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I This letter covers the reporting period of t h e  subject contract from May 15  [>r- .g t o  August 15, 1965. 

period were as follows: 
Major ac t iv i t i e s  of the principal investigators during t h i s  

I \$OM I N  PROGRESS 

Martian Atmospheric Compositional Analysis: I ts  Biological Significance - 
Considerable a t tent ion was devoted during the reporting period t o  problems 
of ascertaining the potential  biological significance of what have hereto- 
fore been tenned "environmental" measurements . Major e f f o r t  has been 
devoted t o  a j o in t  study with J. E. Lovelock of the potential  biological 
significance of atmospheric canpositional analysis. 
the resu l t s  of t h i s  study is  i n  preparation; a preliminary d ra f t  of t h i s  
paper is included i n  t h i s  report. 

A paper reporting 

..2) Order Recognition Studies - During the reporting period, detailed studies 
were i n i t i a t e d  t o  define and construct measures of order !n arrays o f  physico- 
chemical and other data. 
with J. E. Lovelock, w i l l  provide the basis fo r  a canputer-implemented 
simulation study as an i n i t i a l  test of the u t i l i t y  of the proposed 
measures. 

This  project ,  being carried on i n  cooperation 

A preliminary report of t h i s  work is being drafted. 

(1.3) Voyager Payload Compatibility Review - A t  the request of the Office of 
Bio-Sciences Programs, contract personnel perfonned a review of the 
sc i en t i f i c  canpat ibi l i ty  of a number of proposed Voyager payloads and 
presented the resu l t s  of the review i n  an informal report. 

I1 FIELD TRIPS 

(2.1) J. E. Lovelock - A v i s i t  was made t o  the laboratory of J. E. Lovelock 
a t  Bowerchalke, England, for the following two purposes: 
(2.1.1) 

(2.1.2) 

Jet  Propulsion Laboratory - In connection with paragraph (1.3) above, 
the principal investigators v i s i ted  the Jet  Propulsion Laboratory t o  
obtain supplementary information about cer ta in  of the experiments and 
instrumentation proposed for Voyager. 

Bell Telephone Laboratories - Two v i s i t s  were made t o  the Bell Telephone 
Laboratories a t  Nurray H i l l ,  New Jersey, t o  obtain a d ig i t a l  spectral  
analysis program fo r  use i n  the order recognition project. 

Detailed discussion of the proposed paper on Martian 
Atmospheric Compositional Analysis alluded t o  i n  
paragraph (1.1) above. 
Preliminary analysis of the problem of order recognition 
i n  biology (paragraph 1 . 2  above). 

(2.2) 

(2.3) 

&stJ&&@& 
Dian R. Hitchcock 
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MRTIAN ATMOSPHERIC COMPOSITIONAL ANALYSIS: ITS BIOLOGICAL SIGNIFICANCE 

D. Hitchcock and J. E, Lovelock 

The purpose of the inquiry reported here is to explore critically and in more 
detail the thesis presented recently by one of the authors [J.E.L.(l)] that physical 
and chemical characteristics of a planetary environment can provide direct evidence 
of a biota. 

There is wide agreement among space scientists whose primary orientation is 
the physical sciences, that experiments to observe physical properties of the surface 
and atmosphere of Mars should be given a high priority. What is not so widely under- 
stood is that many of the same kinds of physical measurements are also capable, in 
principle, of providing much information of great utility to biologists whose primary 
concern is determining whether or not life forms have evolved on Mars, and, if so, 
what such life forms are like. 

It has been frequently pointed out that, in order to understand the kind of life 
that may exist on Mars, it is necessary to obtain information regarding those properties 
of the atmosphere and surface to which any evolving Martian life form must have adapted. 
What is less frequently observed is that information regarding these "environmental" 
features of Mars may constitute direct and primary evidence of life in the form of 
observed effects which cannot be accounted for by postulated abiological processes. 

This conclusion--that observations of purely physical properties may provide data 
which support the conclusion that life exists on Mars--follows directly from one fun- 
damental and highly plausible assumption (1). 
of living systems is low relative to their non-living environments. Two consequences 
of this assumption are relevant to the present inquiry. 
systems, which are continuously reacting with their environments, will drive those 
environments to a state of physical or chemical disequilibrium which will be recog- 
nizable as such if available observations of the state of that environment are suffi- 
ciently complete to rule out explanations which account for those observations in tern 
of solely abiological processes, 
an entropy gradient between.living systems and their inorganic environments; furthermore, 
the origin of non-living biogenic material will be revealed by the existence of such a 
gradient for a period of time which will vary depending on the rate of attainment of 
equilibrium as determined by 1 cal conditions, 

lifetimes of the organisms themselves. 

This is the assumption that the entropy 

The first is that living 

The second consequence is that there will always exist 

but which can be expected to be meas- 
urable in units of at least 10 8 years, and thus is exceedingly long compared to the 

Given that the presence of life is characterized by a state of physical and chemical 
disequilibrium of the system consisting of life-plus-its-local-environment, the next 
question is whether or not essential disequilibria can be effectively diagnosed fran 
practical observations. 
an important part of its chemical environment. 
composition of an atmosphere should reflect the presence of life forms on Mars, on the 
plausible assumption that such life forms continuously react either directly or indirectly 
with it. The objective of the inquiry reported here is to review critically the potential 
biological significance of two types of atmospheric data. 
regarding the relationship between the atmosphere and surface material, as revealed by 
an experiment designed to detect a free energy gradient between the two.* The second 

If life exists on Mars, then the atmosphere of Mars is probably 
Consequently, we might suppose that the 

The first kind of data is that 

* The experiment was developed by J.E. Lovelock and his  colleagues at the University 
of Houston. 



consis ts  of observations of the concentrations of selected major and trace components 
of the atmosphere including isotopic  abundances. 
d i f f e r  great ly  i n  terns of t h e i r  implementation, in te rpre tab i l i ty ,  and potent ia l  bio- 

equ i l ib r i a  and because common t o  both is  the assumption tha t  the atmosphere is a 
r e l a t ive ly  homogeneous mediun which re f lec ts  processes occurring over the whole sur- 
face of the planet. 

Although these two experiments 
I logical  significance,  they are  here classed together because both represent ways of 

implementing a s t ra tegy of l i f e  detection based on a search f o r  evidence of d i s -  I 

LIFE DETECTION BY W S  OF DETECTION OF QUXICAL FREE ENERGY I N  SURFACE M4TIXR 
I t  has been pointed out above tha t  one of the consequences of the assumption t h a t  

the entropy of l iving systems is  low re la t ive  t o  t h e i r  non-living environments is t h a t  
there w i l l  always exist an entropy gradient between the two. 
energy stored up i n  a l iving system is  gradually dissipated i n t o  the surrounding loca l  
environment un t i l ,  eventually, the matter which once comprised the l iving system is no 
longer characterizable as a region of re la t ive ly  low entropy. 

_o_ 

After death, the f r ee  

The most l i ke ly  site f o r  l i fe  on a planet is the surface-atmosphere interface.  
Here the s o l i d  surface and the gas and l iquid phases meet a t  the point of maximum 
absorption of tile so lar  energy f lux and m a x i m u m  temperature, so tha t  a d ivers i ty  of 
raw material--providing both by the re la t ive ly  mobile atmosphere and the less readi ly  
transported surface matter--are available simultaneously with the energy necessary f o r  
t h e i r  b i o t i c  transformation. 

The synthesis of b i o t i c  compounds from simple ab io t ic  molecules requires the d is -  

The ly s i s  of simple inorganic molecules, such as 
sociat ion of the la t ter  and the incorporation of some of the react ive dissociation 
products i n  large complex molecules. 
water and carbon dioxide, not only releases reactive products t o  be used i n  the  synthesis 
of biological molecules, but a l so  releases simple act ive molecules l i k e  oxygen in to  the  
atmosphere. This incorporation of reactive dissociation products in to  complex l iv ing  
molecules and the release of simple act ive molecules therefore r e su l t s  i n  the storage 
of chemical f r ee  energy i n  these b i o t i c  molecules. I f  they are large--and they are-- 
they are re la t ive ly  non vo la t i l e  and, hence, tend t o  accumulate a t  the surface atmos- 
phere interface.  
the surface and the atmosphere with a sharp chemical f ree  energy boundary a t  the in t e r -  
face. 

Life, therefore, tends t o  generate a metastable condition between 

Perhaps the simplest experiment i n  l i f e  detection, therefore, is t o  look f o r  a 
chemical free energy difference between Nartian surface matter and the atmosphere. 
very promising such experiment consists of heating two aliquots of a sample of surface 
material, one i n  an ine r t  gas such as argon or  nitrogen, and the other  i n  the Martian 
atmosphere. 
the sample and its own atmosphere produces an excess of heat,  whereas heat changes due 
t o  inorganic t rans i t ions  w i l l  be equal i n  both samples. Thus, the  occurrence of such 
a combustion is detected as a difference i n  temperature between the sample heated i n  
the atmosphere and tha t  heated i n  the ine r t  gas. 
matter from a planet with an oxidizing atmosphere takes place with a considerable 
l i be ra t ion  of heat. I f  the planet has a reducing atmosphere, a lesser but s t i l l  
observable heat production could be expected t o  follow the reduction of the more 
oxidizable metastable b i o t i c  molecules. 
known, additional infomation can be obtained from noting the temperature a t  which the 
combustion occurs, and from examining the vola t i le  pyrolysis products. I t  is debatable 
whether such an experiment is subject t o  f a l se  posit ives of any s o r t  except, of course, 
those resul t ing from machine errors  or inadvertent contamination of the equipment p r io r  
t o  launch, 
temperature is d i f fe ren t  from tha t  o r  organic matter). 
some su l f ide  rocks are thought t o  be of biological origin,  
fundamental assumptions on which t h i s  exyeriment are based--those central  t o  the 
def in i t ion  of l i f e  i n  terms of i t s  entropy-reducing function--are val id ,  then evidence 

One 

The temperature of each sample i s  recorded. A canbustion reaction between 

The combustion of surface organic 

I f  the constituents of the atmosphere are 

For example, su l f ide  rocks w i l l  burn on heating i n  a i r  (but t h e i r  igni t ion 
On Earth, however, a t  least 

I t  would seem tha t  i f  the 
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.of chemical f ree  energy gradients between surface matter and the atmosphere should 
always be construed as prima fac ie  evidence o i  l i f e ,  -- 

’ MARTIAN ARrlOSPIERIC COMPOSITIONAL AN,UYSIS 
Experiments designed t o  identify and determine the re la t ive  quantit ies of major 

and t race components making up the Martian atmosphere may be recommended on many grounds. 
The u t i l i t y  of such measurements t o  sc i en t i f i c  programs which are not primarily con- 
cerned with Martian biology need not be stressed here. Similarly, the value of such 
data t o  engineers is enonnous, and it can also be said to  consti tute almost a prerequi- 
s i t e  t o  sat isfactory interpretat ion of the resu l t s  of analyses of organic content t o  
surface material, culture experiments and other experiments designed t o  demonstrate the 
existence of Martian l i f e  forms through d i rec t  observation of such forms. 
that  the atmosphere of Mars, l i k e  t h a t  of Earth, is relat ively homogeneous i n  that  its 
composition does not vary great ly  with location on the surface of the planet and its 
re f l ec t s  processes occurring over the whole surface, implies tha t  such an experiment 
is not l ike ly  t o  be s i te  limited. 
performed near an active volcano and hence record resu l t s  which cannot be extrapolated 
t o  other locations is negligible; furthermore, the ava i lab i l i ty  of corrobative data makes 
it possible t o  distinguish such a s i tuat ion,  so that  there is a high probability that  
even the= kind of data could be usefully and appropriately interpreted.) 
reasons, one o r  more forms of atmospheric analysis experiments deserve and receive a 
high pr ior i ty .  The primary disadvantage tha t  may a t  t h i s  time be urged against such 
experiments as par t  of a biolo i c a l  exploration program is that  they apparently do not 
have a potent ia l  f o r  provi acgac ing irect or re la t ive ly  conclusive evidence of l i f e  on Mars. 

The assmption 

(The probability that  such an experiment w i l l  be 

For these 

I t  was pointed out above tha t  one might on very plausible theoretical  grounds 
suppose t h a t  l i f e  forms on the planet i n  continuous interaction with the atmosphere 
would dr ive that segment of the environment t o  a s t a t e  of chemical o r  physical disequi l i -  
brium which w i l l  be recognizable as such i f  available observations of its state are  
suf f ic ien t ly  complete. 
t ha t  an analysis of the atmosphere of Mars can provide data which can be interpreted 
as indicative of the presence of l i f e  forms. A Martian atmospheric analysis cannot be 
advocated as a good l i fe  detection experiment i f  t e r r e s t r i a l  atmospheric data does not 
provide good evidence fo r  the existence of t e r r e s t r i a l  l ife.  I f ,  however, a good case 
can be made for  the posit ion tha t  the presence of t e r r e s t r i a l  l i f e  can be demonstrated 
from evidence consisting wholly o r  largely of observed concentrations of atmospheric 
consti tuents,  then a Martian atmospheric analysis ought t o  receive very high pr ior i ty  
as an exobiological experiment, and care should be exercised t o  insure tha t  atmospheric 
experiments conducted are designed so as t o  provide the greatest  amount of potentially 
s ign i f icant  biological data. 

The purpose of t h i s  inquiry is t o  review c r i t i c a l l y  the claim 

For these reasons, the method followed i n  the f i r s t  stages of t h i s  inquiry has 
been t o  t r e a t  the employment of terrestrial atmospheric data  as evidence for  terrestrial 
l i f e  and an analogue of the Martian case, and t o  attempt t o  answer the following 
questions: 

1. 
2. 

Does the terrestrial atmosphere re f lec t  the presence of l i f e  on Earth? 
Can the presence of t e r r e s t r i a l  l i f e  be inferred wholly o r  largely from 
observations of the major and/or t race components of the t e r r e s t r i a l  
atmosphere? 
What additional data regarding purely physical properties of the planet 
are necessary t o  such an interpretation? 

3. 

TABLE I 

Chemically Active Components of the Atmosphere 
Remarks 
H i x e d n  troposphere 
Mixed i n  troposphere 
Mixed i n  troposphere 

!%IF= 
0.21 
3 x 10-3 
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Ratio by Volume Remarks 
10-5 t o  1 0 - 2  Dissociates i n  mesosphere 
10-7 t o  1 -8 Peak i n  stratosphere 
1.5 x 10- g Dissociates i n  stratosphere 
2 .5  10-7 Dissociates i n  stratosphere 
5 x 10-7 Dissociates i n  thermosphere 
5 x 10-8 Variable, indus t r ia l  as well 
5 x 10-10 t o  2 x 10-8 as atmospheric or ig in  

Table I from the data  quoted by Nicolet (2) shows the composition of the Earth's 
atmosphere. A cursory examination of t h i s  table  reveals the simultaneous presence 
of gases which are e i t h e r  chemically incompatible with one another o r  whose continued 
existence is incompatible with known physical conditions of temperature, radiat ion flux, 
etc. If we assume tha t  the concentrations of the atmospheric consti tuents do not change 
with time, then the observed concentrations of incompatibles m u s t  be accounted f o r  i n  
terns of a steady state rather  than a simple thermodynamic equilibrium. This implies 
t h a t  we m u s t  account f o r  the presence of these gases i n  terns of reactions which remove 
them fran the atmosphere and otherswhich, by replacing them, maintain the observed con- 
centrations.  These removal and replacement processes may be divided in to  two classes: 

1. 

2.  

Those which are "physical" abiological processes which, l i k e  the ozone 
producing action of the so la r  f lux,  can be expected t o  occur i n  the 
absence of a biota. 

Those which are e i t h e r  d i rec t ly  a t t r ibu tab le  t o  the action of a biota ,  
o r  are inconsistent with the hypothesis tha t  the atmosphere is  the 
r e s u l t  of solely abiological processes. 

An examination of Table I a l so  reveals the simultaneous presence of a number 
of gases which are compatible i n  tha t  t he i r  long t e n  continued presence i n  some 
concentrations is not inconsistent w i t h  known physical conditions. The concentrations 
observed may be due solely t o  abiological processes, o r  may be pa r t ly  affected by 
biological mechanisms, and i n  the l a t t e r  case the presence of a biota  may be ref lected 
i n  the occurrence of anomolously high o r  low concentrations of such gases. 

- 

I t  would thus appear tha t  atmospheric evidence of a biota  would, i f  present, 
occur i n  the  form of observations of one o r  more incompatibles f o r  whose presence no 
sa t i s f ac to ry  abiological mechanism can be postulated, and/or i n  the form of anomolously 
high o r  low concentrations of gases whose presence a t  some concentration is otherwise 
t o  be ant ic ipated on abiological grounds. 

t r i a l  b io t a  are oxygen, methane, and carbon monoxide. 
of carbon dioxide, hydrogen and the oxides of nitrogen may be anomolous and worth 
closer  examination. 
have biological  import are outlined below. 

Among the consti tuents whose re la t ive  concentrations seem indicative of a te r res -  
In addition, the concentrations 

The arguments supporting the posi t ion tha t  these consti tuents 

Oxvizen and Methane 

The f a c t  t ha t  20 per cent of the Earth's atmosphere i s  oxygen i s  not,  i n  i t s e l f ,  
conclusive evidence tha t  l i f e  e x i s t s  here, although many, i n  attempting t o  account fo r  
the oxygenic concentration, have argued an important biological ro l e  from the  known 
photosynthetic production of oxygen. 
vation t h a t  b i o t i c  consumption of respiratory 02 may account fo r  a l l  t h a t  is  photo- 
synthe t ica l ly  l iberated,  so tha t  the t o t a l  available quantity i s  not influenced by 
the biota.  

The or ig ins  of the terrestrial atmosphere a re  not well understood, and indeed 

These arguments may be countered by the obser- 

are of only s l i g h t  relevance t o  the  subject presented here. 
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That the t e r r e s t r i a l  atmosphere was a t  one time a reducing atmosphere seems well 
The nature of the exact mechanisms responsible fo r  the loss  of hydrogen established. 

and the consequent transformation t o  an oxidizing atmosphere a re  uncertain. 
photolytic decomposition of H20 played a s ignif icant  role  i n  t h i s  transformation is 
unquestionable, although there is disagreement as t o  i t s  extent. What is important 
t o  note is not the disagreement, but the f ac t  that  t h i s  is the only abiological 
mechanism offered t o  account for  the loss of hydrogen and the release of 02. This 
process is s t i l l  going on, though a t  a lower ra te  than during the ear ly  history of 
the Earth, due t o  the f ac t  tha t  the high concentration of O2 limits the efficiency 
of the photolytic process (3) .  The resent estimate based on known current loss  of 
2.5 x 107 atoms of hydrogen an-2sec-p corresponds t o  a t o t a l  02 production of approxi- 
mately 6 x 106 molecules cm-2sec-1. 

That 

A review of the concentrations of trace components i n  the atmosphere reveals t ha t  
methane is present t o  the extent of 1.5 par t s  per million. The presence of methane is 
chemically incompatible with tha t  of oxygen on a long-term basis,  since oxygen reacts 
with the l a t t e r  t o  form oxides of carbon and hydrogen. Hence the presence of methane 
implies a consumption of oxygen and a replacement of the oxidized methane. The rate 
of oxidation of methane is very low i n  the lower atmosphere, but exceedingly rapid i n  
the upper atmosphere. A t  70 lan the half l i f e  of mewane is about three hours (4) .  
The rate of oxidation, consequently, is dependent on the speed of transport t o  regions 
where methane is more rapidly oxidized, which is accomplished by mixing and diffusion, 
of which the l a t t e r  is the slower mechanism. 
data  tha t  the diffusion flow of methane in to  the region of 100 km is 7 x 106 molecules 
cm'2sec-1, I f  we 
assume tha t  oxidation of one molecule of methane consumes a t  least three molecules of 
oxygen giving rise t o  CO + W20,  then it follows that  the consumption of oxygen by 
t h i s  process is 2.1 x 107 molecules an-2sec-1, which is more than three times the 
estimated r a t e  of production of O2 from photolytic decomposition. 
t ha t  the estimates of 02 production assume tha t  a l l  hydrogen l o s t  from the atmosphere 
is the consequence of decomposition of HZ0; however, it should be borne i n  mind that  
i f  there are other mechanisms result ing i n  the production of molecular hydrogen, 
without the consequent production of 02, the estimates of the abiological production 
of 02 may be excessive. 
additional sources of 02 than photolytic decomposition of H20; t ha t  these sources are 
i n  a l l  likelihood biological i n  nature would seem t o  follow from the f a i lu re  of 
aeronomists t o  postulate a l ternat ive abiological 02 production mechanisms t o  account 
f o r  the t rans i t ion  from reducing t o  oxidizing conditions. 

Nicolet (2) estimates from atmospheric 

which may be taken as corresponding t o  the minimum oxidation rate. 

I t  w i l l  be noted 

These considerations lead t o  the conclusion tha t  there are  

These arguments are based only on the observed concentrations of 0 and methane, 
the rates of the postulated photolytic 02 production and an assumed d i f  $ usion flow 
and oxidation of methane. 

The inferred r a t e  of methane oxidation is probably very conservative, since it 
requires a methane replacement which is  less than 7 x lo6  molecules cm'2sec-l. Annual 
production of methane from biological sources (enter ic  f enen ta t ion  by large ungulates 
and marsh gas) is estimated a t  1 t o  2 x 1010 molecules an'2sec-1 (5) which requires fo r  
its oxidation more than 2,000 times as much oxygen as is annually produced by photolytic 
de compos it ion . 

The minimum methane oxidation ra te  considered above is based on minimum estimated 
ra tes  of diffusion into regions of 100 km o r  more. 
a l t i tudes ,  and more r e a l i s t i c  oxidation rates  could be calculated from the observed 
concentrations although we  have not made such calculations. 
however, t ha t  such a "real is t ic"  methane oxidation r a t e  which 

three 

In  fac t ,  methane is oxidized a t  low 

I t  is instruct ive t o  note, 

times that many 0 atoms (on the assumption tha t  the reaction produces CO + 2 H ~ O ) .  

l ies a methane half- 
l i f e  as long as 100 years corresponds to 1010 molecules an- 2 I m f  sec- and requires a t  least 
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it shouid be obsei-vd that miciatiuri or' bioiogicaiiy piduced  methane does not 
support the conclusion tha t  the t e r r e s t r i a l  biota  is responsible fo r  a t o t a l  net 

In fact ,  i t  provides no more support for  the  conclusion that 
the biota  is responsible for  the past oxygenic concentration of the Earth's atmosphere 
than does the observation tha t  0 is photosynthetically liberated. 
we are not here concerned with t 2 e origin of the atmosphere, but only with the present 
atmosphere as evidence of a present biota. Methane and oxygen are chemically incom- 
pat ible  on a long-term basis,  and the presence of these two gases i n  t h e i r  observed 
concentrations pennits one t o  infer  that  photolytic decomposition cannot be the only 
source of 02, and this, i n  turn, requires tha t  we look fo r  sane other source. I t  is 
fa i lure  t o  envisage an acceptable abiological a l ternate  production mechanism which 
supports the inference of a biota. The argument would be equally well supported if 
some other incompatible gas of unknown origin occurred instead of the methane. 

production of excess 02. 

The point is that  

The above discussions have focused on the simultaneous presence of O2 and methane 

The inferred methane oxidation ra te  a lso requires an expla- 
as providing evidence tha t  the maintenance of the observed oxygen concentration requires 
a biological explanation. 
nation i n  terms of a methane replacement mechanism. 
oxidizing atmosphere from the simpler available components H f l  and C02 is chemically 
almost impossible because it i s  not a simple reaction, but a sequential one involving 
highly unlikely steps requiring the persistence of highly reactive intermediate 
compounds. 
temperatures, and there now seems l i t t l e  doubt tha t  methane was a t  one time a major 
constituent of the ear ly  t e r r e s t r i a l  reducing atmosphere. 
persisted i n  the atmosphere during i ts  transformation t o  an oxidizing atmosphere. 
it could have remained sequestered frm the atmosphere during the long period since 
oxygen became a primary constituent, now t o  appear as an outgassed product is not a 
tenable hypothesis. Methane would not survive the temperature, pressure and chemical 
conditions deep i n  the Earth. This does not necessarily apply t o  Mars, where, so far 
as we know, temperature and pressure conditions within the planet may not be comparable. 
I t  w i l l  be noted, of course, t ha t  if the atmosphere of Mars is a reducing one, then 
the observation of methane as a constituent of it cannot necessarily be invoked i n  
support of the hypothesis of its biological genesis, unless it is known tha t  the W 
flux on Mars is suff ic ient  f o r  i t s  rapid removal and the prevailing surface conditions 
preclude its abiological replacement. 

The formation of methane i n  an 

Methane can, of course, be produced i n  a reducing atmosphere a t  high 

This methane could not have 
That 

Carbon Monoxide and Carbon Dioxide 

a t  the surface, the higher figures encountered i n  areas of concentrated industr ia l  
act ivi ty .  
t o t a l  terrestrial atmosphere. 
f ac t  t ha t  i ts  concentration is suspiciously low when considered i n  conjunction with 
abiological mechanisms capable of removing it from the atmosphere, and with the 
postulated rates of i t s  formation as a by-product of methane oxidation. 

i n  considering the significance of the low CO concentration, considers three possible 
oxidation processes, a l l  of which are  very slow. 

only by these means. 
be obtained from t h  observat' n that they do not seem t o  be able t o  account f o r  the 

a more rapid CO oxida on mechanism m u s t  be invokedl$n order t o  account f o r  the w i d e -  

s ince the primary producg of neutron bombardment of a i r  is carbon monoxide rather  than 
carbon dioxide. 
about 1,000 years and more probably as much as 8,000 years, is t o  be expected i f  these 
abiological oxidation processes were the sole  exis tent  ones . 

The concentration of CO i n  the atmosphere var ies  from .OS t o  2 par t s  per mill ion 

We may, therefore, take the lower figure as more representative of the 
The significance of t h i s  constituent derives from the 

Carbon monoxide is extremely stable i n  the t e r r e s t r i a l  atmosphere. Massey (4), 

Massey does not estimate the half l i f e  which could be expected i f  CO were oxidized 
However, some idea of the extreme slowness of these reactions can 

transformation of C f4 0 into C 11 02. Thus, both Massey and others (6) have observed that  

spread abundance of C €i 0 and the introduction of C in to  the photosynthetic cycle, 

I t  may, therefore, be speculated tha t  a CO half  l i f e  not less than 
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On the assumption t h a t  the available abiological CO oxidation processes give 
rise t o  a CO half  l i f e  not less than 100 years,  we may now inquire whether the known 
re l a t ive  abundances of atmospheric constituents are consistent with such slow processes, 
o r  whether they require the assumption of a more rapid biological CO oxidative mechanism 
t o  explain them. 

In  the discussion of the significance of O2 and methane, we suggested t h a t  abnos- 
pheric data support the hypothesis tha t  methane 
7 x lo6 an-2sec-1 (based on diffusion into upper atmosphere) and more probably on the 
order of t o  101o an'2sec-1 (corresponding t o  a hypothetical "real is t ic"  r a t e  which 
considers oxidation reactions a t  other a l t i tudes) .  
which considered minimum O2 consumption consistent with the observed methane concen- 
t r a t ion ,  it was assumed t h a t  methane w a s  oxidized t o  CO and H 0 since such a react ion 

of CO among the reaction products of the low temperature oxidation of methane i n  the 
atmosphere is unknown, but it seem clear t ha t  the proportion is  s ignif icant .  
methane oxidation is a process which produces atmospheric CO, and rough estimates of 
the amounts contributed from t h i s  source may be made on the basis of assumed oxidation 
rates and CO yields.  

is  oxidized a t  a r a t e  not less than 

For the purpose of t ha t  discussion, 

requires less oxygen than would be the case i f  CO2 were forme 2 . The exact proportion 

Thus 

If we assume t h a t  50 per cent of the carbon is oxidized t o  carbon monoxide, then 
the hypothesized "r listic" oxidation rate of methane corresponds t o  an annual pro- 
duction of 3.4 x l o f 4  grams of CO. This estimated annual production of CO may be com- 
bined with the known atmospheric concentration of .OS par t s  per mil l ion t o  arrive a t  
an estimate of 4.6 years as the carbon monoxide half  l i fe  consistent with the la t ter  
concentration; even i f  the concentration were 0.2 par t s  per mill ion,  the half  l i f e  
would be 18.2 years. 
effected by the abiological processes proposed a t  much greater  rates than seems t o  
be the case, these cannot be the only oxidation processes available. The extent of 
the discrepancy is more c lear ly  i l l u s t r a t ed  by the fact tha t  a concentration of ten 
pa r t s  per  mill ion would be expected from t h i s  rate of CO production i f  the half  l i f e  
were i n  fact 1,000 years. 
y ie lds  are inconsistent with the observed concentrations; f o r  example, an annual 
production of 1.7 x 1013 grams implies a half  l i f e  of 10.2 years o r  a concentration 
of f ive  pa r t s  per million. 

I t  is clear then tha t ,  unless carbon monoxide oxidation is 

Even qui te  small assumed methane oxidation rates and CO 

The actual production of CO would appear t o  be much greater than the estimates 
The known annual production of methane from biological sources is presented above 

4.5 t o  9.0 x lOI3 grams (5). 
and assuming a 50 per  cent CO yield we ar r ive  a t  a t o t a l  of 5.6 x lozi3 grams from this 
source alone. 
and fo res t  f i r e s .  

Taking the mean of these figures as t h  annual production 

To t h i s  m u s t  be added the  CO produced from combustion of f o s s i l  fue ls  

According t o  Haagen-Snit (7) 40 per cent of the weight of gasoline consumed i n  
This corresponds t o  a world-wide annual in te rna l  combustion engines emerges as CO. 

production of CO from in te rna l  combustion engines alone of 3 x 1014 grams. 
a l so  produced by other f o s s i l  fuel  combustion and by p r a i r i e  and fo res t  f i r e s .  
do not know the actual CO y ie ld  from these sources, but the t o t a l  of f o s s i l  fue l  carbon 
oxidized annually is x 1015 grams, whereas fores t  and p ra i r i e  f i r e s  represent the 
oxidation of 1.6 x lO$5 grams." If we make the assumption tha t  the r a t i o  of carbon 
oxidized t o  CO t o  t h a t  oxidized t o  C02 is  one t o  1,000, then the annual y i e ld  from 

1 4  these two sources is  1.1 x 1013 grams. The resul t ing t o t a l ,  including methane, 
gasoline, other  f o s s i l  fue l  consumption and fores t  and p r a i r i e  f i r e s ,  is 3.7 x 10 
grams of CO per year. If these figures a re  correct,  then they imply a half  l i f e  of 
CO of less than 0.4 years i n  order t o  maintain the current concentration of 0.05 par t s  
per mill ion; i n  contrast ,  i f  the removal mechanisms now available r e su l t  i n  a 1,000- 
year ha l f  l i f e ,  the concentration should be about 100 par t s  per million. 

CO is 
We 

I t  seems t o  

*These calculations are  based on data taken from Hutchinson (5) and Schurr (8). 
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us tha t  the conclusions tha t  a f a r  more rapid removal mechanism is operating is 
inescapable. 
t o  postulate an.acceptable oxidation mechanism t o  explain the rapid conversion of 

. That is, a biological mechanism would seem to  follow from the inab i l i t y  

~ 1 4 0  to ~ 1 4 0 ~ .  

The l a t t e r  conclusion is fur ther  buttressed by a consideration of the known 
capacity of the biota  t o  f i x  atmospheric carbon monoxide. 

I t  should also be observed tha t  NO is also readily fixed biologically, and, l i ke  
CO i s  produced i n  large quant i t ies  from foss i l  fuel  combustion. 
i n  the upper atmosphere i n  substantial  amounts. 
regarding the low concentration of CO also apply t o  NO, which is  present t o  the extent 
of 10-9, and tha t  t h i s  concentration can also be construed as pa r t i a l  evidence of the 
existence of a terrestrial biota. 

I t  is also produced 
I t  may be tha t  the same arguments 

We can a t  t h i s  time propose no good arguments i n  support of the posit ion tha t  the 
observed concentration of C02 is inconsistent with the hypothesis that  its concentration 
is governed largely by abiological processes. 
eff luents  (although it may be questioned whether the CO2 currently produced by volcanoes 
is not f o s s i l  C02 or iginal ly  l a i d  down i n  limestone deposits as the resul t  of biological 
ac t iv i ty) .  We may, however, assume that large amounts of juvenile CO 
f o s s i l  origin) were introduced in to  the secondary atmosphere. Urey ( 4 ) has proposed 
tha t  the amount of CO2 present before l i fe  arose w a s  de t en ined  by the reaction of 
surface magnesium and calcium carbonate ( in  the presence of H 0). 
while agreeing with Urey tha t  t h i s  reaction might serve t o  ho 1 d the atmospheric con- 
centration t o  a level not much greater than the present, points out that  a t  25W the 
pressure of CO2 i n  equilibrium with magnesium carbonate and s i l i c a t e  is 10-5 atm., or  
about one t h i r t i e t h  of the observed CO2 pressure i n  the atmosphere. He holds, however, 
t ha t  the general mobility of the Earth's crust and the existence and s t ructure  of the 
biosphere w i l l  give rise t o  a pat tern of dis t r ibut ion which w i l l  never approach equi l i -  
brium a t  a l l  closely. On t h i s  view, it could be anticipated tha t  a more careful re- 
examination of the possible abiological processes which produce and remove C02 would 
reveal t ha t  these processes do not account fo r  the observed levels. 

of CO2 i n  the atmosphere, the presence of C 02 is of considerable importance, i f  
preceeding arguments supporting the hypothesis of a biological C1Q to  C1402 oxidation 
mechanism are  valid. The r a t i o  of these compounds i n  the products of neutron bombard- 
ment of air  a t  one atmosphere is approximately 88:12 ( 6 ) .  I t  is clear that  under 
abiological conditio characterized by a CO oxidation rate tha t  is very slow re la t ive  
t o  the half  l i f e  of 34 one would expect t o  find the specif ic  ac t iv i ty  of CO high 
r e l a t ive  t o  tha t  of CO2 i f  the  relative concentrations of these two compounds were 
close t o  t h e i r  present values. Under these conditions the differences i n  spec i f ic  
ac t iv i ty  of these two compounds is proportional t o  the difference i n  the size of t he i r  
pools (including not only tha t  circulating i n  the atmosphere, but also a l l  tha t  
reversibly adsorbed a t  the surface of the earth) and the r a t i o  of t he i r  occurrence in  
the products of neutron bombardment. Thus, the smaller the r a t i o  of CO to  C02, the 
grea te r  the relative specif ic  activity of the former should be; similarly,  the greater  
the proportion of CO i n  the bombardment products, the greater  its act ivi ty .  

The capacity of the biota t o  transfer carbon compounds rapidly between pools 
implies t h a t  under preindustrial  conditions the specif ic  ac t iv i t i e s  of the two did 
not show a great  dispar i ty  and were probably about equal. 
conditions characterized by the release of large quantit ies of inactive CO, the r a t io  
of C1% t o  C1%2 would tend t o  be even further depressed. 
d i t ion  and equilibrium would again be established given a constant ra te  of CO production. 
I t  is  c l ea r  that  measurements of the relat ive concentrations and ac t iv i t i e s  of CO and 
C02  are potent ia l ly  of great  biological significance, although the arguments presented 

CO2 is a known constituent of volcanic 

(that is, not of 

Hutchinson (5) 

Even though few biological inferences €8" be drawn from the observed concentration 

Under present industr ia l  

This is a t ransient  con- 
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.I ' ' he re  should be more carefully examined. They are included hecallre t h i s  lize 9s 
reasoning suggests tha t  the CO ac t iv i ty  might be very high indeed under abiological 
conditions and, therefore, easy t o  measure. 

Other Cons ti tuents 

There are other minor constituents of the atmosphere whose concentrations are  
undoubtedly affected by the presence of the biota ,  i n  par t icular ,  nitrous oxide and 
hydrogen. 
cant quant i t ies  . Postulated abiological production mechanisms* could produce these 
gases a t  ra tes  comparable t o  t h e i r  biological formation. In these circumstances 
t h e i r  observed concentrations do not provide an adequate index to  the nature of 
t h e i r  origin. 
consti tuents,  and firm figures can be attached t o  the resul t ing anticipated con- 
centrations,  t h e i r  va l id i ty  as biological indicators can be determined. 
mentioned here because t h e i r  occurrence i n  other concentrations on other planets 
may have a more obvious biological significance. 

Both of these compounds are  known t o  be produced biologically i n  s ign i f i -  

When more is known about the possible abiological sources of these 

They are  

The value of knowledge of concentrations of s tab le  isotopes i n  the atmosphere 
is of such well established biological significance tha t  it need not be stressed here. 

Let us now turn t o  a consideration of the possible biological significance of 
a Martian atmospheric analysis. The objective of t h i s  inquiry in to  the biological 
significance of the terrestrial atmosphere w a s  t o  determine whether an atmospheric 
analysis could appropriately be viewed as a l i f e  detection experiment. 
conclusions would seem t o  follow from the preceding discussion: 

The following 

1. Not only is the presence of a terrestrial biota  ref lected i n  the atmosphere, 
but it can be inferred largely from atmospheric data alone; i n  par t icu lar ,  
no assumptions regarding the detailed nature and biochemistry of the biota  
are necessary t o  such an interpretation. 

2. The biological significance of an atmospheric mixture lies i n  the re la t ive  
concentrations of a variety of constituents, and does not reside wholly i n  
the presence o r  absence of any s ingle  one of them. Such a mixture is bio- 
logical ly  s ignif icant  i f  it represents a departure from a predictable inor- 
ganic steady s t a t e ;  the strongest evidence canes from the observation of the 
simultaneous presence of two gases, l i ke  methane and oxygen, capable of 
undergoing i r reversible  reactions; even with gases whose presence can be 
expected under abiological conditions, departures from the abundances t o  be 
anticipated w i l l  be of biological import. 

3. I t  is  c lear  tha t  the presence of even very minor constituents may be very 
s ignif icant ;  consequently, every attempt should be made t o  provide as com- 
p l e t e  an analysis of the atmosphere as possible. 

MARTIAN BIOLOGICAL A?MOSPHERIC EXPERIMENT 

By analogy with Earth, Martian l i f e ,  i f  it is  present, may af fec t  Mars' atmos- 
phere by giving rise t o  anomolous concentrations of canpounds whose presence could be 
expected as a consequence of purely inorganic reactions and/or by concentrating i n  the 
atmosphere cer ta in  compounds which, l ike methane, are incompatible on a long-term basis 
with other  cons ti tuents 

I t  might be argued tha t  l ife detection by means of atmospheric analysis is more 
appropriate fo r  planets which, l i k e  the Earth, have a high density of l iving matter a t  
o r  near the surface, but inapplicable t o  planets on which the biota,  i f  present, is 
l i ke ly  t o  be very thin. In t h i s  connection it should be pointed out tha t  the r a t i o  

*See, f o r  example, Cadel (10) 
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of surfwe area to atmmnheric mass is 3[! times less fer yars .t-hafi fer the ~ ~ ~ t h ,  
so tha t  the quantity of l iving matter required t o  produce comparable e f fec ts  could 
be much less. 
biologically produced is dependent upon the simultaneous presence of another similarly 
produced. 
eas i ly  measured steady state concentration t o  occur even when the production rate is 
very low. 
environment and drive it t o  a s t a t e  of low entropy i s  not a function of the density 
of tha t  biota ,  but ra ther  follows from the tendency of l i f e  t o  continue growing and 
developing u n t i l  the supply of available raw materials establishes a l i m i t .  Conse- 
quently, the de tec tab i l i ty  of a planetary biota  by means of atmospheric compositional 
analysis is not necessarily limited by the density of tha t  biota. 

should be designed t o  measure the abundances of as many of the components of the 
atmosphere as is possible, including not only the important major components but a l so  
the trace components. In view of what is not known of the Martian atmosphere o r  
surface, it is unwise a t  t h i s  stage to prejudice the experiment by guesses a t  what 
may be the more s ignif icant  constituents t o  measure. The detai led significance of 
any s ingle  compound can be determined only a f t e r  the compositional data have been 
obtained and interpreted. Such interpretation clear ly  requires a t  least a minimum 
of supporting data  so as t o  make possible the specification of the conditions under 
which these components would be expected t o  react. 
as the so l a r  spectrum and the temperature a t  the surface are already available; others, 
such as the state of oxidation of the surface and the radiation flux at  the surface may 
be made available during the course of the ear ly  Voyager missions. I t  should be pointed 
out t ha t  these lat ter data may not be necessary t o  the unequivocal interpretat ion of the 
biological significance of the atmospheric data; t ha t  these would have value i n  con- 
firming any conclusions is clear. 
between an oxidizing and a reducing state, knowledge of the oxidation state of the 
surface would clear ly  be of great  value. 

~ 

=-.--: -- 

Furthermore, it is  conceivable tha t  the removal of one component 

I f  the removal ra te  is concentration dependent, it is possible f o r  an 

A more fundamental point i s  tha t  the a b i l i t y  of a biota  t o  control its 

On Mars a l i fe  detection experiment based on atmospheric compositional analysis 

Some of these auxiliary data such 

I f ,  as is  possible, the Martian atmosphere is poised 

Information regarding isotopic concentrations may also be of considerable importance . 
In par t icu lar ,  where the same element occurs i n  two o r  more atmospheric compounds, a 
comparison of its isotopic abundances i n  the different  compounds provides valuable 
information on the nature of the reactions amongst them. The well known ab i l i t y  of 
l iving organisms t o  f ract ionate  isotopes of the same elements provides a means of 
distinguishing b i o t i c  and ab io t ic  reactions; thus, evidence of c lear  isotopic selec- 
t i v i t y  would be very suggestive evidence of b io t i c  transformation. 

Although any measures of isotopic abundances would appear t o  have def ini te  value, 
the measurement of C14 ac t iv i ty  i n  atmospheric C02 and, i f  possible, that  of CO would 
seem t o  be of unusual in te res t .  In view of the l ike ly  small pool s izes  of each of 
these components on Mars, the specif ic  ac t iv i ty  of each 

expected from neutron bombardment of the Martian atmosphere, but i n  the absence of 
atmospheric oxygen, it might be expected tha t  the C0:COz r a t i o  
on Earth. 
apply equally w e l l  t o  Mars, then one would expect very great  dispar i ty  i n  the C14 
a i v i t y  of the two compounds. 

l ike ly  t o  be m higher 

is even higher than 

Failure t o  f ind it would suggest a rapid biological 

than on Earth. We do not a t  present know the yield of C 13 0 re la t ive  to  Cy%* t o  be 

I f ,  as seems l ikely,  the arguments regarding the slowness of CO oxidation 

C fi 0 fixation. 

1 4  Even if the CO ac t iv i ty  cannot be measured, a measurement of the C 0 ac t iv i ty  
alone might be highly s ignif icant ,  since the amount t o  be expected unde agio1 g ica l  
conditions is c lear ly  a function of CO oxidation rate, pool size, and C 0: C 02 
yield from neutron bombardment. 

and hydrogen or  other hydrides, 

€4 18 

Other isotopic measurements which deserve mention are D and H abundances i n  water 
and the r a t io  of N14 t o  N15  i n  nitrogen oxides. 
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