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A radiative transfer model is used to quantitatively investigate
aspects of the martian ultraviolet radiation environment, past and
present. Biological action spectra for DNA inactivation and chloro-
plast (photosystem) inhibition are used to estimate biologically ef-
fective irradiances for the martian surface under cloudless skies.
Over time Mars has probably experienced an increasingly inhos-
pitable photobiological environment, with present instantaneous
DNA weighted irradiances 3.5-fold higher than they may have been
onearly Mars. Thisis in contrast to the surface of Earth, which expe-
rienced an ozone amelioration of the photobiological environment
during the Proterozoic and now has DNA weighted irradiances al-
most three orders of magnitude lower than early Earth. Although
the present-day martian UV flux is similar to that of early Earth
and thus may not be a critical limitation to life in the evolutionary
context, it is a constraint to an unadapted biota and will rapidly
kill spacecraft-borne microbes not covered by a martian dust layer.
Microbial strategies for protection against UV radiation are con-
sidered in the light of martian photobiological calculations, past
and present. Data are also presented for the effects of hypothetical
planetary atmospheric manipulations on the martian UV radiation
environment with estimates of the biological consequences of such
manipulations.  © 2000 Academic Press

Key Words: atmospheres; evolution; exobiology; Mars; photo-
chemistry; radiative transfer.

1. INTRODUCTION

On Mars the lack of a significant ozone layer and the lowe
total atmospheric pressure than that of Earth results in an €
vironment with a higher surface flux of ultraviolet radiation.
This UV flux has been considered to be a significant evolutior
ary selection pressure to life (e.g., Sagan and Pollack 197
On Archean Earth (3.9-2.5 Ga), during the period before tt
accumulation of atmospheric oxygen and ozone, life was pro
ably exposed to higher UVB radiation than present-day Ear
and also UVC radiation (e.g., Sagan 1973, Margelial. 1976,
Kasting 1993). Many types of organisms, probably includin
cyanobacteria, had colonized Earth (Schopf and Packer 19¢
Mojzsiset al. 1996). Thus, based on the similar DNA-weighted
irradiances calculated for Archean Earth and present-day Ma
it has been suggested that even the present-day martian UV f
may not be a limitation to the evolution of life (Cockell 1998).
However, itisin synergy with other extremes such as low tempe
atures and the lack of liquid water that the environmental stre
of UV radiation contributes to the biologically inhospitable na-
ture of the present martian surface (Cockell 1998) and the la
of preservation of organics (Oro and Holzer 1979, Stoker ar
Bullock 1997). Although the martian UV flux may not be criti-
cally limiting in the evolutionary context, biologically effective
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irradiances will of course be significant for an unadapted preseh®93) and is based on the two-stream model described by Jose
day terrestrial biota transferred to Mars, and particularly for agt al. (1976).
tificial ecosystems (Cockell and Andrady 1999). DNA weighted UV flux was calculated with a resolution of 2 nm. Dust is alsc
irradiances are approximately three orders of magnitude higlaer important factor on Mars. On clear days optical depth ca
than typical clear sky values on Earth at comparable zenittinge between 0.1 and 1.0 in the visible (Habetlal. 1993).
angles. Localized dust storms will generate an optical depth of 2.0 an
The present day UV flux at 200, 250, and 300 nm on theevere dust storms an optical depth of about 6.0. These valt
martian surface was calculated by Kuhn and Atreya (1979) faiere used to consider typical dust loadings that are discuss
different times of the year. In this paper, a theoretical asseghere appropriate in the text. TH@scar and Qex: Values used
sment of the past and present UV radiation environment on Maascalculate the relative contribution of absorbance and scatte
is presented and the biological and evolutionary consequengesin the UV range for a given dust optical depth were derive
are discussed. Implications for the introduction of terrestrial dirom Zurek (1978) and were taken as follows Qscas Qext):
ganisms to the martian surface, relevant to planetary protect@®il, 1.2698, 2.1783; 308, 1.4481, 2.2182; 388, 1.9791, 2.341
concerns and long-term human exploration are considered. Ef2, 2.0376, 2.3293. Values between these wavelengths we
fects of the alteration of the martian atmospheric compositi@alculated by linear interpolation. Planetary obliquity was take
on UV flux are addressed. as 25.2, eccentricity as 0.0934, and perihelionlai=250.
The albedo of the martian surface in the UV range was set
0.1 unless indicated otherwise. The scattering asymmetry fa
tor of the dust §) was set at 0.736, the value calculated fol
350 nm (Pollacket al. 1979, Haberleet al. 1993). Changing
g from 0 to 0.736 in our model was found to increase the U\
flux calculation by only 2—6%. Martian cloud cover, which may
The radiation flux that reaches a point on the surface of Marglude crystal clouds possibly formed from €Q.ee et al.
will depend on a variety of factors such as the presence of cloli®90) is not taken into account in the calculations and nc
cover, atmospheric dust loading, season, and latitude (Saganaredterrestrial clouds. Clouds can cause attenuation of UV r
Pollack 1974, Kuhn and Atreya 1979). It can be calculated udiation, which may reduce diurnal and seasonal exposure,
ing a radiative transfer model. We assumed a 6-mb atmosphiereonsidering cloudless skies this paper addresses the wor
of CO, with no other significant gaseous constituents. Duringase environment, which is prudent when considering biologic
perihelion when the southern polar cap sublimes, the total affects.
mospheric pressure may increase to between 9 and 10 mb abhe total pressure on Mars is subject to variation cause
was observed during winter solstice at the two Viking landingy the growth and dissipation of the polar caps. In the cas
sites (Hes®t al. 1980). Thus, the assumption of a 6-mb atmoaf Viking 1, the total pressure during winter solstice (perihe:
sphere is a typical summer value for most sites on Mars. NeitHi®n) was approximately 9 mb and for Viking 2 it was 10 mb.
H,0O (0.03%) nor the low levels of atmospheric @.13%) These pressures dropped to approximately 6.75 and 7.5 n
have significant absorbance in the UV region at martian columespectively, during the summer (Hesstsal. 1980). For an at-
abundances based on their absorption cross-sections (Yungmedpheric pressure change of 6 to 10 mb over a season, |
DeMore 1999). The extraterrestrial solar spectrum is now wetital UVB and UVC flux is reduced by 1.63% for a dust optical
defined. High altitude aircraft, balloons and measurements fratapth of 0.5. These increases in pressure translate into a sligh
Spacelab 2 have provided accurate information on the spectrgreater reduction in the biologically effective doses to DNA
of the Sun in the near-Earth environment (Averseal. 1969, (2—-3%), since with larger total atmospheric pressures, the i
Mentall et al. 1981, Van Hoosieet al. 1987, Nicolet 1989). cident UV radiation is skewed more toward less biologically
The radiation incident on the top of the martian atmosphere wéamaging longer wavelengths as a result of proportionally mol
calculated from Nicolet (1989) with an inverse square-law recattering at shorter wavelengths.
duction, based on the seasonally dependent Sun—Mars distand@iurnal variations in pressure principally caused by therme
and it was input into the radiative transfer model. These UNtles are also small. Pressure variations over a day genera
radiation fluxes correspond to a period of low solar activity irange up to a maximum of 3% at perihelion (Hessl. 1980).
1985 (Nicolet 1989). This corresponds to a change in the total UVB and -C flux o
Direct UV flux was calculated using Beer's law. The solaapproximately 0.1-0.2%.
zenith angle was calculated for any given latitude, orbital posi- Effects of altitude variations on martian UV flux are also
tion and time of day using standard equations (e.g., Habeale small. At the summit of Mount Olympus, which rises approxi-
1993). Diffuse UV light was calculated independently of diregnhately 21.2 km above the topographic geoid (Sratthl. 1999),
flux so that UV radiation on shaded surfaces could be estimatéte atmospheric pressure may be between 0.5 and 1 mbar (Zu
It was calculated using a Delta—Eddington approximation tha992). The Hellas Basin is probably the lowest point on Mars
assumes reflection on a Lambertian surface (e.g., Habeale approximately 7.8 km below the topographic geoid. Averag

2. CALCULATION OF THE MARTIAN AND TERRESTRIAL
UV RADIATION ENVIRONMENT, PAST AND PRESENT

i. Calculation of Present Martian UV Flux
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pressure here is approximately 12 mbar (Zurek 1992). The totafliation around 250 nm, consistent with previous calculatior
UVB and UVC variation between the Hellas Basin and the surfiKuhn and Atreya 1979).
mit of Olympus Mons probably spans a range that lies betweenFor the calculation of present-day UV radiation on Earth
2 and 3% on either side of average UV values found at the r&ayleigh scattering of air molecules was calculated and ozol
erence datum. The calculated 2% enhancement in UV flux ne&a column abundance of 8.085.0*® cm~2 was assumed (i.e.,
the summit of Olympus Mons may not reflect the actual U800 Dobson units). This value is typical for mid-latitude anc
radiation environment experienced on the structure. Classiegluatorial regions. The ozone cross section was taken frc
observations of Olympus Mons and of other high constructs @aumontet al. (1992). The extraterrestrial spectrum providec
Mars indicate that the volcano is the site of frequent cloud covéry Nicolet (1989) was used in the model.
most likely CQ cirrus (e.g., Martiret al. 1992). The frequent
presence of such clouds is likely to be the prime controller of
the local UV radiation regime. During the 1981-1982 opposi- L
tion, Akabaneet al. (1987) measured the optical thickness (F))f a'r'f UV Radiation on Early Barth and Mars
Olympus Mons cloud, attributing to it a maximum value of 0.5. The composition of the atmosphere on early Earth and Mars
To first order then, the reduction in UV flux on Olympus Monsontroversial, particularly with regard to the source of the greet
due to cloud cover is high enough to entirely cancel the effdobuse effect required to keep early Earth and Mars warm. Irc
of increased flux due to altitude relative to the reference datyrecipitation patterns in Precambrian paleosols on early Eatr
level. 2.8-2.2 Ga (Ryet al. 1995) suggest that pG@nay have been
Unless otherwise stated, ozone abundances in the martiariess than 40 mb. Also iron silicate—iron carbonate equilibria aj
mosphere were assumed to be negligible. The Martian pofdied to the deposition of sediments in Archean banded iro
regions experience some production of ozone during the wilermations indicate that pCQwas less than 0.15 bar (Mel'nik
ter and in early spring and fall when atmospheric temperaturE382). However, during the early Archean 3.5 Ga,,Gfar-
drop (Barthet al. 1973, Barth and Dick 1974, Lindner 1991)tial pressures may have beerl bar (Kasting 1993), and this
The quantity of ozone measured by Mariner 9 was equivalentrtiay have been required if there had been no other source
amaximum column abundance of 1.81.0'" cm~2in the north greenhouse warming. Here this value is used for early Ear
circum-polar region (50to 75°N). This quantity was measured3.5 Ga. It is assumed that specific UV absorbers such as s
inwinter and slowly decreased until it vanished inthe summer.fur (e.g., Kastinget al. 1989) or an organic haze (Sagan anc
the southern polar region this value was about 4D cm2 Chyba 1997) were not present. It is plausible that a gree
at maximum value in fall. These values are approximately twmuse gas such as GHeither in the early terrestrial or mar-
orders of magnitude less than typical values found on Eatian atmospheres could have been photolyzed to produce a |
(~8 x 10'® cm~2 for equatorial regions). Figure 1 shows the&lrocarbon smog (Sagan and Chyba 1997) which would ha
incident UV flux at 60N, at noon in early spring for a zenith an-provided UV protection for organisms on the surface of eithe
gle of 60. The predominant effect of the ozone is a reduction iplanet. In this case, the results presented in this paper are
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FIG.1. Irradiance curves. Data show extraterrestrial spectrum and corresponding fluxes at the present-day martian surface. Two cases are pfavided.
received at a zenith angle of Qequator at vernal equinox) with no ozone. Second, flux for a solar zenith anglé (fd@ar zenith angle at noon) at®0during
spring (vernal equinox) with an ozone column abundance ok&@ cm~2. For both cases data are provided for a clear day with some dust loading.§)
and a medium-scale dust storm=£ 2.0).
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upper limit on UV exposure on the early planets. Indeed, Rayleigh scattering. Although4® can absorb UV radiation to
the case of Mars it would mean that our conclusions for Mapsoduce HO,, which is a UV absorber up to 350 nm,@,
concerning the increasing importance of UV radiation as a detwhich is generally located at lower altitudes corresponding t
mental biological stressor over time are an underestimate. the troposphere, is shielded by higher altitude,G@ung and
For early Mars an atmosphere composed of 1 bari€@ken, DeMore 1999) that has a similar cross section. Thus @ H
which might be the upper value for the atmospheric reservoir@intribution to UV absorbance in the early atmospheres is a
the end of late bombardment (Habeeleal. 1994). Forget and sumed to be negligible. In the case of both early Earth and Ma
Pierrehumbert (1997) calculate that for £@ressures above a dust optical depth of 0.1 was taken, which assumes a wor:
this, CG, condensation clouds in the martian atmosphere woutdse photobiological exposure, the most relevant calculation f
be sufficient to warm the surface and allow liquid water. Sina®nsidering biological effects.
some geomorphic features on Mars can be explained by subA 25% less luminous Sun is assumed for early Earth an
freezing periglacial processes, gfartial pressures could haveMars based on the increase of luminosity associated with t
been as low as 0.3 bar (Forget and Pierrehumbert 1997). In grejected evolution of a G2 main sequence star (Newman ar
case of Mars the Ncontent of the early atmosphere was takeRood 1977, Gough 1981). This change of luminosity may hav
as 0.1 bar (approximately 10% of atmospheric composition) ahden equivalent t6-35% less UV radiation between 200 and
for early Earth N was taken as 0.8 bar (the same as the preseB80 nm (Zahnle and Walker 1982), which is assumed in the:
day value). N assumptions are not so critical since i hot a calculations. The possibility that the early Sun emitted a prc
UV absorber, although high partial pressures efdd increase portionally higher UV flux than visible wavelengths as a resul
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FIG. 2. (a) UV flux at the surface of early Earth and Mars (3.5 Ga) for the equator at vernal equinox (or an early equivalent on Mars). (b) UV fl
present-day Earth and Mars for the equator at vernal equinox. In both cases total UV fluence is shown along with the total of UVC and UVB (the hindsgical
important wavelengths). In all cases optical depth of dust is taken as 0.1. Here UVB radiation is defined as 280-315 nm according to the convitibys ac
the International Commission on lllumination (CIE).



UV RADIATION AND MARS 347

b 7 20 Total UV flux
60 ] ————— Total UVC and UVB
15 &
o« 507 L £
£ S
£ 0 z
50 Fo 2
Z 30~ [ §
k5] 1 =
P 20 3
- 5 g
1 | [
105 i
0+ 1+ 0
0 4 24
Time of day (hr)
Present day Mars
70 [ 20 Total UV flux
60 e Total UVC and UVB
15 <
50 - i £
o ] 3
2 a0 3
E : -10 @
= 50 | T
= ' ©
2 | o
g 2
(]
[ 20 L 5 _§
h o
[_..
10
0 I T 0

Time of day (hr)

Present day Earth
FIG. 2—Continued

of its early T-Tauri stage is not considered to be important sintength may have been 15 h, lengthening to 20 h at the close of t
these wavelengths are generally confined to the regR0 nm Precambrian 570 million years ago (Walletial. 1982). For our
(Zahnle and Walker 1982, Canutbal. 1982) and do not reach calculations a 15-h day is assumed. For Mars, lunar tidal drag h
the surface of the planet because of GDsorption. not existed. Lunar drag contributes about 78% of the tidal forc
Present-day obliquities for both planets were taken. The oblidpat results in the slowing down of Earth’s rotation (Johnso
uity of Earth is Moon stabilized (Ward 1992, Touma and Wisdomnd Nudds 1974). Among other parameters tidal dissipation
1994, Laskaet al. 1993) and oscillates1.3 around the mean proportional to the mass and radius of the planet and is inverse
of 23.3 (Laskaret al. 1993). During the Archean obliquity vari- proportional to the semimajor axis. Thus, we would expect tid:
ations may therefore have been less extreme than is propodisdipation on Mars particularly, without oceans, to be muc
for Mars. The martian obliquity probably oscillates more chaotiess effective than on early Earth and probably the present d
cally (Ward 1992) and recent values suggest betwe@rto 60 length is similar to the primordial day length. For both past an
(Laskar and Robutel 1993). Some discussion of effects of obligresent-day Earth and Mars, UV data over the day are shown
uity on UV exposure on Mars is provided in Section 3. Figs. 2a and 2b. Note that the model predicts that total UV flu
Day length has changed since the Archean. In the caseipproximately the same on present-day Earth as early Ea
Earth, rotational drag has been mainly caused by tidal forcasder cloudless skies. This is because UVA is not attenuated
exerted by the Moon as well as tidal forces from the Sun—Eanbkone and so was about 35% less on early Earth than present-
interaction (Johnson and Nudds 1974). Three to 3.5 Ga the de&grth due to the faint young Sun. However, the UVB and C flu
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FIG. 3. Action spectra used to assess martian biologically effective irradiances. All spectra are normalized to 300 nm.

was greater on the surface of early Earth. When measured dsa reactive Q species, rather than by direct photochemica
total, the UV flux is similar although the wavelength distributionlamage (Jagger 1985). However, although the atmosphere

has changed. Mars is essentially anoxic we assume here that photosynthe
organisms would be producing,@n their chloroplast micro-
iii. Calculations on Biologically Weighted Irradiance environment, so the UVA contribution is included.

. . ) ) The product of the action spectrum (arbitrarily normalized tc

The effect of UV radiation on a biological system is repreygg nmy and the spectral irradiance distribution of the incider
sented by an action spectrusix]). This is a plot of relative bi- o giation €[]) provides the biologically weighted irradiance
ological effect (usually some measure of damage) agamstwaz/ﬁ—)\]E[A])_ Numerical approximation of the integral of these

length of radiation. Whole organism action spectra will deper}gm/es provides the biologically effective irradiand&') at a
upon the combined effect of repair and protection mechanisraﬁlen instant in time-

In Fig. 3, the action spectra for DNA inactivation and photosyn-

thesis inhibition of isolated spinach chloroplast function (also 400nm
used as a proxy for photosystem inhibition in cyanobacteria since E* = Z e[A]E[M] AN,
the photosystem Il proteins are similar) are shown. Action spec- 2=200

tra below 280 nm are not generally measured since wavelengths ) )

<280 nm are not physiologically relevant on Earth. Howevef 1€ data can be integrated across the day to provide a da
the action spectrum for inactivation Bfcillus subtilisspores Weighted fluence. InTable |, the daily weighted fluence for DNA
in Earth orbit has been measured (Hormeck 1993) as well I§&ctivation and photosystem damage is calculated for Ear
gel formation in DNA (cross-linking) down to 180 nm (Set-a”d Mars based on the UV radlathn data_pres_ented in Fig.
low and Doyle 1954). DNA damage at wavelength280 nm The instantaneous present-day weighted irradiances for DN
(Green and Miller 1975) and the action spectra for DNA lesigif"d chloroplast damage on the surface of present-day Mars
and spore survival iBacillus subtilis(Lindberg and Hormeck & zenith angle of Dare similar to those calculated previously
1991) has been measured. These data allow for an approxifz2ckell and Andrady 1999).

tion of a general action spectrum for DNA damage across the

UV range experienced on the martian surface, which is shown i, Uy ON EARLY MARS—BIOLOGICAL IMPLICATIONS

Fig. 3.

Since DNA is the primary target of UV radiation damage, The modeled instantaneous DNA biologically effective ir-
and this damage is the greatest factor responsible for declineadiance on early Earth for a solar zenith angle of(itoon)
organism function, many microorganism action spectra for losgs 21% greater than that for early Mars (Table 1) for cloud
of viability are very similar to the DNA inactivation spectrumless skies. These data agree with conclusions made earlier t
presented in this paper (e.g., that Ebcoli (Jagger 1985) or for UV flux on early Mars was probably not a critical constraint
Streptomyces grise{Keller and Horneck 1992)). to the evolution of life (Mancinelli and Banin 1995, Cockell

In the case of chloroplasts the studies were only undertakE®98). It should be noted that there are some uncertainties.
downto 230 nm (Jones and Kok 1966). Here we show the valdesexample, Earth had possessed a,@jdnerated hydrocarbon
downto 230 nm (Fig. 3). On Earth, UVA (315—400 nm) primarilsmog and not Mars, then the lack of such an atmospheric shie
exerts its affects through indirect oxidative damage resultign Mars could have negated the effect of Sun—Mars distan
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TABLE |
UV Fluxes, Fluences, and Biologically Weighted Irradiances at the Equator (for Vernal Equinox)
of Mars and Earth, 3.5 Gyr Ago and Present Day

UvC and B UVA DNA effective Photosystem
(200-315 nm) (315400 nm) irradiance effective irradiance

Early Mars (1 bar CQ)

Daily fluence 119 542 838 231

Zenith angle © 4.8 22.3 33.8 9.5
Early Earth

Daily fluence 78 519 615 193

Zenith angle © 5.2 34.1 41.0 12.7
Present day Mars

Daily fluence 361 1126 3183 689

Zenith angle © 13.2 41.5 116.4 245
Present day Earth

Daily fluence 39 1320 2.10 0.52

Zenith angle © 1.86 52.81 0.10 9.71

Note.Daily integrated data are provided (assuming current obliquities) and for a solar zenith angl€eé @ext
for description of atmospheric models. Values at zenith aadle are given in W/rd; values of daily fluence and
doses are given in kJfm

and the planets might have had comparable instantaneous tdim dose is greater than on early earth (181%) with 6O
regimes at zenith angle OFurthermore, integrated over time,1 bar, but similar to the value at 3 Ga under a 40-ml @tino-
the photobiological conditions on the early planets could hagphere. These values agree with previous suggestions that in
been strongly influenced by which planet was more cloudy aerglolutionary context even the present-day instantaneous mart
the optical depth of these clouds in the UV region. Thus, the c&lV flux would notin itself prevent life (Cockell 1998). However,
culations presented here would apply to the instantaneous dseday length on present-day Mars may be about 100% grea
that an organism would have to be capable of tolerating on a cléiaan that on early Earth. This would increase accumulated da
day at zenith angle®0 How common this was for either planetdamage compared to early Earth. If exposed organisms in t
cannot be determined without knowledge of the cloudiness tefrestrial Archean possessed repair processes that could k
the early planets. up with damage throughout the day, then it is probable that a
The data showthat sidereal period isimportantwhen assessingiulation of damage during the present martian day migl|
total biologically effective fluence. On early Earth biologicallystill be within the threshold of efficient repair processes. Sim
effective DNA irradiance is 21% greater than that on early Maiisr conclusions can be drawn regarding photosystem dama
for a zenith angle of Q but the daily fluence is actually less(Table I).
assuming similar atmospheric G@wentories. This is because The chaotic behavior of martian obliquity (Laskar anc
of the shorter Archean day length. The importance of day lengRobutel 1993) and the less extreme changes in terrestrial obl
relates to an organism’s ability to repair DNA damage. If the praiity are also a factor for UV exposure. At low obliquities, most
tection mechanisms and rates of repair are sufficient to keepaffthe surface of the planets is subjected to a light/dark cycle,
with DNA damage as is observed in some terrestrial organisthsit the total daily UV flux calculated for the equatorial regior
(Lesseret al. 1994), then accumulated damage is not a conceat.vernal equinox can be considered an upper limit for UV expc
On early Mars, putative organisms on the surface might hasere for most organisms. At high obliquities greater proportion
needed a lower tolerance to instantaneous damage comparfetie planets are subjected to long periods of darkness. Duril
to organisms on the surface of early Earth, but the day lengluch phases on Mars habitats for exposed nonphotosynthe
which was twice as long as on Earth, would have increased thide that are protected for320 days in darkness may have ex-
daily accumulated damage. isted, but during the rest of the year organisms would be expos
The instantaneous DNA weighted irradiance for early Eartb long periods of continuous UV exposure. From a biologice
is calculated as 41 W/f This is lower than the 127.1 WAn standpoint this is analogous to many polar microbial commun
estimated earlier (Cockell 1998), probably because a radiatties found on Earth that need to repair 24 h of continuous U
transfer model was not used in the previous estimation, but ratdamage (e.g., Vincent and Quesada 1994). Because at higher
a 25% attenuation was assumed across the UV region. Also hitudes the midday zenith angle is higher, then total daily fluenc
a pCQ of 1 bar is taken. At 3 Ga, pCOnay have been nearermay not be much worse than at the equator at vernal equinc
to 40 mb (Ryeet al. 1996) and under such conditions the DNAhe damage is just spread over the whole day.
weighted irradiance would be96 W/n?, closer to the previous  In the more recent history of Mars obliquity alterations have
estimate. Thus, for present-day Mars the instantaneous maisbably caused changes in pg£€aused by freeze out of the
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atmosphere (Lindner and Jakosky 1985). However, even atiag distilled water as a standard. For the palagonite at the poi
obliquity of & when pCQ may have been as low as 0.1 mbahetween UVC and UVB (280 nm), transmittance would be les
increases in DNA-weighted irradiances at a zenith angle® of than 40% beneath a 1-cm water column, although most of th
amount to less than 10%. Thus, the mostimportant photobiolagtenuation is due to scattering from small insoluble particles
ical consequence of martian obliquity alterations is the changaher than direct absorbance. Thus, although direct iron a
in temporal exposure of UV radiation, not the change in absolwerption may have been limited it is possible that martian du:
UV flux. deposited in lakes could still provide a UV screen in putative
Many physical and biological strategies that have been praacient martian paleolakes (Dorah al. 1998 and references
posed to have existed on early Earth to mitigate UV damage hakerein).
been suggested to be sufficientto reduce biologically effective ir-Terrestrial endolithic communities that live in the subsurfac
radiances on Mars (Cockell 1998). Here, some specific exposagers of rock that provide a nanoclimate against extreme exte
habitats that have previously been suggested to be of importanaéconditions (Friedmann 1982) have been proposed as pos
to martian exobiology (e.g., Sagan and Pollack 1974, Rothschilg analogs to life on Mars (McKay 1993, Wynn-Williams and
1990, Clark 1998, Cockell 1998, Wynn-Williams and Edward&dwards 2000). They experience light levels reduced to 10%
2000) are briefly discussed. They are martian dust, evaporiticident at the upper layers of the colonies. At the lower levels ¢
deposits, endolithic habitats, and ice covers. the colonies light levels may be reduced to 0.005% of incider
Iron compounds can provide a UV screen for life (Olsen aridvels (Nienowet al. 1988, Nienow and Friedmann 1993). At
Pierson 1986, Piersaat al. 1993, Kumaret al. 1996) and mar- a depth of just 1 to 2 mm, DNA effective irradiances would be
tian regolithic dust has specifically been proposed as a suital#duced to levels experienced on the exposed surface of prese
refuge for life (Sagan and Pollack 1974). On Marsironis the segday Earth (0.1 W/n?) under the protection of an ozone shield
ond most abundant element in surface materials after silicon aithough light levels would still be sufficient for photosynthesis
is present at about 10.5 wt% by elemental composition (Riedsrd growth. Significantly, the biomolecules left by such com
et al. 1997); however, much of this iron may be bound up asunities, as well as other analog cyanobacterial communitie
insoluble iron oxides such as hematite or maghemite. Terrestraght have sufficient recalcitrance to be used as exobiologic
palagonite (JSC Mars-1 simulant) is a useful analog of martibiomarkers (Wynn-Williamset al. 1999, Wynn-Williams and
soil, possessing the same elemental composition and reflectaaderards 2000).
properties (Allenet al. 1998). One and a half grams of JSC Salt deposits may also exist on Mars (e.g., Clark and Va
Mars-1 soil simulant was left in 5 mL of water overnight. Thédart 1981). Theoretical (Catling 1999) and experimental (Moor
sample was spun and the absorbance of the supernatant was esati Bullock 1999) evidence for evaporitic deposits has bee
Figure 4 shows the absorbance spectra of this material compasegdgested, which is consistent with evaporitic deposits propos
to 1 mM FeC} (FE*+) and 20 mM FeSQ(Fe**) (Sigma Chemi- for some crater basins on Mars with intracrater terraces (Forsyt
cals, StLouis, MO) measured at 1-nmintervals in a Perkin-Elmand Zimbelman 1995). Such martian evaporites could provic
lambda 2 spectrophotometer (Perkin-Elmer, Wellesley, MA) usl protection for organisms (Rothschild 1990, Mancinetlal.

20
1 20 mM FeSQy
1/
15 _",' .................... 0.5mM Fer
——————— Suspension

JSC Mars-1 Palagonite

Absorbance

0.0 e ——T
200 250 300 350 400

Wavelength (nm)

FIG.4. Absorbance properties of Feand Fé* solutions. Also shown is the absorbance of the supernatant from 1.5 g of JSC Mars-1 soil simulant (palagc
left in 5 mL of water overnight.
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1998). Given the UV absorption of solid NaCl it is probable thah the upper layers of the martian regolith (e.g., Hunten 197¢
in analogy to the endolithic habitat, just a few millimeters of saltould also be a significant additional stress to a putative surfa
would be sufficient to reduce DNA weighted irradiances dowiota.
to values found in exposed habitats on present-day Earth. During the history of Mars from approximately 3.8 to 2 Ga,
Frozen impact lakes may have persisted on the surfacet@fmperatures dropped, the atmosphere thinned and the pre
Mars (Newsomet al. 1996), particularly associated with im-lence of liquid water was reduced (either episodically or perm:
pact basins (Cabrdt al. 1999). Organisms adapted to life benently), as aresult of freezing of the water and reductions in tot
neath ice covers, of even moderate thickness, would have #imospheric pressure to below the triple point of water acro:
advantage of this physical screening mechanism, particulaldyge areas of the surface. During thistime we can envisage ap
where impurities are present. Recent measurements of radiess of “synergistic decline.” Through environmentally induce
tion in the 280- to 340-nm range, made beneath the perenrdghergism, an accumulated increase in the importance of L
ice cover of an antarctic lake, indicate that UV at wavelengtiadiation as a detrimental factor would have occurred. Any pc
less than 310 nm is hardly encountered (Kepeteal. 2000). tential biota on Mars would be forced into habitats in which thes
This lower wavelength UVB appears to penetrate the ice synergisms were minimized. This transition may have been co
depths of no more than 1.5 m during relatively cloud-free ausauous, or if the martian atmosphere suffered a collapse, ratt
tral summer days, when surface UV doses are quite high. Thedden (Haberlet al. 1994). Through this environmental his-
absorption coefficient is some two orders of magnitude greatery we arrive at the present state, where the martian surface |
at 200 nm than 450 nm (Warren 1984, Perovich and GovddNA weighted irradiances that might have been similar to thos
1991), but because the UV region of the spectrum is corof early Earth, at least under cloudless conditions, but in syne
prised of fewer photons than the PAR (Photosynthetically Activggsm with other extremes they result in a surface unsuitable f
Radiation) region, enough PAR may get through for photosytife and even for the persistence of organics (Stoker and Bulloc
thesis. Estimated biologically effective UV irradiances immedit997).
ately beneath the ice were three to five orders of magnitude less
than those under full sky conditions, while incident PAR imme- 5. UV RADIATION ON PRESENT-DAY
diately under the ice is attenuated to an average of roughly 2% MARS—BIOLOGICAL IMPLICATIONS
of surface values, similar to previously reported values (McKay
et al. 1994). In some cases UVB may still be sufficient to in- A concern of planetary exploration is the protection of ex
hibit microbial growth (Vincenet al. 1998). In extraterrestrial traterrestrial environments from contamination, particularl
environments, this reduction may at least be a substantial iif2en mission goals include life detection experiments.
provement on full sky UV exposure. Additionally, water or car- Recentdata have been gathered on the effects of UV radiati
bon dioxide snow and frost deposited on lakes, particularly @ Bacillus subtilisspores exposed to vacuum and dehydratio
it contained impurities from the martian surface may help afHorneck 1993, Dose and Klein 199@acillus subtilisis a
sorb, reflect and scatter UV radiation, to the benefit of organis#0d model for the examination of planetary protection issue

beneath. since studies on the microbiological profile of the Viking lan-
ders (Pulecet al. 1977) showed thaBacillus spp. comprised

4. UV RADIATION ON AN ENVIRONMENTALLY between 23 and 47% of the bacterial load of the spacecratft pri

DETERIORATING MARS to sterilization. Under conditions where microbiological clean

liness is not paramount, about 95% of the load is still compose

The UV radiation flux environment of present-day Mars underf Bacillus spp. and human-borne organisms suchvisro-
cloudless conditions is more detrimental to biology than thabccusand Staphylococcyssuch as the loading found on the
of the early Mars environment owing to the steady increase Apollo spacecraft (Puleet al. 1973). For extensive martian hu-
solar luminosity since Zero Age Main Sequence and the reduaadn exploration strategies, response of other, more resilient s
atmospheric attenuation caused by reduced p(&®e Fig. 7 microbes may be important. Work that simulated martian cond
for the effects on pC@on biologically effective irradiances.). tions including temperature, atmospheric composition and U
However, it was discussed earlier that the present-day noon fhaxliation, showed that after 2 days 0.3% of aerobic soil microb
is probably still no worse than that of early Earth and even thougha generic soil sample had survived (Gregml. 1971). Since
daily fluence is greater, it may still be within the threshold adpecies level analysis was not undertaken and since the ex
efficient repair processes. However, today the surface of Marsgectral output from the Xe-arc lamps used to simulate the me
lifeless. Why? tian UV flux are not known, it is difficult to quantitatively assess

In many terrestrial microorganisms the detrimental effecthis work. However, it is certain that from a raw soil sample
of UV radiation may be synergistically increased by extremea®me species will survive many days’ exposure to the marti
such as desiccation and reduced atmospheric pressure (Lindlgergditions.
and Horneck 1991, Dosst al. 1991, Horneck 1993, Dose and UV survival data gathered on Earth or in orbit can be used
Klein 1996). On the surface of Mars the existence of oxidandssess the effects of the martian UV radiation environment ¢
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terrestrial organisms, assuming thatreciprocity holds; i.e., the tiplied by their value of the inactivation rate constant at thic
tal dose and not the dose rate is the important parameter in defilavelength for thé3. subtilisHA 101 spores (3.95) in order to
ing percentage loss of viability. Assuming that the microbgwovide a biologically weighted fluence. The martian UV flux a
are not growing and that repair processes are not operatidéferent times of the day was weighted to their action spectrur
then for most terrestrial organisms transferred to Mars, reciptmased on the inactivation rate constants from 190 to 300 n
city is likely to hold. Itis also assumed that the spectral composind integrated across the UV region to provide a biologicall
tion of the source is notimportant. This condition can be a proteighted fluence on the martian surface. The graph of biolog
lem, since there may well be nonlinear relationships betweeally weighted fluence versus survival at 235 nm was then ust
wavelengths leading to different results between, for exampte, calculate the loss of viability under the given martian UV
lamps and UV spectral irradiance in Earth orbit (e.g., Hornedkiences.
1993). Nevertheless, for planetary protection purposes, enougiose and Klein (1996) also measured los8o$ubtilisTKJ
data do exist to provide reasonably accurate qualitative concB412 viability under UV radiation. They measured&y value
sions about the martian surface and rates of microbial declin€87% of viability left) of 50 J/m for spores in vacuum (8
10-% mbar) at 298 K exposed to radiation from a mercury va
i. Microbial Decline for Two Mission Scenarios por lamp emitting primarily at 254 nm. Spectrally weighting
Using the radiative transfer model, the UV fluence acro%rs'eir data "?‘ga‘”St the DNA action spectrum provides_ a b.iOIOQ
- cally effective fluence of 1270 JAfor F3;. Spectrally weighting
the solar day has been calculated for two Mars mission scent%r-

ios. The UV flux on the first day following the landing of the. € martian .UV. flux agam;t the action spectrum and calcula
ing loss of viability for a given fluence gives the same data a

: . 0
To calculate the loss of viability d. subtilisHA101 spores, Lrllzgna(;%lg;?gnftrlgr?lx/gnsl;i?pitmg]i;lt%e/\ot ngi.vzgslgrggdfh
we used the data acquired from 50-300 nm by Mun ences £1000 J/m), so that at high fluences, a small proportion

(1991) under evacuation (0.01 mbar). The fluences for give?Or anisms survive and divergence with the data of Munaka
levels of viability loss in their experiments were converted fror, organ urviv verg Wi u

photons to W/ for their measurements at 235 nm and muEt al. occurs. In the case of Pathfinder, .the|r dgta predicts th
after 2.5 h on the martian surface 1% still remain.

Sterilization could only ocau2 h after landing since the
Pathfinder landed prior to sunrise at 3:11 local solar time. How
ever, once the Sun begins to rise, loss of biological viability i
----- UV flux : Shaded surface quite rapid. Within 30 min less than 3% of the spores remain v
able. At this time of the day diffuse flux is almost equal to the ex
posed flux (the sum of direct and diffuse radiation). This implie:
that during the morning shaded areas of the spacecraft wol

Pathfinder landing  Sunrise have been sterilized at nearly the same rate as exposed surfas
40 / // 100 Data are also shown for a theoretical polar lander in Fig. €
Calculations assume landing on the arbitrary date of Decer
ber 3, 1999, at 75. In Fig. 6a, data are shown for average dus
loading ¢ = 0.5); for Fig. 6b, UV flux during a mild dust storm
is also shown € =2.0). During the spring when temperatures
rise and insolation increases, the polar ozone layer has a ¢
umn abundance of 2.6810' cm=2 (Barth et al. 1973). This
column abundance was incorporated into the calculation. It we
also assumed that the contribution of the polar hoods to UV al
sorption during the landing phase is not significant since landir
occurs during southern summer when the polar hoods are r
expected to be present. Because of the proximity to ice and so
LeT 7T R : CO,, the albedo of the surface was taken as 0.4 rather than (
oy ¥ N in these calculations, although the effect of the albedo chan
0 4 8 12 16 20 24 on the calculated UV flux is smalk2%).
For the polar region, the larger solar zenith angle at midda
Local Solar Time (hr) means that the instantaneous flux is approximately 50% of th

. . encountered at the Pathfinder site (19M¥ but the total daily
FIG. 5. UV flux on the day of the Pathfinder landing (4 July 1997). Datz?Iuence is about 76% of the Pathfinder site because of the 24
also show decline iB. subtilisviability associated with the exposed UV flux. 0

Flux is shown for an exposed surface (direct plus diffuse UV) and for a shadé@ht cycle that spreads damage over the whole day. From a pla
surface (diffuse only){=0.5). etary protection viewpoint, the 24-h polar light cycle provides

Pathfinder spacecraft is shown in Fig. 5.

UV flux : Exposed surface

......... o Loss of B. subtilis viability
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FIG. 6. UV flux at 77°S for a polar lander. Data presented is for a landing on 3 December 1999. Total daily fluence is about 76% of the UV fluence
Pathfinder site. Flux is shown for an exposed surface (direct plus diffuse UV) and for a shaded surface (diffuse only). (a) Clear day with sonregdiust I0&qi
(b) Medium-scale dust storm at the landing site<(2.0).

the opportunity for 24-h sterilization, but throughout most dfpalagonite) placed onto a quartz cover slip and measured f
the day, particularly around midnight, the higher solar zenitransmittance, it was found that UV reductions will at least a
angle increases the time required for mortality. However, lossder of magnitude. After a passive covering of dust following
of viability is still quite rapid. Even with a dust storm £ 2.0), a dust storm some microbes will have the ability to survive th
the diffuse UV radiation near midnight is capable of reducingpartian environment for many days. If the depth of the dust i
viability down to 10% within 30 min. increased by active turnover of surface material, such as duril
Survival may be possible for some of these organisms if thaydust devil, then some microbes will survive indefinitely unti
are picked up in dust storms and redeposited under layerstludy are reexposed to UV radiation.
dust. Pollacket al. (1979) estimate that the mass loading of The 1992 NRC Task group on Planetary Protection recon
dust on a surface is approximated bk 30z, wherer is mendations (NRC 1992) concluded that, “during the entire ma
the optical depth. Thus for a relatively clear day wite=0.5, tian year, the UV flux is sufficient to sterilize the martian sur-
and taking the density of martian dust as 3 gicthe thickness face.” As shown here, the martian UV radiation environment ca
of the dust on a surface, if that dust where to settle, would be considered sterilizing for the majority of human derived mi
0.8 um and for a dust storm af = 6.0, the thickness would be crobes introduced on the surface of spacecraft. However, eve
10 um. Using a thin layer100 xm) of JSC-1 Mars simulant thin dust layer will negate this conclusion.
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6. ALTERATION OF MARTIAN ATMOSPHERIC frozen CQ inventory of Mars would be released into the atmo-
COMPOSITION—UV RADIATION sphere (McKayet al. 1991). Five hundred millibars may be a
ON FUTURE MARS? conservative estimate for the martian inventory (Mckaal.

) . ) B 1991), although levels up to 3 bar are also possible as an upy
The alteration of martian atmospheric conditions (“planetafyy;t of CO, availability (McKayet al. 1991).

gngineering” or “terraforming") isapossipility that has been of |, Fig. 7a, biologically effective doses for DNA damage
interest for some time (Burns and Harwit 1973, Mckatyal.  (yhich also equates to microbial damage in many cases), ge
1991). The problem of the ma_rtlan_ UV radiation flux fpr albralized plant damage (Greet al. 1974), photosynthesis in-
unadapted and exposed terrestrial biota has been pervasive. FiMRion in phytoplankton (Culleret al. 1992) and sunburn in
a theoretical standpoint it is of interest to investigate whether gih mymalian skin (McKinlay and Diffey 1987) are shown as ¢
artificial alteration of atmospheric parameters can indeed effeghction of CQ partial pressure. Heating of the polar caps an
a significant alteration of the surface UV radiation regime.  he surface will primarily increase GOso only this compo-
nent is factored into the atmospheric composition for the radis
tive transfer calculations. Increases ia &hd G might affect
Rayleigh scattering, but in these cases, concentrations even w
If Mars were warmed through the introduction of CFCs o& 500-mb CQatmosphere are likely to be less than 2-3 mb. Th
other chemicals that increased the surface temperature, therdtii@ are partly limited, since many of the action spectra do n

i. Effects of CQ Release on UV Flux during
the Warming of Mars

a , 100
g 4 Skin sunburn
> 90-
3 £
= 8o
5 1 Generalized DNA damage
g 704!
8 4t
f, eo4i\\ e Generalized plant damage
g 50 4h
g 1ivW ) meeeas Phatosynthesis inhibition
S 407 (phytoplankton)
jo)]
g 804
5 i
et 20 -1
o
§ ]
5 10
a J
0 4+ T
0 500 1000 1500 2000 2500 3000
Partial pressure CO 5 (mb)
10 40
b UVC tlux
————— UVB flux
8 et
] r‘ F30 s UVA flux
E 4\ £
@ k <
a =
2 5
=10
0 USRS BRI 0

0 500 1000 1500 2000 2500 3000
Partial pressure CO 2 (mb)

FIG.7. (a)Reductions in biologically effective irradiances associated with increasing ag&0ciated with the gradual warming and release of @Mars.
The present-day martian irradiances are defined as 100% damage and relative reductions are shown accordingly. Data are presented for vertial sojainox
zenith angle of Owith r =0.1. Note that the data for DNA also represents the photobiological effect of reducinga®tial pressure on an evolving early Mars.
(b) Reductions in UVA, B, and C associated with increasing pCO
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extend down to 200 nm (Fig. 3). However, all of them do extendarious concentrations within the range that would bring biolog
into the UVB, whose reduction can also be considered a proically effective irradiances to within present-day Earth values.
for the reduction of UVC. The corresponding changes in UVA, For a 100-mb C@ atmosphere and taking the mid-point of
B, and C caused by CGscattering are shown in Fig. 7b. In allthe three action spectra shown in Fig. 8, where the damage
of these cases a dust optical depth of 0.1 and a zenith anglesiofilar to that seen on present-day Earth, a shield of colurn
0° was taken in order to examine the protection provided in tldundance 6.5 10*® cm~2 will reduce the biologically effec-
worst-case exposure on a cloudless day. tive irradiances sufficiently close to present-day Earth value
The data in Fig. 7 indicate that the rise in €i®elf causes a For a 500-mb C@atmosphere, a 8 10'® cm~2 ozone column
significant reduction in UV flux, primarily due to scattering irabundance reduces irradiances to present-day Earth values,
the UVC and B regions. For an increase in O@m present a minimum 2x 10'® cm~2 column abundance may even suffice
day values (6 mb) to 100 mb, biologically effective irradianceour times less than typical equatorial Earth values). These cc
are broadly reduced by approximately 50 to 20% depending omn abundances might lie between amd1 and 20 mb based
the action spectrum considered. An increase to 500 mb reduoasexisting terrestrial photochemical models (e.g., Kasting ar
all biologically effective irradiances by at least 60% of presemonahue 1980). Notice, however, that as G@uld be bioti-
Mars values. If Mars possesses a higher,@®entory (up to cally drawn down and @produced there would be a tradeoff
2 bar) then the UV screen will be even more effective (Figs. Teetween the less effective GOcattering and the need for more
and 7b), although it can be clearly seen that the proportioredone to increase UV screening.
reductions in UV radiation are less at increasing p@iDe to ) ]
the correspondingly less effective scattering. iii. Alternative Approaches to Reducing UV Flux

ii. Effects of an Ozone Shield on Martian Surficial UV Flux Elemental sulfuris also a specific L.JV absorb.er (Kas&tgl.
1989) and the sulfur content of martian rocks is approximatel
The generation of ®in the martian atmosphere by a biote wt%, similar for both Viking and Pathfinder analyses (Toulmir
as well as abiotic production from photolytic reactions and iret al. 1977, Riedeet al. 1997). We introduced a sulfur haze into
creased atmospheric pressure (Rosengvist and Chassefiereadiative transfer calculations. Taking the mid-point of th
1995) would result in the formation of ozone above the mataree action spectra shown in Fig. 9, at which the damage
imum 1.61x 10" cm~2 column density currently found at thesimilar to that seen on present-day Earth, the injection of an el
martian north pole in winter (Bartét al. 1973). This has been mental sulfur haze at a column density of 2.70*” cm~2 would
suggested as a potential approach to reducing UV flux in teeduce biologically effective irradiances down to present-da
raforming considerations (Hiscox and Lindner 1997). In Fig. &arth values. This amount of sulfur is equivalent to an injectio
the required global ozone column abundances are provided é6rl.66x 10® tons or 1.1 g/rh. As pCQ is increased, so the
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FIG. 8. Effect of increasing ozone column abundance on three selected biological processes in the presence of 100 mb and 600 cobt@3t to Fig. 7,
here values are shown as percentages in comparison to present-day Earth since absolute values of biologically effective irradiances arelmaiticdsesr.
inhibition of phytoplankton photosynthesis was lower than present-day Earth values for the ozone concentrations shown. (Note that the Rartemday
damage value (100% value) equals 0.1% of the damage that would be received on present-day Mars, plant damage equals 0.29%, phytoplanktaispho
inhibition equals 12%, and erythemal sunburn equals 4% for comparisons to Fig 7.)
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FIG. 9. Effect of increasing sulfur column abundance on three selected biological processes. Data is presented in an identical way to Fig. 8.

sulfur haze requirements are reduced because of the increasadiances down to comparable values found on the surface
UV screening by C@ For a 500-mb C@atmosphere the sulfur Earth.

column abundance required is k7.0'" cm~2 (1.04x 10°tons A secondary advantage of sulfur derivatives, however, is th:
of sulfur) as shown in Fig. 9. One problem with sulfur is thathey provide a UV screen that is not destroyed by chlorofiu
on cold Mars temperatures in the high atmosphere would beocarbons (CFCs). CFCs have been proposed as greenho
below the saturation vapor pressures for sulfur vapor. Calggases to warm Mars (McKast al. 1991). However, one of the
lations showed that shield would work on early Earth only ifnajor concerns has been that CFCs would destroy the 0zo
the temperature were at least°’@5(Kastinget al. 1989). The proposed for a UV screen. CFCs themselves are rather poor L
shield would be more of an artificial sulfur particulate cloudabsorbers in the wavelengths of interest. In general, for mo
Furthermore, it may be subject to photochemical conversion@-Cs, absorbance cross-sections become significant at wa
sulfuric acid. A more promising compound may be COS whidengths <200 nm, although some may provide some screer
also has a high cross section in the UVC region. However, they at the lower end of the UVC range (e.g., DeMateal.
cross section is approximately three orders of magnitude lowk983). For example, CelF has an absorption cross section of
than sulfur in the UVC and five orders of magnitude lower in.5 x 10'° cm~2 at 210 nm, comparable to the 0zone cross se
the UVB range (Fig. 10). Using the cross section presented tign at 305 nm. Other compounds with significant UV cross sec
Yung and Demore (1999), then a column abundance of greatiens such as GO, or CIONG; (both with effective absorbances
than~10?%2 cm~2 would be required to reduce most weightedip to ~400 nm) (Yung and DeMore 1999) might also be con:
sidered, although photochemical models are required to pred
their stability under different atmospheric regimes.
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1 7. CONCLUSIONS
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