would be observable in a terrestrial-type atmwater on the surface of the planet should facilitate the oxidatic
sphere by an instrument like TPF. Similarly,®l photolyzes of the planet’s crust, creating a large §ink. Thus, for planets
rapidly in low-O, atmospheres and is not expected to have bepasitioned within the liquid water region, or habitable zone, of :
abundant on the early Earth (Kasting and Donahue 1980). Tdtar, the simultaneous presence of the signatureg ah@water
biotic trace species OCS and £®ight be suggested as usein the planet’s spectrum would imply a large source of This
ful biomarkers; however, they both photolyze in the near-USource would best be accounted for by the existence of life
(Okabe 1978) and hence could not be expected to accumulatthim surface.
an Earth-like atmosphere to a level measurable by a TPF-class
interferometer. By contrast, GHphotolyzes only at very short
wavelengths X < 1450A) and can therefore have a long pho-

':f')chemmal_ Ilfet|rg|e mEa V\tlﬁakly Ireduce(tj, prlmrl]nve aimosphere. In order to determine the lower limits of oxygen abundanc
ence, @(in modern Earth-analogue atmospheres) angd @H to which TPF is sensitive, a series of synthetic spectra of &

early Earth-analogue atmospheres) appear to be the best gﬁ'?(?épheres containing varying amounts of oxygen were create

to look for as indicators of extraterresrial life. The ozone profiles, from the model of Kastiegal. (1985), are

At this point the case could legitimately be made that Odhown in Fig. 2. The tool used to generate these spectra w

search strategy is somewhat chauvinistic, as we are considelimg Line-By-Line Radiative Transfer Model (LBLRTM) devel-

gases that are the result of an Earth-based biology. Unfor yed by Cloughet al. (1992), with line parameters provided

nately, this situation is borne of necessity. The question of w the HITRAN 92 database’. The accuracy of the code can |
gases amore “alien” biological activity might produce must w. emonstrated by comparing a synthetic spectrum of the outg
until plausible alternative biologies are postulated. (This may Pr?g IR radiation from the Earth produced by LBLRTM with the
a long wait!) In the meantime, the general characteristics d »ectrum obtained by the IR spectrometer aboardifbus 7
cussed above must suffice to guide our investigation, as we 05&

K f hich 1o b h ellite (Fig. 1).
now ot one case on which o base our search. The atmosphere was modeled up to a height of 60 km, u

ing 30 2-km thick layers. Our viewpoint was from space, look

OZONE AS A POSSIBLE INDICATOR OF LIFE ing down at a zenith angle of 60This angle was chosen be-

cause we assume that the instrument will be viewing the plar

Angelet al. (1986) first pointed out the significance of ozon&vith one-pixel resolution, so the appropriate viewing angle i

as a potential biomarker. As shown in Fig. 1, ozone has a strahg average over a sphere. Spectra were computed between
absorption feature at 9,6m, in the middle of TPF’s planned wavenumbers of 400 and 1600 chaWhile the resolving power

SYNTHETIC SPECTRA OF O,-RICH ATMOSPHERES
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FIG.1. (a) A synthetic spectrum of the modern Earth atmosphere, as generated by LBLRTM. The assumed surface terfigasa2@& K. (b) The actual
spectrum of Earth’s atmosphere as measured by a scanning interferometer abbtmtbile 7satellite during a pass over the North African des@&tf 296 K)
(Liou 1992). From “Radiation and cloud processes in the atmosphere: theory, observation, and modeling” by Kuo-Nanlki@g2 by Oxford University Press,
Inc. Used by permission.

of TPF has yet to be determined, it is planned thaéax will  height, the temperature was assumed to decline adiabatica
be somewhere between 3 and 300. The high-resolution spettrd 75 K and to remain constant above that. This change wi
that we obtained from LBLRTM were therefore degraded tmade to compensate for the lack of warming from UV absorf
similar resolution £200 in the middle of the range) to approxi-tion by ozone. Eventually, this calculation should be done with
mate the spectra we might expect to obtain from TPF. We mazbupled photochemical/radiative—convective climate model th
eled five different profiles: A modern Earth profile based on trealculates the stratospheric temperature self-consistently, but
U.S. standard atmosphere (NOAA-S/T76-1562), and four proew we have simply assumed that the stratospheric temperatt
files where we set the oxygen content at1,0.0-2, 103, and bulge disappears at,devels below 1 PAL.

10-* times present atmospheric level (PAL). The pressure andUnder these assumptions, the equivalent width of the.9u6-
temperature profiles for the latter four followed that of the U.®zone band (and the om CO, band) increases with respect
standard atmosphere up to the tropopause (10 km). Above tieathe modern atmosphere when theabundance is reduced to
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FIG.2. Ozone profiles for different atmospherig ©oncentrations, generated from the model of Kas¢ingl. (1985), but previously unpublished.
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FIG. 3. The modeled 9.6-mm ozone band for an Earth-like atmosphere containing variable amouptsdofdld, isothermal stratosphere (175 K) was
assumed for all but the 1 PAL case.
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101 PAL (Fig. 3). This is partly the effect of assuming a low- We assumed a 1-bar mixture of @@nd N at the surface,
temperature stratosphere; a coupled photochemical/temperatariée proportion of 1:4 (the same as the early-Earth case d
calculation might not produce the same result. However, Figsgribed in the next section). We set the surface temperature eq
suggests that ozone should be observable down to concentratford’ 3 K and added #O with a vapor pressure of 1 bar, as would
of at least 102 PAL of O,, so it is indeed a sensitive indicatorbe expected if the planet had an ocean. The total surface pr
of the presence of O sure was therefore 2 bars. We calculated a moist-adiabatic te
perature and pressure profile (Fig. 4) based on equations frc
Kasting (1988, Appendix A) and used this to compute the re
SYNTHETIC SPECTRA OF POSSIBLE “FALSE POSITIVE”  sults shown in Fig. 5. The atmosphere was modeled to a heic
TERRESTRIAL PLANETS of 120 km in this case to ensure accuracy in the presence of lar
amounts of stratospheric,®. The only easily identifiable fea-
A critical question for TPF is whether it is possible to gefures in the spectrum are the 1%a CO, band and water vapor
a false positive result, that is, to seg @nd, by implication, bands longward of 12m and shortward of 7.,m. Because
O2) on an uninhabited planet. Kasting (1997) has identified twg its high H,O content, the atmosphere is quite opaque in th
cases where this might happen. The firstis a “Venus-like” planeigion of the spectrum we are modeling; the lower blackbod
that loses water rapidly as a consequence of a runaway gregiive indicates the temperature at the top of our model atm
house, or some variant thereof . After the hydrogen has escaggHere (120 km), while the upper curve is the temperature at :
over a period of a few tens or hundreds of millions of yearsgjtitude of 46 km.
Oz could conceivably build up to concentrations of tens or hun- While we would expect much £to be generated during the
dreds of bars before it eventually reacts with the planet's surfageescape phase of the early venusian atmosphere, the prod
The second false positive case is a “Mars-like” planet that is t§en of ozone from this @ would most likely be suppressed
small to generate sustained volcanism and too cold to have ligy the presence of abundant odd hydrogen species genera
uid water at its surface. Under such circumstanceq@roduced by the photolysis of HO. Only after the atmosphere of Venus
from H,O photodissociation followed by hydrogen escape coulthd lost all of its water would we expect ozone abundance
accumulate to appreciable levels in the atmosphere becauseiéeto appreciable levels. Thus, criteria for evaluating the like
available @ sinks would be small. &formed from the photoly- |ihood of the existence of life on a planet bearing such an atmt
sis products of C@(Nair et al. 1994) would accumulate as well. sphere become apparent: if we see ozone, but no water, we
We note that Mars’ atmosphere contains 0.1%b@volume and tentatively conclude that the planet has experienced the sat
might contain even more if it were slightly larger and, henceate that seems to have befallen Venus, and thattar@ Q
did not lose oxygen to space by nonthermal processes (McElege entirely abiotic in origin.
1972). For the Mars-like planet we assumed a temperature profi
Hopefully, future interpretations of TPF data will be able tgimilar to that of modern Mars, with a surface temperature c
identify such planets from their positions with respect to ther15 K, decreasing adiabatically to an isothermal stratosphet
parent star’s habitable zone. (The Venus-like planetis, by defikmperature of 180 K. The atmospheric composition was a Mar
tion, outside the inner edge, and the Mars-like planet is outsifiee mixture of gases (95% CQ3% N,, 0.1% Q, and 0.08%
the outer edge.) But the actual boundaries of the habitable zoge®). We assumed a 1-bar surface pressure, which of course
which have been estimated using one-dimensional climate m@guch higher than the present martian surface pressure (6 mb:
els (Kastinget al. 1993a), may in reality be difficult to pin down but which might be appropriate for an Earth-sized planet sit
because of the highly uncertain climatic effects of clouds (sagated just outside the habitable zone around its parent star.
e.g., Forgetand Pierrehumbert 1997). In order to investigate hpwy. 6 illustrates, the spectrum is dominated by.@&tures: the
these planets might appear to TPF, we have computed synthgg,m band, two “hot” bands at 9.4 and 1Qu4n (correspond-
spectra for planets that are representative of these two casesng to transitions between thg andv, vibrational modes), and
For our Venus-like planet, we assumed a “moist greenhous@jo bands at 7.9 and 7,3m, representing the; fundamental
scenario (Kasting 1988). We further assumed that the atmigands of the isotop¥C!%0'80 (Rothmaret al. 1992). These
sphere of early Venus had an initial mixture of gases similar gge observed here, but not in our early-Earth-type model atm
that postulated for the early Earth, and that it initially had liquigphere (next section), because of the much lower amount®f H
water on its surface. The surface temperature would have b@ethis very cold atmosphere. The lack of a strongHotation
roughly 353-373 K before the escape of the planei®iiven-  band longward of 12m and the absence of the® vibrational
tory. An atmosphere with this surface temperature would hagands shortward of 7 sm should make this type of planet easy
remained saturated with water vapor up to very high altitudes. identify.
The stratosphere would be wet in such a scenario, allowing rapid
photodissociation of kD followed by hydrogen escape to space. METHANE AS A POSSIBLE INDICATOR OF LIFE
Eventually, this process depleted Venus of water, preventing the
loss of CQ by silicate weathering and leading to the current While ozone would be an effective indicator of photosyntheti
thick, hot atmosphere. life, the absence of an ozone signal does not necessarily img
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FIG. 4. (a) Temperature and (b) mixing ratio profiles used for the early Venus case.

that life is not present. For example, freg l@as probably been Early organisms may also have utilized nopq@oducing

present in appreciable amounts in the Earth’'s atmosphere fiogtabolic processes, such as anoxygenic photosynthesis :
only the past 2 billion years (Cloud 1972, Wallketral. 1983, methanogenesis (Walker 1977). The latter process is partic
Holland 1994) (see Ohmoto 1996, for a dissenting opiniorgrly interesting from a life detection standpoint because it prc
yet the oldest signs of life go back as far as 3.9 billion yeadtices CH. CH, has a small abiotic source from volcanic out-
(Mojzsis et al. 1996). Photosynthetic life may well have beemgassing at the midocean ridges today (Welhan 1988, Kastil
present at this very early time, but if so, the @roduced was and Brown 1998), but its primary sources are biological (Watsc
immediately consumed by reaction with reduced volcanic gasesal.1990). In today’s atmosphere, methane would be extreme
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FIG.5. Synthetic spectra of an “Early Venus-like” planet with a moist greenhouse atmosphere. The 286-K level occurs at approximately 46 km altitu

wavelength (um)

16.7 12.5 10.0 8.3 71
6.0e-06 T

Marslike terrestrial planet

4.0e-06

radiance (W/cmzlstr/cm'1)

2.0e-06

0.0e+00 ! . .
400.0 800.0 1200.0 1600.0

frequency (cm™)

FIG. 6. Synthetic spectra of the atmosphere of a “Mars-like” terrestrial planet. The surface pressure is 1 bar, the surface temperature is 215 K,
stratospheric temperature is 180 K.
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difficult to detect with an instrument like TPF, as it is mostly a wavelength (um)

confined to the troposphere and is present in such small amounts 10.0 83 741 63
(~1.7 ppm). Before the rise of Dhowever, methanogenic life
may have generated a methane-rich atmosphere which TPF could
have detected. We now demonstrate that observation of methane
in the atmosphere of extrasolar planets is feasible, and we spec-
ulate about what such an observation might tell us about the
presence of life on a planet’s surface.

6.0e-06

3.5e-06 |

radiance (W/cristricm')

SYNTHETIC SPECTRA OF EARTH-LIKE
CH4-RICH ATMOSPHERES 1.0e-06

The first step in demonstrating the usefulness of methane as a
biomarker is to show that it is detectable by a low-resolution b -1:5e%
spectrometer such as TPF. To do this, we applied the LBLRTM
code to model atmospheres consisting of 0.78-kaaui 0.20-
bar CQ at the surface. This is a typical (though by no means 60006 1
unigue) composition suggested for the early atmosphere of Earth
(Walker 1977). Amodern water vapor profile was assumed, with
a mixing ratio of 1.2% at the surface falling off with a scale
height of 2 km. The temperature and pressure profiles were the
same as those for the low,OEarth-like cases. Spectra were
computed for methane mixing ratios of 0, 1, 100, antidim,
and are illustrated in Fig. 7. Once again, these spectra should
be considered as “preliminary.” In reality, absorption of visible
and near-IR radiation by CHwould raise the temperature of
the stratosphere at high Gldoncentrations, so the depth of the
absorption bands might be less than we have calculated.

For the low-CH atmospheres the spectra are dominated by
the strong C@ band at 15.um, the two hot CQ bands at 9.4
and 10.4um, the pure rotation band of @ longward of ap-
proximately 12um, and the vibration—rotation bands of®l
shortward of approximately 8m. The difference between the
1 ppm methane case and that containing no methane is small; itis 10008 |
unlikely that these two cases would be distinguishable based on
TPF observations. However, the 100-ppm methane case shows
significant absorption from the strong 7.6n band of CH. of 508
In the 1@ ppm, or 1%, methane case this band is completely
opaque (so the brightness temperature in this spectral region is
equal to our assumed stratospheric temperature of 175 K). The 6.0e:06 |
7.6-um band of CH is clearly separated from the main €O
and KO bands and should be observable by TPF for planetary
atmospheres in which the GHhixing ratio exceeds 100 ppm.
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DISCUSSION
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In order to decide whether methane might be used as a bio-
marker, we need to estimate the possible source terms for
methane on an abiotic, Earth-like planet. There are atleast three ~ ™**®100 1200 1200 600
known mechanisms for the abiotic production of methane. The frequency (cm')
firstis the reduction of C&©during the low-temperature serpen- . o ) .
tization of olivine (Berndtet al. 1996). AIthough this mecha- FIG. 7. Synthetic spectra of a prlmltNe Earth-like atmosphere containing
0.8 bar N and 0.2 bar C@, along with: (a) no CH, (b) 1 ppm CH, (c) 100 ppm

nism may be widespread, long residence times of @Qiltra-  cH,, and (d) 16 ppm (1%) CH. The signature of methane is easily observable
mafic rock appear to be needed to produce significant amouttscH, concentrations down to 100 ppm.
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of methane. Thus, this process is probably less important thtaday. If the mantle was once highly reduced, as suggested
other abiotic sources of methane. Kastinget al. (1993b) (see also Kadik 1997, and Righter anc
A second mechanism for abiotic methane generation is tBeake 1997), then the GJACO, ratio could have been much
photolysis of HO in the presence of CO (Wenal.1989), which higher. If most of the carbon outgassed from the midocean ridg
also generates a number of other reduced carbon compouwds emitted as Ck the atmospheric CHmixing ratio could
such as aldehydes, alchohols, alkanes, and alkenes. For methare been 50 ppm or more, depending on the overall release r
production, the net reaction is of carbon compared to that of today (Fig. 8).
Even with a highly reduced mantle, however, the abiotigCH
2H,0 +4C0O— CH, +3C0, flux from Earth is still much lower than the present biologi-
This mechanism, however, appears to be very inefficient. In tbgl CH, flux. The present biological CHflux is on the order
model of Wenet al. (1989), the resultant methane mixing ratiaf 2.8 x 10 mol/yr, or approximately & 10** CH, molecules
was approximately 4 1078, This is about 40 times less thancm~2 s-1 (Watsonet al. 1990, Kasting and Brown 1998). This is
the average methane mixing ratio of %2.07° on present-day about 20 times higher than the total carbon flux at the midocez
Earth, which is mostly biogenic. Experiments with our own phaidges. It is difficult to estimate the biological GHlux on the
tochemical model (Brown 1999) at different atmospheric,CQearly Earth, but if it was similar to today, then the atmospheri
and CO mixing ratios indicate that this mechanism never prgH, mixing ratio could have been on the order ok302
duces significant quantities of methane. This mechanism qaig. 8). Whether this is high enough to distinguish it from abi-
therefore be safely ignored for our purposes. otically produced CHhlis unclear. Consequently, observed atmo:
The third source of abiotic methane is volcanism. While litspheric CH levels near or exceeding310~3 would be sugges-
tle or no methane is generated from modern surface volcanigge of biological activity, but it would be difficult to prove that
(Holland 1984), conditions at the midocean ridges of present-d@ey required biological activity. A young, volcanically active
Earth are more favorable for its production. Indeed, the Obser\@@net with a highly reduced mantle might produce a comparab
ratio of CHy/CO;, in unsedimented midocean ridge hydrothemigh level of atmospheric CHand a similar spectral signature.
mal vent fluids is on the order of 1-2% (Welhan 1988). The total An additional caveat that should be added to this analysis
outgassed carbon flux at the midocean ridges is approximatgiit the high atmospheric GHevels predicted by Fig. 8 for
1.4x 10" mollyr, or 5x 10° molecules cm? s~* (DesMarais a biologically active planet may only be possible if the escap
and Moore 1984, Marty and Jambon 1987, Kasting and Browste of hydrogen is less than the diffusion-limited rate. At the
1998). Hence, the current flux of Giftom submarine volcanism diffusion limit (Hunten 1973, Walker 1977), a GHixing ra-
is approximately 5< 10’ molecules cm? s™*. A photochemi- tio of 3 x 10-3 would imply an H escape rate of approximately
cal model of a weakly reducing atmosphere which includes sughs x 10'%)(4)(3x 1073), or 3x 10'* H atoms cm? s~L. By
a CH, flux indicates that the corresponding £hhixing ratio comparison, the total outgassing rate of reduced gases toc
would be~0.5 ppm (Fig. 8) (Kasting and Brown 1998, Browris only enough to supply an escape flux of approximately 1
1999). This model is similar to those described by Kastingl.  10'° H atoms cm? s~ (Holland 1978, pp. 291-292; Kasting
(1983) and Zahnle (1986), except that it also includes sulfur agdld Brown 1998). Thus, a Chinixing ratio of 3x 103 or more
ammonia photochemistry. requires reduced volcanic gas fluxes at least 30 times higher th
It is possible, even probable, that the abiotic production efday. Alternatively, this mixing ratio could be supported if hy-
methane from submarine vents was once much higher than igli®gen escapes at less than the diffusion-limited rate. This latt
possibility is not at all physically implausible. An anoxic, O
10" . . . dominated primitive terrestrial atmosphere should have a co
(~400 K) exosphere, just as Mars and Venus do today. Ther
fore, it may be energetically difficult for hydrogen to escape a
rates exceeding 3®H atoms cm? s71. (The present H escape
rate for Earth is only about 8 10° H atoms cm? s~1.) More
work needs to be done to evaluate hydrogen escape mechani:
71 for Hy- or CHy-rich atmospheres so that we can better estima
_________________________ what atmospheric CHevels might have been on the primitive
Earth, and what might be expected on similar types of plane
orbiting other stars.

E Present CH, flux (biological)

iy
(=]

3

-
(=]

©

CH, FLUX (cm™s™)
3

10° L L : B CONCLUSIONS

CH, MIXING RATIO Ozone, with its very strong 9.6m band, appears to be a

FIG.8. The surface Chiflux required to support various atmospheric£H robust mdl(_:ator of the e_XIStence sz(I_n the atmOSphere of a
mixing ratios in a weakly reducing primitive atmosphere (from Kasting anBlanet. An m_Strumen'F with the resolving power of TPF shoulc
Brown 1998). Reprinted with the permission of Cambridge University Pressbe able to discern this feature for amounts of gdeater than
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1x 102 PAL. O, and Q may accumulate abiotically on cer-Kasting, J. ., and T. M. Donahue 1980. The evolution of atmospheric ozon
tain Venus- and Mars-like planets, but such planets should be- Geophys. Res5, 3255-3263.

distinguishable from inhabited planets by their spectra and K§sting. J. F., D. H. Eggler, and S. P. Raeburn 1993b. Mantle redox evol
their position outside of the boundaries of the liquid water hab-1o" and the oxidation state of the Archean atmosphr&eol.101, 245-

. 257.
itable zone. Kasting, J. F., H. D. Holland, and J. P. Pinto 1985. Oxidant abundances

The strong 7.6+m band of meth"fme provides_ aspectral signal rainwater and the evolution of atmospheric oxyganGeophys. Re<0,
that should be observable by an instrument like TPF for atmo-10,497-10,510.
spheric CH concentrations exceedingl00 ppm. CH concen- Kasting, J. F., S. C. Liu, and T. M. Donahue 1979. Oxygen levels in the prebi
trations of this magnitude could be produced by either biotic orlogical atmospherel. Geophys. Reg4, 3097-3107.
abiotic sources if the planet in question had an anoxig- Kasting, J. F., D. P. Whitmire, and R. T. Reynolds 1993a. Habitable zones arou
atmosphere similar to that expected for early Earth, €bhcen- ~ Main sequence staisarus101, 108-128.
trations of 3000 ppm (3( 10-3 mixing ratio) or higher would Kasting,J.F.,K.J. Zahnle, and J. C. G. Walker 1983. Photochemistry of metha

. . . in the Earth’s early atmospheretecambrian Re20, 121-148.
require a CH source comparable to the present biologica, CH derbera. J. 1965. Si ¢ lite: Criteri rem of exobiol 207
flux on Earth and may therefore be a useful, though not defir'ﬁe—gi3r erg, J. 1965. Signs of life: Criterion-system of exobiologture 207
tive, m_dlcator of extraterrestrial life. Wh”e the use 9f methanI?evine, J. S., P.B. Hays, and J. C. G. Walker 1979. The evolution and variabili
as a bloma_lrker_ gas lacks the certainty the_ detection of 0ZONgt 4ymospheric ozone over geologic tinearus 39, 295-309.
would provide, it has the advanFage of z_illowmg us to extend Olfyelock, J. E. 1965. A physical basis for life detection experimeNsture
search for extrasolar life to a wider variety of planets. 207, 568-570.
Marcy, G. W., and R. P. Butler 1998. Giant planets orbiting faraway sEais.
Am. Presents: Magnificent Cosm@sl0-15.
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