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1.0 INI'RODUCTION 

This document reports the work carried out i n  the second phase of 
the subject project, supported under contract NASw 871, during 
the contract period covered froin !4ay 1, 1965 to  July 31, 1966. 

Personnel participating i n  this project are: 

1. Dian R. Hitchcock, IIamilton Standard Division 
United Aircraft Corporation 

2. Gordon B. Thanas, Hamilton Standard Division 
United Aircraft Corporation 

3. James E. Lovelock, University of Ibuston, Paid Consultant 

4. Peter B. Fellgett ,  University of Reading, Paid Consultant 

5 .  Peter G. Simnonds, University of Houston, Paid Consultant 

The project w a s  under the technical monitorship of Dr .  George Jacobs, 
Office of Bio Sciences Programs, National Aeronautics 6 space 
Administration, Washington, D.C. 



2.0 srJLm,s DF BIOTIC ORDER 

2.1 Introduction 

The f i r s t  phase of these studies of s t a t i s t i c a l  decision theory for  
large scale biological experiments was devoted t o  the problem of 
defining and interpreting a concept of the value of an experiment 
which could be employed to  a id  payload selection decisions for  the 
Mars  biological exploration program. This entailed a survey of the 
mission objectives and experiments proposed for  inclusion, with 
special emphasis on the concept of sc ien t i f ic  value of infonuation 
(with par t icular  emphasis on interrelationships between the results 
of different  experiments and the hypotheses they might jo in t ly  tend 
t o  confirm or  disconfirm) and the likelihood that  proposed experiments 
would yield interpretable or unarnbiguogs resul ts  (with par t icu lar  
emphasis on the problem on detectabi l i ty  of machine error  and the 
bias contributed by d e t e c t e d  machine error) .  This phase of these 
studies,  which was  canpleted in April 1965, resulted i n  a nunber of 
conclusions, among which the most important were that: 1) vi r tua l ly  
a l l  biological experiments proposed were designed t o  demonstrate the 
existence of a biota  i n  terms of a rather  res t r ic ted  concept of l i fe  
as bearing a very strong biochemical and functional resemblance t o  
terrestrial l ife and were such that  fa i lure  t o  detect  the l i f e  form 
sat isfying these restrictive conditions would resu l t  simultaneously 
i n  fa i lure  t o  increase knowledge of Mars; and 2) these' experbents  
are d i f f i cu l t  t o  implement i n  that they i n  general have a great  
many potent ia l  sources of bias due t o  machine e r ror  and such bias  
is i n  general more d i f f i cu l t  to  detect fran analysis of the experi- 
mental resul ts  than is the case for  experiments designed t o  measure 
the physical and chemical properties of the planet {where such bias  
is sometimes revealed by the presence of "impossible" resul ts) .  

Thus, the resul ts  of the f i r s t  phase indicated a need for  the 
following kinds of l i f e  detection experiments: 

1. Those which employ a more general concept of l i f e  and would be 
capable of detecting l i fe  f o n s  which are extremely a l ien  i n  
respect t o  biochemistry and metabolism. 

Those which provide useful infonnation even if they f a i l  t o  
demonstrate the existence of a biota. 

2. 

3. Simple experiments which have a high degree of machine reli- 
ab i l i ty ,  are easy t o  monitor for  machine malfunction and have 
a law a r i o r i  probability of yielding ambiguous resul ts  which 
are d i  ne-, icu t t o  interpret. 

Consequently the focus of this  reporting period's studies has been 
an attempt t o  find l ife detection experiments with at least some of 
these characterist ics.  The approach taken has consisted of a 
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2.1 (Continued) 

reconsideration of the frequent observation that the fundamental 
difference between living and non-living matter is that the former 
are characterized by a high degree of "negative entropy," which 
has i n  the past  been loosely equated w i t h  "information," "order," 
"structure ,I' "thennodynamic improbability ,'I and "purpose ." 
This e f for t  has taken the f o n  of examining the empirical impli- 
cations of the assunption that  l iving organisms are characterized 
by some feature which can be said, a t  least on in tu i t ive  grounds, 
t o  be equivalent t o  or  implied by the negative entropy assumption, 
(This expedient is dictated by the fact tha t  although the negentropy 
concept, as for  example delineated by Shroedinger", is an a t t rac t ive  
one, it is far fran satisfactory theoretically i n  that  it does not 
yield a rigorous definit ion of the f o n  i n  which "order," "infor- 
mation," etc. are t o  be observed i n  l ife processes, and requires 
an essent ia l ly  metaphorical use of t h e d y n a m i c  o r  information 
theoret ic  t e r n  i n  discussing i t . )  

Two l ines  of investigation resulted. The f i r s t  employed as i ts  
departure point the assunption that  l iving organisms are character- 
ized by the ab i l i ty  to  establish and maintain a chemical free energy 
gradient between theanselves and some portion of t he i r  "non-living" 
enviroment and that a f t e r  death this gradient is gradually diss i -  
pated un t i l  chemical equilibriun is established. I t  follows that 
the observation of a chemical "disequilibrium" (e.g., the existence 
of a free energy gradient which is anomalous i n  that it cannot be 
explained as the steady s t a t e  consequence of non-biological processes) 
would consti tute evidence of the existence of a biota. The most 
useful and surprising resu l t  of this inquiry was the finding tha t  
the terrestrial abnosphere i s  i n  such a s t a t e  of "disequilibriun" 
and tha t  the existence of terrestrial life could be inferred by, 
for  example, an observing Martian f m n  knowledge of the density 
and composition of the atmosphere and the solar  flux. These resu l t s  
are br ie f ly  reported i n  Section 2.2 below and i n  the appended draf t  
of a paper en t i t l ed  "Analysis of the Martian Abnosphere: Its Bio- 
logical Significance ." 
The second line of investigation has focused on the concept of b io t ic  
order and has consisted i n  observing the dis t r ibut ion of n-alkanes 
i n  a variety of materials of b io t ic ,  abiotic,  and unknown origin, 
This has consisted i n  determining whether the order i n  these d i s t r i -  
butions could be measured and whether the amount of measured order 
is: 1) a monotonically decreasing function of age i n  material of 
b io t ic  origin, 2) high for  material of b io t ic  or igin and low for  
material of abiotic origin,  and 3) whether such a measure provided 
any insight into the possible or igin of material of unknown (meteor- 
i t ic)  origin. These resul ts  are  reported in  Section 2.3. 
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2 .2  Biological Significance of Atmospheric Compositions and Surface- 
Abnosphere Reactions 

This portion of the studies conducted during this reporting period 
concentrated on demonstrating the validity of a characterization of 
life in tern of its ability to establish and maintain a free energy 
gradient between itself and some portion of its environment. The 
existence of such a gradient should result in two things: a dis- 
turbance of L\e naminally "non-living" portion of the environment 
so severe as to be recognizably not attributable to the uncontrolled 
action of abiological mechanisms, and the direct observation of the 
existence of the physical or chemical gradient itself. 
assumption provides a valid basis for the design of Yartian life- 
detection experiments, then it should also be true of earth; 
specifically, it should be possible to detexmine f m  an examination 
of physical or chemical properties of Earth that life exists here, 
and this should be possible without any assumptions regarding the 
detailed chernical or physical nature of the biota. 

If this 

The results of this portion of the study are contained in the appended 
draft of a paper entitled "Analysis of the Martian Atmosphere: Its 
Biological Significance." 
publication, and may undergo some minor modifications .) 

(This paper has not yet been accepted for 

The extrapolation of these results to the question of the possible 
validity of a Martian atmospheric life-detection experiment are 
further considered in Section 3 of this report. 

2.3 Biotic Structure in N-Alkane Distributions 

2.3.1 Order Xeasures in Gas Chrmatography 

It has been frequently noted that the concentrations of n-alkanes in 
biotic materials, such as oil crudes, shale residues, etc., tend to 
exhibit characteristic ordering, in that the n-alkanes of odd carbon 
chain length are present in greater abundance than the penultimate 
and successor even nunbered homologs. 
odd/even preference have, in fact, been constructed and used as 
measures of the suitability of crude oil stocks for econanic 
exploitation. 

Indices based on this so-called 

During the first year of the current project, Professor J. E. Lovelock 
at the University of Houston drew the attention of project personnel 
to the fact that this characteristic of gas chranatograms of n-alkanes 
derived from biotic material appeared capable of further generalization. 
Specifically, Dr. Lovelock showed that the relative concentrations 
of n-alkanes in the products of a Fisher-Tropsch hydrocarbon synthesis 
(which has been reacted t o  near equilibrium) are closely approximated 
by a classical Poisson distribution, while materials of biotic 
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2.3.1 (Continued) 

origin deviate t o  a greater or  lesser extent fran t h i s  distribution. 
The root mean square deviation of the observed concentration fran 
those predicted by a Poisson distribution of best  f i t  appeared t o  
be roughly inversely related t o  the age of the material from whence 
the sample is derived, i.e., old b io t ic  materials tended t o  f i t  a 
Poisson be t te r  than recent biological materials . 
Quantities measuring the degree of order/disorder i n  a sample of 
material of putative biological origin could be of considerable 
potential  use i n  tracing the history of the sample and classifying 
it as t o  origin. 
function, it is clear tha t  it could only serve t o  measure one type 
of departure fran randomness. A semi-empirical study was, therefore, 
i n i t i a t ed  with the cooperation of personnel a t  the University of 
Houston t o  attempt t o  develop more general measures of order i n  gas 
chromatograms . 

Since the Poisson dis t r ibut ion is a single parameter 

2.3.2 Life As An Order Conserving Process 

I t  has been frequently observed tha t  living systems and t he i r  imine- 
d ia te  surroundings consti tute regions of space i n  which the second 
law of thermodynamics is held i n  abeyance for  significant periods 
of time. Fran t h i s  viewpoint, we regard the presence of a l iving 
system as embodying a set of constraints on the number and kinds of 
physio-chemical interactions which can occur i n  the imnediate region 
of the organism. This system of reaction constraints is thus re- 
flected by greater order i n  the array of substances i n  the  vicini ty  
of the organism, and th i s  greater order is reflected as a lower 
entropy of organization relat ive t o  tha t  which would obtain i f  the 
constraints were not present. After death the entropy of the system 
increases a t  a ra te  determined by local conditions unt i l  eventually 
t h e  matter once comprising the system ceases t o  have relat ively low 
entropy . 
Consider a surface or  region of a planet a t  constant temperature T 
and pressure P. 
$ and let the chemical potential of the ith species be M i .  & tune 
passes, tile various species w i l l  undergo interaction leading t o  the 
synthesis of additional substances and the degradation of others. 
After the  passage of a period of time, which may be very long, the 
system w i l l  approach equilibriwn i n  the sense that no further 
detectable changes i n  concentration w i l l  be noted with time. 
Suppose now tha t  a sample of this mixture is analyzed and the rela- 
t i ve  concentrations of the various species detenined. 
resu l t  the distribution of concentrations of the various products 
i n  the sample. 
strained by the  free energies of formation of the equilibrium mixture. 
In principle, the concentrations of the species i n  the equilibrium 
mixture are predictable frm knowledge of the s tar t ing composition 
and the free energies of formation of the  various products of reaction. 

Let the  surface contain K chemical species S S2... 

There w i l l  

The distribution of concentrations w i l l  be con- 
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2.3.2 (Continued) 

In general, any physio-chemical system w i l l ,  according t o  the second 
law of thermodynamics, tend t o  approach a state of minimum free energy 
or maximum entropy. 
t h i s  tendency for  periods of time equal t o  same multiple of the l i fe  
span of the system. 
region occupied by a living system w i l l  not reflect a mixture of 
products resulting from an unrestricted sequence of physio-chemical 
interactions. The spectrum of possible reactions is constrained and 
cer ta in  products w i l l  not be present i n  the reaction mixture. As a 
resu l t  of t h i s  constraint the free energy content of the system is 
greater and the entropy less the equilibriun value. 
are reflected i n  the presence of what w i l l  be termed “biot ic  order” 
i n  the distribution. 

Living systems, on the other hand, contravene 

In consequence, the chemical composition of a 

Such constraints 

2.3.3 Objective of Program 

The basic objective of the work described i n  t h i s  section w a s  t o  
determine whether o r  not it is possible t o  construct a measure o r  
measures which could be computed from a digit ized gas chranatogram 
which would serve t o  characterize the degree of order or  disorder 
i n  the distribution of the relat ive abundances of the n-alkanes i n  
a sample of matter. 

In  the context of th i s  objective, we sha l l  refer t o  the results of 
a highly directed chemical process as yielding a sample of matter 
which is organized or ordered. 
out the synthesis of a specific alkane fran a specif ic  s tar t ing 
material, he generally arranges conditions so tha t  substantially 
only the desired compound is present i n  the final products of the 
reaction with minimal contamination by other substances. Such a 
sample is highly ordered since only the desired substance is 
preponderately contained i n  the reaction product. 

For example, when a chemist carries 

Ideally, the proposed measures should sa t i s fy  the following general 
criteria: 

1. I t  should range from some minimum for  a to t a l ly  unordered 
sample t o  a maximun value fo r  an ordered one. 

The magnitude of the measure should be a monotonic function of 
the degree of degradation of a sample: degradation of an 
ordered sample should lead t o  a diminution of the measure. 

The measure should be additive in  that  i f  a highly ordered 
sample is mixed with a low ordered sample, the resulting 
measure should correspond t o  the average of the measures of 
each sample separately. 

2. 

3. 
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2.3.4 Temperature Programed Gas Chranatography 

The experimental data ut i l ized i n  t h i s  report were obtained by means 
of temperature progrmed gas chromatography. Figure 1 depicts a 
simplified version of t h i s  system, which consists essent ia l ly  of 
a) a temperature controlled oven, b) a check valve system fo r  the 
impulsive injection of the sample in to  the carrier gas stream, 
c)  the chromatogram column, and d) the detector system. The sample 
is placed i n  the oven and subjected t o  a temperature regimen, which 
may range fran mild volat i l izat ion for  a period of sane hours, t o  
outright pyrolysis of the material. As each species contained i n  
vapor is adsorbed and eluted from the colunn, its presence i n  the 
column effluent is detected and recorded on the moving s t r i p  chart. 
The time of elution is the prime identifying variate since, i n  a 
hanologous series, the time of elution or  retention time on the  
colurm is proportional t o  the molecular weight of the species i n  
question. Each species as eluted generates an essent ia l ly  Gaussian 
curve on the s t r i p  chart record, the area under the curve being 
essentially proportional t o  the re la t ive  concentration of the given 
species i n  the sample injected on the colunn. 

I n  a well-controlled chromatogram, the widths of the peaks a t  the 
base are essentially constant so that for  the purpose of obtaining 
estimates of re la t ive  concentrations it is suff ic ient  t o  measure 
the peak heights. Division of each peak height by the sun of a l l  
the peaks i n  the chrcxnatogram yields  an estimate of the re la t ive  
concentration of each species in  the original mixture. This estimate 
is, however, a biased one, since a t  roan temperature a l l  n-alkanes 
of chain length of C - 8 or less are l o s t  from the sample due t o  
the i r  vo la t i l i ty .  

Temperature programmed chranatography u t i l i z ing  a variety o r  regimens 
was  employed i n  this project. The resulting chromatograms were 
digit ized by measurement of peak heights from the variable base 
l ines  of the chranatograms t o  obtain the dis t r ibut ion of re la t ive  
concentrations of n-alkanes i n  the starting mixture. 

2.3.5 Characterization of Order In a Chrmatogram 

A digit ized chromatogram of a sample of n-alkanes obtained i n  the 
foregoing manner is a sequence of nwnbers ordered by the nunber of 
carbons i n  the chain. The question arises as t o  w h a t  underlying 
law o r  process could give r i s e  t o  the observed sequence. There 
are, i n  fact, an i n f in i t e  number of possible laws t o  choose from 
and no finite body of data w i l l  allow one of these t o  be selected 
as the true one. 
of a rather crude and simplified approximation of the underlying 
law or process. 
a class of processes which can be described essentially i n  terms 
of the information which some subset of the ordinates of the 
observed chromatogram conveys about the whole chranatogram. 

In general, we m u s t  be content with the selection 

For the purposes of t h i s  project, we have selected 
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Wien a Fisher Tropsch alkane synthesis, for  example, is performed and 
allowed t o  come t o  equi l ibr im and the product mixture is chrmato- 
graphed, a chromatogram such as the one shown i n  Figure 2 is obtained. 
Figure 3 is  the digit ized version of the chromatogram, i n  which the  
n-alkane peak heights i n  Figure 2 are represented by the heights of 
the bars of the histogram. The sa l i en t  feature of the histogram i n  
Figure 3 is the smooth unimodal appearance of the envelope. This 
smooth, roughly syrnmetric appearance of the histogram is f a i r l y  
typical of those resulting from samples of “old” biological materials 
o r  from recent b io t ic  materials subject t o  thennal degradation or  
fran simple multiproduct synthesis which have been p e n i t t e d  t o  reach 
equi l ibr im.  

In contrast t o  the general visual appearance of chromatograms of old 
or  degraded b io t ic  samples is the type of chromatogram obtained with 
santples of recent b io t ic  origin and exemplified by the one i n  
Figure 4,  which is a sample of n-alkanes obtained fran bat guano 
approximately 5 x l o3  years old. 
not appear t o  be a preferred or most abundant concentration with the 
concentration of a l l  other species more o r  less predictably related 
t o  it, as there w a s  i n  the products of the Fisher Tropsch synthesis. 

In t h i s  chranatogram, there does 

In  addition t o  this lack of smoothness the chranatogram of the sample 
of bat guano manifests the characteristic tendency of b io t i c  materials 
to  preferential  odd/even concentrations of n-alkanes . 
The measures used i n  t h i s  project t o  characterize the order i n  a 
gas chranatogram is based on the following ideas: consider two con- 
t ras t ing durpny chranatograms, a s  shown i n  Figure 5, curves A and B, 
and tabulated i n  Table I. 

16 
17 
18 
19 
20 
21 
22 
23 

0 
36 
64 
84 
96 

100 
96 
84 

- 
32 
60 
80 
92 
96 
92 - 

14 
99 
89 
46 

5 
23 
23 
69 

- - 
52 47 
72 17  
47 -1 
34 - 29 
37 - 14 
37 - 1 4  - - 

Visually, one of the sal ient  differences between the  two sequences 
is that  chromatogram A i s  relatively smooth and predictable in  
appearance while B is quite the opposite. 
surprising when we realize that ser ies  A is actually the ordinates 

This is not a t  a l l  



2.3.5 (Continuedj 

of Y = 40C-4C2, while series B is a sequence of random d ig i t s  i n  
the range 0 - 99. 

Suppose that  series A w a s  presented t o  an observer with sane one 
value other than the f i r s t  o r  l z s t  deleted, e.g., oiie value is 
removed and a space l e f t  i n  the record. 
observer t o  use any methods he cares t o  fonn h i s  best estimate 
of the deleted value. I t  is clear that fran inspection of the 
record tha t  the observer is l ikely t o  f o n  a reasonably close 
guess a t  the value. 
the observer elects t o  u t i h z e  a linear interpolation i n  order t o  
construct h i s  e s t ima tey i  of Yi. Thus: 

Now suppose we  asked the 

Let Y -  denote any deleted ordinate and suppose 

A 

y = cy,+, 

Suppose the observer applies this interpolation process t o  each 
ordinate and the fa i lure  of the interpolation function t o  give the 
correct value Y i  is estimated by the discrepance: 

These quantit ies are tabulated i n  Table I. 
togram A, there is a constant discrepancy of 4 for  a l l  "carbon 
values," but it is readily seen that  the interpolation procedure 
gives very good estimates of the values of Y i .  In fact, since 
the discrepance is a constant =4 this value could be included i n  
the interpolation t o  give the exact value of Y i .  
B, on the other hand, use of the same interpolation function gives 
a very poor prediction of the actual values of the function as 
evidenced by the larger and irregular behavior of t h e 4  . 
In general for  "smooth" well-behaved functions such as the one i n  
Colunn A of Table I,  there is a high degree of predictabil i ty about 
any particular ordinate, and an observer is able t o  supply rather 
close estimates of any one missing value on the basis of the re- 
maining data. 
predictabil i ty is not present. 

From the information theoretic viewpoint, ordinates fran sequences 
exemplified by chromatogram A may be characterized as having a very 
low infonnation content whereas sequences such as B have a relatively 
high infonnation content. Thus, i n  sp i t e  of i ts  being ccnnposed from 
a randm number table, series B exhibits the characterist ic we 
equate with b io t ic  order. This somewhat counter-intuitive statement 

In the case of chrama- 

In chranatogram 

For more i r regular ,  more randam functions, such 
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can be explained as follows: i n  chromatogram A, when the observer 
has formed his  estimate and is then allowed t o  see the actual 
value he finds that the observed and actual values are almost the 
same. 
l i t t l e  additional information t o  the observer since he is able t o  
closely estimate it pr ior  t o  actually seeing it. In chromatogram 
B the various values are essentially unpredictable since they came 
fran a table  of randan digi ts .  Since the predicted value is can- 
pletely unrelated t o  the actual value, knowledge of the value con- 
veys a large amount of information t o  the observer since the best 
prediction he can make pr ior  t o  seeing it is tha t  the value lies 
between 0 and 99, 

Therefore, knowledge of the actual value contributes very 

This notion of the "reconstructability" of a chranatogram is i n  
complete qual i ta t ive accord w i t h  conventional information theory 
and suggests that the measurement of the degree of order i n  a 
chromatogram might be a c c q l i s h e d  by use of simple interpolation 
methods. 

Use of Interpolation Methods 

Let the ordinates of a given digit ized chromatogram be denoted by 

Suppose for  i = 2...T-1 we canpute: 

Y1, Y2, y3. .Yi. .yTm 

and for  i = 3. .T-2 we canpute 

A 

D+, = y; - y i  
The quantit ies D 
value of the resift of an interpolating operator, operating on 
ordinates on each s ide of a deleted value and on ordinates once 
removed from a deleted value. 

and D 4 i  w i l l  measure respectively the predictive 

The behavior the quantit ies D 2 i  and D4- as functions of the under- 
lying behavior of the chromatogram musk n m  be examined. 

Given a ser ies  of ordinates Y i ,  Y~...YT, the mean value of the 
sequence is defined as: 

7 
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2.3.5 (Continued) 

and its variance V ( y )  as: 

.. .YT can, according t o  Fourier's theorem be L: yz The sequence Y 
expanded into e eries: 

The terms GmTit'/r)are completely known for any value of T since 
they can be looked up i n  a table. Thus, a l l  sequences of length 
T have the same set of functions, expfj-naV/T) . 
one sequence frcm another is the sequence of co-efficients C which 
are  def in i te  nunbers which d i f fe r  for  different  series. A pfot of 
the quantity ICmI'. against m n / 7  is i n  fact the parer spectrwn 
of the sequence Y l ,  Y2 ... YT and different  sequences each of length 
T w i l l  have different  power spectra. 

What distinquishes 

I t  is easy t o  show that: 

(10) 
cnr-8 

and since V ( y )  measures the total  variation of the sequence, equati n 

Thus equation (10) shows tha t  the to t a l  variation of the o r i  inal se- 
quence depends on the magnitudes of the co-efficients Cn, an % thus on the 
spectral  canponents, IC nlA.  

(10) relates this t o t a l  variation t o  the power spectral ccarponents C,. s 

The problem of estimating the values of the C, from a given observed 
sequence of values Y- is a problem i n  spectral  analysis. 
of methods and proceaures are known which w i l l  provide estimates of 
the  C . The quality of these estimates, as  might be expected, however, 
depen8s on the length of the sequence available. Since the lengths 
available i n  the current work are very short (30 points o r  less)  the 
estimates used are re lat ively crude. 

A number 

Digital  f i l t e r ing  based on the interpolation formulas described above 
was used t o  obtain these broad estimates of the C,. 
based on the  following considerations: 

This method is 

1 
The quantity ?a, = y; way; (11) 

4 

nay, by substi tution of*Y; : r 7 . ~  fy, . J / L i n t o  equation (11) be 
writ ten as: 

(12) 
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2.3 5 (Continued) 

Defining the s h i f t  operators: 

Fy; = y,.+f 
E -  I 7'. = y.-i 

we have: 

The quantity D 2 i  may be regarded as the resu l t  of passing the 
sequence Y i  through a filter with transfer operator of L s , . , % l ~  . 
Substituting the value of D 2 i  i n  equation (14) in to  equation (9) 
yields: 

j)2; = 3 ~ S ; ~ ~ ( ' h ~ f ~ ~ ) [ ~  * p ( < w r i ' / T )  

which represents a new s uence resulting fran the passage of Yi 
through the filter define 7 by equation (12a). 

The factor sin4 m V / A T  
Table 2. 

is sham i n  Figure 2 and tabulated i n  

TABLE 2 sin4(% 71 

sin4 01 L 
0 

.0045 
0625 
.2500 
.5623 
.9329 

1 000 

and sin4( h f l / T )  

sin'+& 
0 

0625 
5623 

5623 
.0625 

0 

1 000 
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2 . 3.5 (Continued) 

The variance r a t io  V(D$ /V(Y) is thus a measure of t h e  magnitude 
of the contribution being made t o  the original sequence Y 

by considering one frequency component,& wpj nTT/r, i n  the original 
sequence defined by equation (9). The contribution of t h i s  com- 
ponent t o  the variance of the original sequence is I L * r 1 2 / L  . After 
the original sequence has passed through the interpolating f i l ter  the 
resu l t  is D - with  variance V@2) .  The contribution of the selected 
component t&(D,) is: 

Y2...\iT 
by high frequency canponents i n  the original sequence. d! is is seen 

Now, i f  n is small8 is small and the factor 5if13(M/T/1T)i~ small. 
Hence even if /L,v/‘ is large the filter factor picked up by passage 
through the f i l ter  w i l l  suppress it so tha t  the cmponent w i l l  make 
no contribution t o  V(D2). Thus,if the original sequence is daminated 

C and C3 these terms w i l l  be suppressed by the filter and &:!’wih be much smaller than VU) . On the other hand, if C4, Cs 
and C dominate, the f i l ter  factor w i l l  not greatly suppress them 

be substantially the same as their  contribution t o  the original 
sequence. Then V@z) w i l l  be approximately the same as V(Y). 

The filter defined by the interpolation function: 

and t f: e contribution of these canponents t o  the f i l ter  output w i l l  

is representable i n  an analogous way by: 

This factor is also tabulated i n  Table 2 and 
As can be seen th i s  factor tends t o  suppress 
quencies and detect frequencies i n  the range 
consequence the rat io:  

plotted i n  Figure 6. 
low and high fre- 
of 1/4 cycles. AS a 

is a measure of the amount of middle frequency ac t iv i ty  i n  the 
original sequence Yi. 

The foregoing argument may be i l lustrated by a digi t ized chromatogram 
of a petrochemical refinery wax, obtained from the Shell O i l  Company 
and containing sane 100 hydrocarbons, admixed with 5% Spanish moss. 
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2.3.5 (Continued) 

TABLE 3 DIGITIZED QRCMATWUM OF N-ALIMES 
FROM SELL WAX PLUS 5% SPANISII Moss 

Carbon No. Yi 

20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

IC11 

IC24 

I cf.f 2 

IC41 

IC+ 

k61 

1.8 
17.0 
57.0 

120.6 
155.4 
158.0 
132.7 
108 . 0 
63.0 
43.0 
21.0 
21.0 

- 
29.4 
68.8 

106.2 
139.3 
144.0 
133.0 
97.8 
75.5 
42.0 
32.0 - 

- 
-12.4 
-11.8 

14.4 
16.1 
14.0 
-0.3 
10.2 

-12.5 
1.0 

-11.0 - 
v (Y) - 2991 

= 5658 

V @,) = 133.2 

- 272 

.t 8 

0 

P 4 

= 37 

The large value of the co-efficientlC1( = 5658 indicates tha t  the 
chmnatogram is daninated by a s ine t e n  with a basic frequency of 
1 / 2  of a cycle over the record. 

Nw, the r a t io  

IPElects the fact tha t  higher frequency canponents are absent fran 
the spectrum while the rat io:  

(nearly ten times t h e  value of J1) arises from the dominating role 
of C1 and C2 i n  the chromatogram. 
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I 2 .3 .5  (Continued) 

For the puvoses of analysis it is appropriate t o  examine the behavior 
of the logarithms of J and ,J2 rather than the ra t ios  themselves 
since the variance of h e  logarithm of a r a t i o  of variances is the 
reciprocal of the number of points i n  the chromatogram diminished 
by 2. Thus, the quantities: 

10 log J1 

K2 = 10 log J2 

which express the spectral  estimates on the decibel scale, w i l l  be 
of roughly equal var iab i l i ty  since the chromatograms are of approx- 
imately the same length. 

In  t h i s  example: 

K1 = -13.47 

K2 = -5.27 

z = -8.20 

In  smaxy t o  t h i s  point, the to t a l  variation of a sequence Yi is 
representable by its variance V(Y) which i n  turn can be represented 
as one-half the sum of squares of the co-efficients Cn i n  the 
Fourier series expansion of the original sequence. 
t he  d i g i t a l  f i l t e r :  

Application of 

yields a new seiuence 3,i whose time variation V(D7) w i l l  tmci t o  

ani sinall i f  the  sequence is smooth and "i;ell behaved." 
= V(D2)/V/Y) will measure the relat ive contribution of these 

higher frequency c q o n e n t s  t o  the original sequence. 

- 
:)c 1 1: ,c i .- ,: (.yi;iri*it ;(%>.; .-s; ". coritniiis iiiglier frc .1:~nc--r coiiponents 

The r a t io  
"1 

Similarly the  f i l t e r :  

F+ 5 I -  q L ( E Z t E - L  1 
w i l l  y ie ld  a variance V(D4) ldhich is large if the sequence is smooth 
and small i f  i t  approaches 3 constant. 

cor the purpose of tabulating the results of the experimental work 
the tiio ~ ~ u a n t i t i e s :  



2.3.5 (Continued) 

which represent the rat ios  on the decibel scale have been chosen as 
the quantit ies a t  prime interest .  

2.3.6 Results 

Digitized versions of experimental chromatograms obtained by 
D r .  Peter Simmonds at the University of Houston are the  basis  of 
the resul ts  presented here. 
These were: 

n r e e  primary questions were studied. 

1. The relationship of the proposed measures t o  the age of samples 
of biological materials ; 

2. The way i n  which the measures behaved under thermal degradation 
of b io t i c  materials; 

3. The behavior of the measures as a function of b io t i c  admixture. 

2.3.7 Behavior of Measures as Function of Age 

In  Table 4 several samples of  biot ic  material of differ ing ages are 
tabulated together with the quantit ies K1 and K2 camputed from the 
digi t ized n-alkane gas chromatograms obtained frm them. In Figure 
7 the quantity Z - K -K is plotted against the logarithm of the 
age of the sample ani de conventional least squares l i ne  Z = a + b 
log t fitted t o  the ten points. 

TABLE 4 9RDER MEWRES ON BIOTIC MATERIALS 
OF SEVERAL AGES 4 NATURE 

Sample Age (Years) J1 J2 ZqJ1-52 

9 G u n  F l in t  Chert Alkanes 1 x IO9 
1 x 10 

Precambrian Crude O i l  
Cambrian Crude O i l  5 x 10 
Bituminous Coal 2.5 x 10; 
Cretaceous O i l  Crude 6.5 x 10 
Eocine O i l  Crude 3.6 x 10% 
Bat Guano 5 x 10 
Sheep's Wool \tax 1 x 100 
VJaxLigustnm 1 x loo  
Cow lclanure 1 x 100 

t1  1' ( 1  II 

1 x 10; 

-8.30 -2.23 
-8.21 0.53 

-22.22 -16.00 
-14.56 -11.55 
-1.15 -5.23 

-17.70 -12.50 
-0.46 -8.96 
3.58 -10.61 

-0.30 -7.24 
3.01 1.79 
4.13 -1.66 

-6 . 07 
-8.74 
-6.22 
-3.01 
4.08 

-5.20 
8.50 

1 4  . 19 
6.94 
1.22 
5.79 
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2.3.7 iZuritinued) 
In  Table 5 the analysis of variance of regression for  these data is 
exhibited. 

TABLE 5 ANALYSIS OF VARIANCE OF REGRESSION 

Nature of Variation Degrees of Freedom Xean Nuare 

Regression 1 183.66* 

Residual 9 40 . 64 

* Significant at  p = 0.07 level 

a = 7.27 

s = 6.4 
b = -1.08 +O.50 - 
The slope, b = -1.08 is significantly different  from zero (p = 0.07) 
and the measure Z appears t o  decline by 1.08 db per 10 fold change 
i n  ags. Cle r l y  additional data are needed, especially i n  the range 

the function relat ing age t o  loss of structure. 
of 10 t o  10 3 years, in  order t o  substantiate the precise shape of 

In  general, l inear i ty  of the measure with logarithm of time is not 
t o  be expected because: 

1. There is appreciable error i n  the dating of the older materials; 

2. The different  materials probably differed i n  the i r  intrinsic 
order at the time of origin; 

The rate of loss of order is undoubtedly affected by d i f fe ren t  
local conditions of temperature and pressure prevailing a t  the 
site. 

3. 

2.3.8 Thennal Degradation of Biologic Materials 

Exposure of biogenic mixtures of n-alkanes to  elevated temperatures 
should accelerate the approach t o  equilibrium and thus should be 
detectable as a loss  of structure or order with increasing time of 
exposure. To test th i s  hypothesis, samples of Spanish moss were 
exposed t o  various regimens of time and temperature a t  (essentially) 
constant t o t a l  pressure. Table 6 exhibits the resul ts  obtained. 

2- 16 



2.3.8 (Continued) 

TABLE 6 EXPOSURE OF SAWLES OF SPANISH MOSS TO " D I P E R A ~  REGMS 

Temperature Duration of 
O C  Exposure (hours) K 1  K2 K 1 4 2  

25 (Control ) 6.00 -6.99 12.99 
350 24 2.83 -5.62 8.45 
350 48 2.79 -5.62 8.41 
350 96 
350 116 

-9.51 -11.39 2.88 
-3.51 -12.08 8.57 

350 164 -12.52 -11.55 -0.97 
2s (Control) 3.75 -10.36 14.11 

300 24 1 
325 48 1 3.78 -9.87 13.65 
375 16 3.52 -7.67 11.19 

I n  Figure 8 the isothermal ser ies  a t  35OoC. for  periods of exposure 
up t o  116 hours are presented together with the least squares 
regression line. 
is shclwn. 

fn Table 7, the analysis of regression variance 

TABLE 7 ANALYSIS OF REGRESSION VARIANCE OF 1- DEGRADATION SERIES 

Nature of Vatiation d. f. Mean Square 

Regress ion 1 88 . 9" 
Residual 4 8.4 

*Significant a t  p = 0.05 

a = 11.77 

s = +2.9 
B -0.068 +0.021 

4 - 
The s ignif icant  negative slope i n  Table 7 indicates tha t  exposure to 
35OOC. leads t o  a loss of order of 0.068 +0.021 db per hour of 
exposure . 
On the basis of the resu l t s  i n  Table 7 i t  would appear tha t  degradation 
proceeds a t  an appreciable ra te  only above some critical temperature 
about 32S°C., since the sample heated for  24 hours a t  300OC. and 
then for a further 48 hours at  32S°C. shows negligible degradation. 

The sample held a t  37SoC., on the other hand, suffered a loss  of 0.018 
db per hour, which is not significantly different from the i so thena l  
rate. The extremely small sample size available limited these com- 
pai-i~tms t o  nothing more than 3 suggestion. 
extensive data would be of interest .  

- 

Further and much more 
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.I 2.3.9 Comparison cf Quas i-Abiogenic and Biogenic xiateriais 

In Table 8 the measures c q u t e d  on several classes of materials 
have been assembled. Sroup I, consists of materials of indubitable 
biologic origin such as wool, wax,  caw manuret etc., some of which are 
repeated fram Table 4. The second group consists of the resul ts  
from several Fischer Tropsch hydrocarbon syntheses run t o  apparent 
equilibriun, a sample of refinery wax ,  and, included for reference, 
the measures canputed fo r  a Poisson distribution. The th i rd  group 
are of meteoric or igin together with a sample of laboratory dust. 

TABLE 8 THREE CLASSES OF MATERIAL 

Group Sample K1 E2 K 1 4 2  

I Cow Manure 4.13 
Bat Guano 3.58 

Wool wax 2.79 
Ifax Ligustrun 3.01 

I1 W a x  (Shell Oil)-16.00 
Fisher Tropsch -15.23 

-16.02 
I t  -22.22 

Poisson -17.96 
I11 Orgeil I1 -1.57 

Orgeil W2 -8.00 
Murray I1 -12.80 
Lab D u s t  -14.03 

Spanish Moss 3.75 

I t  I t  

I t  

-1.66 
-10.61 
-10.36 

-4.44 
1.79 

-4.78 
-8.06 
-5.37 

-22.22 
-18.54 
-0.06 
-3.11 
-5.26 
-9.27 

5.79 
14.19 
14.11 
7.23 
1.22 

-11.22 
-7.17 

-10.65 
0 

0.58 
-1.37 
-4.89 
-7.54 
-4.76 

Although the products of a Fisher Tropsch synthesis cannot be 
regarded as abiogenic, it would appear to  be reasonable t o  regard 
such a synthesis as a model of the types of processes occurring 
i n  an equilibrium, unconstrainted system. 

If th i s  view is accepted then the small sampling i n  Table 8 would 
suggest that ,  i n  general, for  b io t ic  materials the measure Z = K l - K z  
is  positive. 

The products of the Fisher Tropsch reaction are zero or negative 
while the Poisson distribution gives a small positive value. 

The general result  is  tha t  biot ic  organized materials can be dis- 
tinguished from abiot ic  materials by the positive values of t he i r  
Z measures. 

I f  t h i s  basis of discrimination is valid, then it would appear that 
the meteoric samples l ie  i n  an i n t ened ia t e  position and might be 
classi f ied as essentially unorganized o r  alternatively as being 
very old. 
t h  meteoric Z values approximate those of ancient o i l s  aged about 

The l a t t e r  arises from consideration of the fact  tha t  

10 5 years. 
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2.3.10 Additivity of ?leasure 

Under the assmption tha t  the measure Z characterizes the degree of 
organization i n  a sample, it follows tha t  chromatograms derived from 
mixtures of b io t ic  and abiotic materials should yield nunerical 
value of 2, which are functions of the amount of biogenic material 
i n  the sample. 
(Shell O i l  Co.), 

positive 2 values) and the results chranatographed. 
the results obtained. 

To exmine this point, samples of refinery wax 
reviously shown t o  yield large negative values of 

2, were mixed wi 4 samples of Spanish moss (which consistently yield 
Table 9 shows 

TABLE 9 RESULTS FROM WIXTURES OF ILw( AND SPANISI MOSS 

Material K 1  K2 V K 2  

wax 
Spanish Moss 
I h c  + SM 0.18 

" 0.38 
I' 0.58 
" 0.71 
l1 1.00 
" 3.08 
" 5.09 

lt 10% 

8 8  

li 

l t  

91 

( 1  

f t  

t f  

9* 
" 7.01 

-14.95 
5.39 

-14.32 
-14 a 90 
-13.76 
-14.94 
-13.77 
-13.10 
-13.47 
-12.45 
-11.60 

-6.07 
-10.81 
-5.33 
-6.97 
-5.37 
-6 . 78 
-4.42 
-4.20 
-5.27 
-6.50 
-5.14 

-7.88 
16.20 
-8.99 
-7.93 
-8.39 
- 8.16 
-9.35 
-8.90 
-8.20 
-5.95 
-6.46 

In Figure 9 these data have been plotted together with the least 
squares line. 
i n  Table 10. 

The analysis of regression variance is exhibited 

TABLE 10 ANALYSIS OF REGRESSION VARIANCE FOR DATA I N  TABLE 9 

Nature of Variation Degrees of Freedom Mean Square 

Regression 1 5.20" 

Residual 8 0.63 

*Significant a t  p = 0.05 level 

a = -8.64 
b = +0.218 + 0.076 
s = +0.80 

The significantly posit ive slope suggests tha t  i n  the range of values 
used here a 1% addition of Spanish moss to  th i s  wax confers 0.218 db 
of organization on the paraffin wax sample. 

-.. - 
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2.4 Discussion 

In th i s  section the resul ts  have been presented of a study i n  which 
the amount of order i n  gas chromatograms of the n-alkanes contained 
i n  a variety of materials have been measured i n  terms of a quantity, 
Z ,  which essentially detects the frequency range required t o  specify 
the form of a given chranatogram. 
positive with an average of 5.0 fo r  recent biogenic materials such 
as sheeps wool, Spanish moss, w a x  legustnan, etc. 
materials of b io t ic  origin, for samples of hydrocarbon mixtures 
taken from reactions permitted t o  reach equilibriun, f o r  materials 
of meteoric origin, and fo r  at least one contemporary material sub- 
jected t o  thermal degradation, the chosen measure becanes d is t inc t ly  
negative. 

This quantity is generally 

For ancient 

Although the three regression relationships presented i n  Figures 7, 
8 and 9 appear t o  be significant, they are a l l  obviously perturbed 
by a great deal of statistical variation. Unfortunately, t h i s  wide 
variation is  at  least i n  par t  due to  a well knm consequence of a l l  
aspects of attempting t o  estimate spectral components from finite 
stretches of data. A type of uncertainty principle holds i n  which: 

Resolution x precision = a constant proportional t o  number of data points, 

e.gy, fo r  a record of give length the more precisely we attempt t o  
e s t a t e  the spectral canponents the less the resolution which can be 
obtained. 
have been used i n  t h i s  study. Nevertheless, the data collected t o  
date would indicate that  these spectral  components can be usefully 
implemented t o  discriminate biot ic  fran non-biotic materials . One 
interesting application, fo r  example, could be made of the relationship 
i n  Figure 7 i n  which loss of structure with age and sample has been 
portrayed. If additional data could be obtained t o  es tabl ish th i s  
relationship with a high degree of certainty, then it would be 
possible to  extrapolate the given data points back t o  zero time and 
thus obtain estimates of the level of organization which prevailed 
at  the time of the materials. Another useful application is  the 
use of data such as  those portrayed i n  Figure 9 i n  which abiot ic  
materials contaminated with residual biot ic  substances may be dis- 
criminated as t o  degree of contamination. 

I t  is for th i s  reason tha t  only two very broad estimates 

The question may be asked why the foregoing analyses were not carried 
out i n  terms of the more conventional types of spectral  analysis and 
the answer is very simply that the very restr ic ted number of data 
points available with any given chromatogram precluded the effective 
use of such procedures. There is, however, no doubt tha t  the filters 
and the estimation procedures used i n  th i s  work can be considerably 
“sharpened,” and t h i s  sharpening together wi th  adequate replication 
of the experiments should im?rove the precision of the resulting 
estimates. 
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3.0 SURVEY OF INSTRUMENTS FOR IMF'LFMENTIMG A MARTIAN ATb'IOSPHERIC 
COMPOSITIONAL ANALYSIS EXPERIMENT FOR LIFE DETECTION 

3.1 Introduction 

Because previous studies" indicate  t h a t  analysis  of t h e  Martian 
atmosphere, provided it i s  complete and sensi t ive,  might provide 
d i r e c t  evidence of Martian l i f e ,  some of t h i s  report ing per iod ' s  
e f f o r t s  Were devoted t o  verifying t h e  p r a c t i c a l i t y  of such an approach 
t o  l i f e  detection by discovering whether su i tab le  techniques a r e  
ava i lab le  f o r  implementing t h i s  experiment. These a c t i v i t i e s  w e r e  
conducted in  conjunction w i t h  D r  J .  E.  Loveloclqf and Dr. Peter  B. 
Fellgett*+, both of whom acted as paid consultants t o  the  project .  
Dr. Lewis D. Kapl& and D r .  Janine Connes*** and Dr. Pier re  Connes### 
acted as unpaid consultants a n d  devoted considerable time and e f f o r t  
t o  t h i s  portion of the  studies.  

T h i s  study i n i t i a l l y  consisted only of reviewing t h e  possible ro le  of 
the  envisaged expe.riment i n  t h e  M a r t i a n  exploration program, and of 
surveying a small number of experiments already u n d e r  development 
f o r  inclusion i n  Voyager payloads. 
whi le  none of these instruments a re  sa t i s fac tory ,  an e n t i r e l y  new 
technique, namely Fourier Transform Spectrometry using ground based 
I R  observations of t h e  planets, appeared t o  of fe r  enormous poten t ia l  
advantages over instruments carried by Martian landers o r  o rb i t e r s  
and t o  be capable of providing a l l  the  data needed. Although the  very 
great  advantages of t h i s  technique over conventional s l i t  spectrometry 
a re  w e l l  established, r e l a t ive ly  l i t t l e  consideration of i t s  possible 
ro le  as an adjunct t o  t h e  current planetary exploration program appear- 
ed t o  have been made. Consequently, t he  scope of t h i s  instrument survey 
was expanded t o  include a more detailed consideration of t h e  possible 
ways i n  which Fourier Transform I R  spectrometry could contribute t o  
the  Voyager program, including a b r i e f  exploration of parameters 
relevant t o  the  design and construction of s a t i s f ac to ry  I R  observation 
systems. 

It very soon became obvious t h a t  

* Reported i n  d e t a i l  i n  another section of t h i s  document. 
# Visi t ing Professor of Chemistry, University of Houston, and 

Bowerchalke, Wilts, England. 
** Professor of Applied Physical Sciences, University of Reading, 

Read in@, England. 
# J e t  Propulsion Laboratories. 
***Observatoire de Meudon and  Centre National de La Recherche 
M s c i e n t i f i q u e ,  Bellevue, S & 0, France. 



3.1 ( continued ) 

T h i s  expanded study i s  not yet  complete. I t s  findings w i l l  be t h e  
subject of a. spec ia l  project  report authored by the  f ive  consul tants  
l i s ted  above together  w i t h  project  personnel. P a r t i a l  preliminary 
r e s u l t s  of t h i s  study are presented below. 
specif icat ion of t h e  information t h e  proposed experiment should provide 
(including a summary of t he  reasons why it i s  viewed as a l i f e  detect- 
ion experiment), a discussion of t h e  u t i l i t y  of t h i s  information t o  
the  Martian exploration program, a summary of t h e  cost  and scheduling 
r e s t r i c t i o n s  which such an experiment should s a t i s f y  i n  order t o  be 
of optimal value t o  t h e  program, and an evaluation of four instruments 
considered and rejected as candidates f o r  implementing the  proposed 
experiment. 

They consis t  of a 

3.2 Objectives O f  The Martian Atmospheric Analysis Experiment And Their 
Relationship t o  The Voyager Program 

The first s t ep  i n  t h i s  survey program consisted of specifying t h e  
objectives of t h e  proposed experiment and t h e  conditions it must 
s a t i s f y  i n  order t o  be judged feas ib le ,  i n  such a way as t o  make it 
possible t o  compare the  re la t ive  advantages and disadvantages of 
a l t e rna t ive  implementations. 

I n i t i a l l y  t h e  proposed experiment w a s  considered only i n  t h e  context 
of t h e  search f o r  Martian l i f e ,  and t h e  object ives  were considered 
only f romthe  point of view of t h e  p o s s i b i l i t y  of making v a l i d  bio- 
log ica l  in te rpre ta t ions  of the data supplied. 
i n i t i a t i o n  it became apparent t h a t  t h e  study might r e su l t  i n  recom- 
mending an e n t i r e l y  new program of ground-based I R  observa.tions of t h e  
planets, which conclusion m i g h t  be viewed by many as representing an 
unorthodox departure from the current focus of t h e  NASA planetary 
exploration program, namely inquir ies  implemented by space probes. 
Anticipating t h a t  such a s ignif icant  departure would require  considerable 
ju s t i f i ca t ion ,  we extended our scope of inquiry t o  include t h e  general  
u t i l i t y  of t he  experimental r e su l t s  not only t o  the  l i f e  detect ion 
mission, but a l s o  t o  other objectives of t h e  exploration program, and, 
most important, t o  t h e  need t o  "explore t h e  planet i n  an e f f i c i e n t  way, 
put t ing p r i o r i t y  of t h e  surveys and experiments that, have maximal 
relevance t o  later sc i en t i f i c  invest igat ions . 'I* 

Shortly after i t s  

*Space Research: Directions fo r  t h e  Future Report of a study by the  
Space Science Board, Woods Hole, Mass., 1965 NAS-NRC Council, 
December, 1965, p. 12. 
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3.2 (continued) 

The conclusions of t h i s  portion of t he  study a r e :  

1. 

2.  

3. 

An atmospheric analysis experiment which i den t i f i e s  a l l  t h  
and t r ace  components present down t o  concentrations of loe8 o r  
10-9 ( w i t h  t h e  possible permissible exception of t h e  chemically 
ine r t  rage gases) and provides an estimate of t h e i r  concentrations 
accurate t o  +O. l$  f o r  major components and +3 d b .  f o r  t r a c e  com- 
ponents present i n  concentrations of 10-5 o r  l e s s  may detect l i f e  
on Mars i f  it i s  present. Th i s  should be t h e  first exobiological 
experiment conducted because it is  t h e  most general one available, 
i n  thh t  it places fewest r e s t r i c t ions  on t h e  nature o r  locat ion 
of t h e  b io ta  it i s  capable of detecting, and because i t s  recSults 
w i l l  great ly  influence t h e  select ion of subsequent exobiology ex- 
periments. 

major 

Such an experiment, whether o r  not it de tec ts  l i fe ,  w i l l  prbvide 
results of major importance t o  t h e  planning of a logica l  and 
systenlatic program of planetological inquiry because t h e  com- 
posit ion of t h e  atmosphere influences and r e f l e c t s  physical  and 
chemical processes occurring i n  t h e  atmosphere a n d  a t  t h e  atmosphere 
surface boundary, so t h a t  d e t a i l e d  knowledge of t h e  atmospheric 
composition can be expected t o  l e a d  t o  improved ins ight  i n t o  t h e  
chemistry, meteorology, physics, and  geology of t h e  planet a n d  t o  
help establish p r i o r i t i e s  among t h e  available s t r a t eg ie s  of inquiry. 

Given t h a t  atmospheric compositional information i s  of great 
potent ia l  relevance t o  both t h e  biological  and non-biological 
objective6 of t h e  Voyager program> the value of such information 
i s  i n  part a function of whether o r  not it can be made avai lable  
early enough i n  the  planning cycle t o  be used i n  t h e  design and 
select ion of follow-up experiments, therefore, any experiment 
capable of ear ly  implementation has  s ignif icant  advantages, and  i n  
par t icular ,  any which do not need t o  be carried on board a sgace- 
craf't would c lear ly  be of great value. 

The considerations which lead t o  these conclusions are preseated 
i n  t h e  following sections. 

3.2.1 L i f e  Detection By Atmospheric Compositional Analysis 

Recent studies* of t h e  potent ia l  biological  significane of measurements 
of purely physical parameters have revealed t h a t  t he  atmsophere of t h e  
E a r t h  provides d i rec t  and highly conclusive evidence of t h e  presence 
of l i f e .  Th i s  conclusion follows from t h e  observation t h a t  w h i l e  
20 per cent v. of t he  atmosphere i s  oxygen, it a l so  contains quant i t ies  
of reduced gases of which one, namely methane, (which i s  present t o  t h e  
extent of 1.5 parts per million) cannot ex i s t  i n  revers ible  equilibrium 
i n  an oxidizing atmosphere. The formation of methane from t h e  hydrogen 

*Reported i n  more detai l  i n  section 2 of t h i s  document. 
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3.2.1 (continued) 

and carbon compounds i n  t h e  atmosphere requires a sequence of at 
l ea s t  four reactions, a n d  the intermediate compounds i n  t h i s  sequence 
must a l l  be p a r t i a l l y  oxidized organic compounds o r  free rad ica ls  
whose probabi l i ty  of surviving long enough t o  encounter t h e  rare 
molecule necessary f o r  t h e  next s tep  before being oxidized by t h e  
abundant oxygen o r  decomposed by W radiat ion i s  extremely unlikely. 

Although methane i s  stable i n  t h e  lower atmosphere, it i s  oxidized 
by monatomic oxygen at  levels where t h a t  consti tuent i s  prominent and 
i s  dissociated by UV radiation i n  t h e  upper atmosphere. Consequeritly 
the  observed concentration implies t h e  existence of a s ignif icant  
methane production mechanism i n  the  lower atmosphere. 
a methane oxidation r a t e  which leads t o  a t o t a l  turnover of atmospheric 
methane only once per thousand years corresponds t o  LO9 molecules 
cm-1 sec-1. 
i n  the  atmosphere it follows t h a t  t h i s  mechanism i s  not an atmos- 
pheric one, nor does it take place at  any point on t h e  surface i n  
contact w i t h  the  ,atmosphere. Reaction of i ron carbides w i t h  watef 
could produce some methane, but i n  order t o  account f o r  the  observed 
concentration t h e  supply of i ron carbides would have t o  be very 
large and constantly replenished. Solid phase reactions occurring 
beneath t h e  surface are similarly too  slow. 

For example, 

But from t h e  fact  t h a t  methane i s  i r revers ib ly  oxidized 

The methane could not have been produced during t h e  period when t h e  
e a r t h  had a reducing atmosphere and somehow preserved beneath t h e  
surface now t o  appear as an outgassed product, because it would not 
survive t h e  temperature and pressure conditions t o  which it would 
be subjected, and it i s  d i f f i c u l t  t o  conceive of a process which 
could account f o r  i t s  storage; furthermore, outgassing a t  t h e  
estimated conservative r a t e  of oxidation f o r  as l i t t l e  as 5 x LO8 
years would require the  storage of an amount of methane equal t o  
four times t h e  t o t a l  mass of t h e  current atmosphere. 
simultaneous presence of methane and oxygen cannot be readi ly  account- 
ed  f o r  as the  r e su l t  of abiological processes expected t o  occur on a 
planet devoid of l i fe .  

Thus t h e  

If, however, we assume t h a t  a fundamental and general charac te r i s t ic  
of l i f e  i s  i ts  a b i l i t y  t o  e s t ab l i sh  and maintain a f ree  energy 
gradient and t o  power b io log ica l  functions by means of t h e  controlled 
use of t he  energy potent ia l  thus established, then t h e  presence of 
t h e  energy gradient represented by t h e  simultaneous presence of 
methane and oxygen may be interpreted d i r ec t  evidence of the presence 
of terrestrial  l i f e .  This  conclusion i s  consistent w i t h  t h e  obser- 
vation t h a t  although t h e  production of methane must be a gas o r  
liquid phase reaction (solid phase reactions being too  slow t o  
account f o r  i t s  concentration) i t s  production takes  place below t h a t  
region where so la r  energy capable of e f fec t ing  rapid reactions among 
gaseous consti tuents i s  available. T h i s  implies t h a t  if the so la r  
f lux i s  t h e  ultimate source of t h e  energy used t o  produce t h e  free 
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3.2.1 (continued ) 

energy gradient between atmospheric methane and atmospheric oxygen, 
t h i s  energy must be ut i l ized i n  a highly organized and, physically 
speaking, unlikely fashion. Although such a process is, as has  been 
pointed out, so unlikely as t o  be v i r tua l ly  impossible on a planet 
devoid of l i fe ,  t h e  conclusion t h a t  it is  i n  f ac t  effected by a b io t a  
i s  wholly consistent w i t h  t h e ,  v i e w  t h a t  l i f e  forms are highly organ- 
i z e d ,  one of whose implications i s  t h a t  they are able t o  effect 
energy transformations which only r a re ly  i f  ever occur i n  non-living 
systems. 

The observed methane-oxygen system provides an addi t ional  argument 
fo r  t h e  existence of a t e r r e s t r i a l  biota as a mechanism which replen- 
ishes t h e  oxygen consumed i n  methane oxidation. Although aeronomists 
have f o r  many years searched f o r  an abiological mechanism t o  explain 
the  t r ans i t i on  from a reducing t o  an oxidizing atmosphere, t h e  only 
one which can explain net increase i n  oxidation i s  the  escape of 
hydrogen which can be derived from photolysis of H20 i n  t h e  upper 
atmssphere. The argument f o r  t h e  b io ta  as a source of oxygen t o  
oxidize methane derives from t h e  f a c t  t h a t  t he  current estimates of 
hydrogen escape---2,5 x LO7 atoms cm-I sec-'---are far t o o  l o w  t o  
provide the  oxygen needed t o  e f f ec t  a to ta l  turnover of atmospheric 
methane i n  a period of time as long as 1000 years. I f  only three atoms 
of oxygen are required t o  oxidize each molecule of methane, t h e  re- 
su l t ing  consumption i s  (at least) 3 x 109 molecules cm-' sec-1, 
which requires a hydrogen escape rate more than two orders of magni- 
tude greater than t h a t  estimated. 
argument is  less strong t h a n  t h e  one presented above i n  t h a t  it 
assumes knowledge of t h e  s t ructure  of t h e  atmosphere on which t o  base 
an estimate of hydrogen escape and depends on accurate knowledge of t h e  
concentration of methane. 
or i f  it were not known w i t h  great accuracyjthis conclusion could not 
be drawn.  

It w i l l  be observed t h a t  t h i s  

If t h e  c-ncentration of methane were lower, 

Certain other consti tuents of t h e  terrestrial a,tmosphere--C0, H2 and 
N20--are somewhat suggestive of t e r r e s t r i a l  l i f e ,  but do not provide 
by themselves strong evidence because, unlike methane, a l l  of them 
can be expected t o  occur at some concentrations i n  an atmosphere 
containing i n  addition C02, H20 and N2 and 02. 
&:lout t h e  atmosphere t o  determine whether t h e  observed concentrations 
are inconsistent w i t h  the  hypothesis t h a t  t h e i r  presence i s  due 
en t i r e ly  t o  abiological causes. A l l  t h a t  can be s a i d  at  t h i s  point 
i s  t h a t  CO and H2 are gasses which would be charac te r i s t ic  of reducing 
atmospheres, and therefore t h e i r  presence i n  atmospheres containing 
large amounts of oxygen seems somewhat anomolous. 
biological significance of N20 i s  t h a t  i t s  lifetime i n  t h e  atmosphere 
is  short because it i s  destroyed by comparative1 

sec-1. Although a num:,er of atmospheric reactions have been proposed 
t o  account f o r  the occurrence of a l l  these constituents, t h e  question 
of t h e i r  or igin does not appear t o  have been f i n a l l y  set t led.  

Not enough i s  known 

The possible 

long wavelength W 
radiation; the calculated removal rate being ld- 31 molecules cm-l 

It 
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3.2.1 (continued ) 

should 'tie noted here t h a t  i f  the a undance p r o f i l e s  of these  con- 
s t i t u e n t s  were known, where i n  t h e  atmosphere they or ig ina te  and 
where they are removed could perhaps be determined. In  p a r t i c u l a r ,  
t h e  rate of change of concentration might by a s u f f i c i e n t l y  sharp 
function of a l t i t u d e  determine whether t h e i r  concentrations are 
affected by tgy production or removal processes occurring a t  t h e  
surface.  The b i o t i c  significance of surface react ions on earth i s  
t h a t  t h i s  region i s  shielded by t h e  atmosphere from s o l a r  r a d i a t i o n  
capable of e f fec t ing  chemical react ions among t h e  atmospheric con- 
s t i t u e n t s ,  and consequently any chemical react ions of a magnitude 
s u f f i c i e n t  t o  give r ise t o  detectable gradients can be a t t r ibu ted  t o  
t h e  ac t ion  of t h e  b io ta .  ( T h i s  would not necessar i ly  be t r u e  of Mars.) 

3.2.2 Possible Biological Significance O f  Martian Atmospheric Experiment 

Whether or not a Martian biota,  assuming one e x i s t s ,  can be detected 
by an analysis  of t h e  composition of t h e  Martian atmosphere depends 
necessar i ly  upon t h e  nature of t h e  Martian b i o t a  and on t h e  degree 
of i t s  in te rac t ion  with t h e  atmosphere as w e l l  as upon t h e  complete- 
ness, accuracy a n d  r e l i a b i l i t y  of t h e  experimental r e s u l t s .  

Although it cannot be proved t h a t  t h e  proposed experiment w i l l  nec- 
e s s a r i l y  detect  any Martian l i fe  form which may be present,  t h e  
conditions which must be s a t i s f i e d  i n  ord-er f o r  i t s  presence t o  be 
ref lected i n  t h e  atmosphere seem minimally r e s t r i c t i v e .  The most 
fundamental assumptim i s  t h a t  a l l  l i f e  i s  characterized by t h e  
a b i l i t y  t o  es tab l i sh  and maintain a f ree  energy gradient,  and t h a t  
l iv ing  organisms release t h i s  energy i n  ccmtrolled react ions which 
power b i o t i c  processes. I n  addition, t h e  postulated Martial b i o t a  
m u s t  s a t i s f y  t h e  following conditions: 

1. It i s  chemical i n  nature, composed of chemical substances made 
up of elements readi ly  available i n  t h e  environment i n  t h e  form 
of s tab le  molecules, and t h e  poten t ia l  energy u t i l i z e d  t o  power 
b i o t i c  processes i s  stored i n  the  form of chemical f r e e  energy. 

2. The s o l a r  f l u x  i s  t h e  ultimate source o f t h e  energy used by t h e  
biota .  T h i s  s o l a r  energy i s  b i o t i c a l l y  transformed t o  chemical 
energy by means of a process which uses available rad ia t ion  t o  
dissociate  strongly bound s tab le  molecules i n t o  reac t ive  d i s -  
sociation products t h a t  are then stored. This solar t o  chemical 
energy conversion process takes  place a t  o r  near t h e  surface.  

3. A t  l e a s t  some of t h e  s table  molecules dissociated i n  t h i s  energy 
conversion process a r e  derived from t h e  atmosphere. 

4. A t  l e a s t  some :.y-products of energy releasing ',:iochemical reactions 
a r e  released i n t o  the  atmosphere. 



3.2.2 (continued) 

5. The fundamental energy conversion process a l s o  releases some of 
t h e  react ive dissociat ion products i n t o  t h e  atmosphere, so t h a t  
t h e  resu l t ing  cht=dical free energy gradient i s  one between t h e  
organisms and t h e  atmosphere. 

T h a t  a Martian biota ,  i f  one ex is t s ,  w i l l  s a t i s f y  t h e  f irst  two con- 
d i t i o n s  seems obvious. The th i rd - tha t  stable atmospheric molecules 
are used as r a w  materials--seems reasonable i n  view of t h e  f a c t  t h a t  
gas a n d  l iquid phase reactions, being faster than sol id  phase reactions,  
would more e f f i c i e n t l y  u t i l i z e  ava i lab le  s o l a r  energy, which suggests 
t h a t  gases a r e  l i k e l y  t o  be used as r a w  mater ia ls .  Atmospheric 
const i tuents  are readi ly  avai lable  at  t h e  surface where t h e  energy 
conversion probably takes place, and t h e  supply of atmospheric r a w  
materials is  regular ly  replenished. Furthermore, it caa be argued 
t h a t  t h e  preferred elements would be those common elements capable 
of complex molecule formation, namely Cy N, H, 0, S, and P; most of 
t h e  s tab le  molecules of these elements a r e  gases. 

The fourth condition--that some by-products of energy re leas ing  bio- 
chemical react ions are released i n t o  t h e  atmosphere--also seems 
reasonable given t h e  assumption t h a t  most biochemical react ions are 
gas or l iqu id  phase reactions.  Unless a11 by-products of a l l  b i o t i c  
chemical react ions are conserved (which seems unl ikely s ince many of 
these must be waste products which are ei ther  energy-poor o r  not  
capable of e f f i c i e n t  fur ther  b i o t i c  processing) some must be excreted, 
e i ther  a0 l i q u i d s  which subsequently v o l a t i l i z e  or d i r e c t l y  as gases. 

T h a t  a Martian b i o t a  would s a t i s f y  t h e  last condition by re leas ing  
react ive dissociat ion products d i r e c t l y  i n t o  t h e  atmosphere during 
t h e  bas i c  s o l a r  energy t o  chemical energy conversion a l s o  seems 
reasonaoie but  i s  by no means c e r t a i n .  It i s  conceivable t h a t  Martian 
l i f e  forms have evolved a way of s tor ing  all t h e  react ive d issoc ia t ion  
products. T h i s  would be analogous t o  storage by t e r r e s t r i a l  green 
plants  of a l l  t h e  oxyger they produce i n  photosynthesis as w e l l  as a l l  
of t h e  reduced carbohydrates. T h i s  would l i m i t  t h e  s i t e  of energy 
release t o  the  point a t  which energy conversion occurred, and would 
require t h a t  a l l  t h e  dissociat ion products produced b io logica l ly  are 
a l s o  consumed by t h e  same organism or  one contiguous t o  it. Although 
many objections can be urged against  such a scheme, it i s  not t o t a l l y  
inconceivable. It w i l l  be observed t h a t  t h e  release of some of t h e  
react ive dissociat ion produds i n t o  t h e  atmosphere has  t h e  advantage 
t h a t  t h e y  w i l l  tend t o  be readily avai lable  when and where t h e y  are 
needed and w i l l  be loca l ly  replenished as they are consumed i n  t h e  
controlled recombination reactions.  

If a l l  these conditions a r e  satisfied then t h e  Martian atmosphere w i l l  
contain biological  l'contaminants" derived both from t h e  s o l a r  energ j  
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conversion process which established t h e  i n i t i a l  chemical energy 
gradient, and  from su' sequent energy releasing reactions.  The 
resu l t ing  atmospheric mixture w i l l  contain at  l e a s t  some incompatibles 
analogous t o  the  presence i n  the  t e r r e s t r i a l  oxidizing atmosphere of 
reduced gases. 
a consti tuent of the  Martian atmosphere as methane i s  of t h e  terres- 
t r ia l  atmosphere cannot be determined i n  advance since some of t h e  
contaminants may be so unfamiliar t h a t  recognizing t h e i r  b i o t i c  or ig in  
may require addi t ional  study o r  addi t ional  knowledge of Martian con- 
d i t ions .  It should a l s o  be noted t h a t  i n  addition t o  colitaminating 
it w i t h  unusual products, t h e  Martian b io t a  may also remove from t h e  
atmosphere consti tuents which under abiological cond i t i o n s  would be 
expected t o  accompany those observed. 

Whether any of these w i l l  be as recognizably unlikely 

A t  t h i s  point it is not possible t o  an t ic ipa te  t h e  spec i f ic  kinds of 
addi t ional  information which may be required for  a complete determination 
of t h e  biological  significance of the  atmospheric composition. The 
chemical composition of surface matter and the  e f f e c t s  of t h e  so la r  
f lux  on t h e  surface-atmosphere chemical reactions w i l l  be of in te res t ,  
although t h e  f ac t  t h a t  t h e  surface can be expected t o  be i n  a state 
of near chemical equilibrium w i t h  the  atmosphere i f  there is no l i f e  
on Mars should narrow t h e  range of poss ib i l i t i e s .  

It i s  c lear  t h a t  i n  order t o  provide adequate d a t a  f o r  the kind of 
biological  interpretat ion outlined above an atmospheric compositional 
analysis  experiment should permit ident i f ica t ion  of a l l  t h e  major and 
t r ace  consti tuents present down t o  concentrations on the  order of 10' 
o r  10-9, w i t h  t h e  permissible exception of t h e  chemically i n e r t  rare 
gases. 
*O. l$  w i l l  suffice f o r  ma jo r  consti tuents and +3 db.  f o r  t r a c e  con- 
s t i t uen t s  present i n  concentrations of 10-5 or  less. 

a - 

Accuracy of concentration measurements need not be great;  

It w i l l  be obvious t h a t  i f  t h i s  kind of atmospheric l i f e  detection 
experiment can be implemented, it w i l l  have a great  many advantages 
compared t o  more conventional l i f e  detection experiments u n d e r  develop- 
ment. Among these are: 

1. It i s  very general i n  t h e  sense t h a t  it places very minimal res- 
t r i c t i o n s  on t h e  kind of l i f e  it i s  designed t o  detect .  In  part- 
icular ,  it does not make any assumptions regarding t h e  basic 
biochemistry of t h a t  ;life, i t s  physical d i s t r ibu t ion ,  density, o r  
i t s  response t o  environmental conditions. 

2.  T h i s  experiment i s  not s i t e  limited. 
processes occurring on the  whole surface of t h e  planet and it i s  
not necessary t o  sample the  atmosphere i n  a locale characterized 
by a. high density of biological ac t iv i ty .  

The atmosphere w i l l  r e f l ec t  
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3.2.2 ( c m t i n u e d )  

3 .  

The 
a n d  

T h i s  experiment w i l l  provide information of relevance t o  a l l  
subsequent biologica.1 experiments; even i f  it does not provide 
una.mbiguous evidence of a b io ta ,  it w i l l  a i d  i n  specifying those  
condi t ions under which spec i f i c  l i f e  processes can be bes t  
demonstrated. For example, an experiment designed t o  demonstrate 
growth or oxidat ive metabolism i n  an aqueous m e d i u m  i s  hardly 
l i k e l y  t o  prosper  i f  t h e  l oca l  condi t ions a r e  anhydrous, highly 
reducing and a t  a mean temperature of -4OOC. 
pos i t i ve  i d e n t i f i c a t i o n  of atmospheric b i o l o g i c a l  contaminants 
w i l l  r evea l  t h e  major fea tures  of t h e  fundamental chemical energy 
gra.dient u t i l i z e d  by  t h e  b io ta ,  from which some of t h e  more 
probable metabolic pathways might be in fe r r ed .  

Al te rna t ive ly ,  

g rea t  gene ra l i t y  of t h i s  experiment as a l i f e  de t ec t ion  experiment, 
t h e  u t i l i t y  i t s  r e s u l t s  t o  the  design of subsequent experiments 

i n  t h e  b i o l o g i c a l  explorat ion of t h e  pla.net s t rong ly  imply- tha. t  it 
should be t h e  f irst  i n  t h e  sequence of b i o l o g i c a l  experiments con- 
ducted. The a.dvantage of conducting it a s  soon as poss ib le  so t h a t  
i t s  r e s u l t s  can be employed most e f f i c i e n t l y  need not  be s t r e s sed .  

3.2.3 Other Uses Of Atmospheric Compositional D a t a  

The discussions above have concentrated on t h e  use of Martian atmos- 
pher ice  compositional information i n  drawing conclusions about t h e  
biology of Mars. This r o l e  has been emphasized because it places  
very s t r ingen t  condi t ions on t h e  c a t h o l i c i t y  and s e n s i t i v i t y  of t h e  
experiment, and  because t h e  o r i en ta t ion  of  t h i s  p ro jec t  i s  a bio-  
l o g i c a l  one. However, an experiment which s a t i s f i e s  t h e  requi re -  
ments of t h e  b i o l o g i c a l  mission can be expected t o  have g rea t  
s ign i f icance  f o r  t h e  non-biological ob jec t ives  as wel l .  Thus, t h e  
process of understanding t h e  b io log ica l  s ign i f i cance  of t h e  atmosphere 
i s  one of explaining t h e  presence of any chemically a c t i v e  cons t i t uen t s  
i n  terms of sur face  and atmospheric reac t ions  which account f o r  t h e i r  
presence a n d ,  roughly, t h e i r  concentrations.  Any hypotheses offered 
w i l l  have non-biological a s  well as b i o l o g i c a l  implicat ions.  I n  
p a r t i c u l a r ,  t h e r e  w i l l  be important implicat ions regarding the  na ture  
of  t h e  chemical and physical  composition of t h e  surface,  p a r t i c u l a r l y  
as regards t h e  e f f e c t s  of condensible gases which may p r e c i p i t a t e  out 
on t h e  surface.  When combined w i t h  temperature and heat flow 
measurements, such data may go f a r  toward understanding t h e  seasonal 
co lor  changes and de l inea t ing  the e f f e c t s  of t h e  observed changes i n  
t h e  polar  caps, and, i n  general  a i d  i n  i den t i fy ing  and c l a s s i fy ing  
t h e  major physiographic fea tures  of t h e  p l ane t .  
of  s o l a r  r ad ia t ion  reaching t h e  surface,  and i t s  e f f e c t s  on prec ip i ta ted  
condensible gases can i n  p a r t  be estimated from de ta i l ed  knowledge 
o f  t h e  composition and dens i ty  of t h e  atmosphere. Similar ly ,  improved 
understanding of t h e  meteorology of t h e  p lane t  can be expected t o  
follow t h e  a v a i l a b i l i t y  of detai led compositional da ta ,  and usefu l  
pred ic t ions  regard in€ the  dynamic s t r u c t u r e  of t h e  atmosphere, 
including wind ve loc i ty  and erosion of sur face  f ea tu res ,  could be 

The probable i n t e n s i t y  



3.2.3 ( continued ) 

p a r t i a l l y  based on such information. 

A s  i n  t h e  case of the  biological  implications of t h e  atmospheric 
composition, it i s  not possible t o  an t ic ipa te  a l l  the  non-biolocical 
implications of t h e  r e s u l t s  of t h e  proposed experiment. They 
necessar i ly  depend on what those r e s u l t s  a re .  But t h a t  t h e  r e s u l t s  
w i l l  be u6efu1, and w i l l  lease t o  a host of s p e c i f i c  t e s t a b l e  hypo- 
theses regarding subjects  of major i n t e r e s t  i n  t h e  s c i e n t i f i c  ex- 
plorat ion of the  planet i s  a v i r t u a l  cer ta in ty .  I n  f a c t ,  it i s  
d i f f i c u l t  t o  th ink  of any other s ingle  experiment whose findings 
would be of grea te r  or  more widespread significance t o  t h e  e n t i r e  
exploration program. 

3.3 Cost And Planning; Restr ic t ions 

I n  order t o  be prac t ica l ,  t h e  envisaged atmospheric compositional 
analysis  experiment must s a t i s f y  t h e  budgeting and planning schedules 
of the  current Voyager program. Rules of thumb regarding what  a r e  
viewed as permissible cost  levels  and  t a r g e t  schedules were generated 
after a b r i e f  survey of t e n t a t i v e  Voyager plans i n  e f f e c t  i n  l a t e  
1965, which were very generously provided by C. Campen of t h e  JPL 
Voyager Project Office. 

3.3.1 cost - 
Two bases for estimating permissible cos ts  were employed. 

The proposed experiment may be compared w i t h  other  experiments being 
developed f o r  inclusion i n  Voyager payloads. Experience indicates  t h a t  
t h e  cost  of t h e  science sub-system (independent of t h e  cost  of capsule, 
spacecraft ,  or booster) ,  i s  a. l i n e a r  function of i t s  weight. Thus, 
t h e  money required t o  design, engineer, produce and t e s t  the  necessary 
sequence of laboratory and f l i g h t  versions of the  instruments 
selected i s  estimated t o  cost between $250 and $500 thousand per 
pound, the  higher estimate being viewed a s  t h e  more l i k e l y  one i f  
t h e  instruments are t o  be sof t  landed. The reference weight selected 
f o r  t h i s  comparison i s  t h a t  of a double focus mass spectrometer, 
since t h i s  i s  t h e  most sensi t ive and ca thol ic  of t h e  instruments 
avai lable  f o r  atmospheric compositional analysis .  
instrument must be deployed on t h e  surface a f t e r  s o f t  landing 
(because it does not operate rapidly enough f o r  r e l i a b l e  sampling 
and analysis  during descent) t h e  resu l t ing  compa.rison f igure  i s  
$3.75 mill ion.  
an experiment which does not provide r e s u l t s  e a r l i e r  than t h e  time 
of deployment of the f irst  planned Voyager lander. 

Because t h i s  

This, then, may be taken as a. rea.sonable f igure f o r  

If the  experiment does not require inclusion i n  a lToyager payload, 
a somew'iat higher figure may be considered reasmable,  par t icu lar ly  
i f  it provides ear ly  resu l t s .  One method of a r r iv ing  a t  sucn a 
f icure  i z  t o  consider t!:e c o s t  of a 7 .5  l b .  mass spec a s  a prorated 



3.3.1 

3.3.2 

( continued ) 

funct ion of  t h e  cost  of an e n t i r e  Voyager system, including Saturn V 
booster,  spacecraf t  and capsule. Such a system capable of landing 
a 250 lb .  payload on t h e  surface of Mars i s  estima.ted t o  cos t  between 
$570 and $640 mil l ion,  or  2.25 t o  2.56 x 0 d o l l a r s  pe r  pound i f  

required.  Using t h e  lower f igure  and t h e  reference weight of 7.5 lb s . ,  
w e  a r r i v e  a t  a t o t a l  of $17.25 mi l l ion ,  which may reasonably be s a i d  
f o r  comparison purposes t o  represent  t h e  cos t  of performing atmos- 
pher ic  compositional ana lys i s  by mass spec on t h e  sur face  of  Mars. 

t h e  f i r s t  shot i s  successful ,  or 4 .3  x 10 k 6  d o l l a r s  i f  two sho t s  a r e  

An a l t e r n a t i v e  way of a r r iv ing  at a reasonable cos t  f i gu re  f o r  an 
experiment which does not  require  t r a n s p o r t a t i o n  t o  t h e  sur face  of 
Mars i s  i n  terms of i t s  cos t  r e l a t i v e  t o  t h e  t o t a l  Voyager program. 
Thus, i f  it i s  believed t h a t  ground based Iii obsei-x-ations can be 
provided e a r l y  enough t o  be of planning value, a po l i cy  of i nves t ing  
a t o t a l  equivalent  t o  one o r  t w o  percent  of  t h e  Voyager program c o s t s  
might be j u s t i f i e d .  This i s  10 t o  20 mi l l ion  d o l l a r s  i f  t h e  cur ren t  
Headquarters es t imates  of $1 b i l l i o n  are accepted. 

Target Sched U l e  

The r e s t r i c t i o n s  which determine how far i n  advance information 
should be ava i l ab le  i f  it i s  t o  be used e f f e c t i v e l y  are a. funct ion 
of t h e  time p r i o r  t o  launch a t  which s i g n i f i c a n t  design dec is ions  
a r e  frozen. The most important dec is ions  and t h e i r  t iming r e l a t i v e  
t o  t h e  launch da te  are: 

S t a r t  Design of Spacecraft 4.5 y e y  i n  a.dvance 
1 1  1 1  

11 I1 11 

11 11 I t  

I1 1 1  11 

Fina l i ze  Payload Select ion 4 
Freeze In t e r f ace  Specs 3.5 
Del iver  F ina l  F l igh t  Configuration 2 
Enter  Fina.1 Tes t ing  1 

Clearly,  t h e  two most important events from t h e  point  of view of 
payload se l ec t ion  and design a r e  t h e  payload s e l e c t i o n  i t s e l f  and 
t h e  f reez ing  of i n t e r f ace  spec i f i ca t ions .  ( In t e r f ace  spec i f i ca t ions  
cover weight, s i ze ,  shape, t h e r m a l  requirements, power requirements, 
d a t a  r a t e s  a n d  cont ro l  func t ions) .  
experiments m y  be made up u n t i l  t h e  t i m e  t h a t  t h e  f i n a l  f l i g h t  
configurat ion i s  de l ivered .  

Cer ta in  very minor changes i n  t h e  

A c e r t a i n  amount of lead time must be a l loca ted  t o  i n t e r p r e t i n g  t h e  
r e s u l t s  of t h e  compositional ana lys i s  experiment, determining t h e i r  
s ign i f icance  f o r  t h e  se lec t ion  of t h e  f i n a l  payload, and t ranslat in[ :  
t hese  i n t o  payload opt ions.  The lead time required c l e a r l y  depends 
upon t h e  nature  of t h e  r e s u l t s ,  but  two years  would seem t o  be a 
reasonably generous estimate.  From t h i s  it fol lot is  t%t t h e  optimum 
time t o  have these  r e s u l t s  is  s i x  years  i n  advance of scheduled 
launch, b u t  that infcrmation may s t i l l  be of grea t  value up t o  a lxut  
4.5 years  i n  advance. a s smine  t h a t  a minimum 9f time i s  required 
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3.4 

3.4.1 

(continued ) 

t o  in te rpre t  t h e  r e s u l t s  and they do not imply t h e  need f o r  t h e  
development of a completely new payload concept. Results ava i lab le  
as l a t e  as four years i n  advance may s t i l l  be used t o  advantage i n  
modifying experiments selected f o r  payload inclusion; it should be 
observed t h a t  even i f  t h e  resul ts  of t h e  experiment envisaged a r e  
provided t o o  l a t e  t o  have any d i r e c t  e f f e c t  on t h e  planning of a 
Voyager mission, they s t i l l  w i l l  be of inestimable value i n  i n t e r -  
p re t ing  t h e  d a t a  acquired by t h e  landed instruments. 

If we assume t h a t  1973 i s  t h e  anticipated launch date f o r  t h e  f i r s t  
Voyager mission, then 1967 i s  the  optimum time for obtaining Martian 
atmospheric compositional data, a date which c l e a r l y  cannot be met. 
The e a r l i e s t  p r a c t i c a l  t a r g e t  has ,  therefore ,  been selected as l a t e  
1968 o r  e a r l y  1969. The p o s s i b i l i t y  of meeting t h i s  targeted date i s  
t h e  subject of a discussion i n  t h e  forthcoming spec ia l  project  report  
mentioned above. 

Techniques Under Development: Mass Spectrometry And Gas Chromatography 

Atmospheric analysis  instruments cur ren t ly  under development were 
b r i e f l y  reviewed and eliminated as candidates f o r  t h e  proposed 
experiment. Four c lasses  of instruments developed for inclusion i n  
probes were considered. 
vapor detector  designed f o r  atmospheric sounding--were immediately 
eliminated because they  detect  only one component of t h e  atmospheric 
mixture. Two other  more cathol ic  detectors  were a l s o  considered and 
rejected,  f o r  t h e  reasons discussed Qelow. 

Two o f  these--an oxygen de tec tor  and a water 

Gas Chromatograph 

G C ' s  a r e  being designed f o r  a v a r i e t y  of modes of use; t h a t  f o r  
atmospheric analysis  w i l l  probably use a thermal conductivity detector  
w i t h  a maximum s e n s i t i v i t y  ( f o r  const i tuents  w i t h  t h e  highest molecular 
weight) of 1 x 10-7, which i s  believed, f o r  t h i s  application, t o  be 
marginal. The most severe disadvantage of the  GC i s  t h a t  it can 
e f f e c t  r e l i a b l e  ident i f ica t ion  of only a preselected s e t  of const i tuents .  
Currently G C ' s  are designed t o  detect  only t h e  atmospheric const i tuents  
N2, 02, A r ,  COP, H20, CH4, "3, N20, NO, NO2, HCN, CO, H2S, and SO2, 
which are the cons t i tu ten ts  named by t h e  Space Sciences Bioscience 
Subcommittee. If addi t ional  const i tuents  a r e  present, they w i l l  not 
be detected unless current designs a re  s p e c i f i c a l l y  modified t o  permit 
t h e i r  ident i f ica t ion ,  which requires a lead t i m e  of abmt two years.  
T h i s  l imitat ion i s  f e l t  t o  be c ruc ia l ,  since t h e  b io logica l  i n t e r -  
pretat ions outlined above can be made successfully only i f  a l l  con- 
s t i t u e n t s  a r e  ident i f ied ,  a n d  i f  a b io ta  i s  present the b io logica l  
contaminants a r e  very l i k e l y  t o  be qui te  surpr is ing ones. Furthermore, 
t h e  res t r ic ted  nature of the  G C ' s  response w i l l  make it d i f f i c u l t  t o  
in te rpre t  t h e  d a t a  which i s  provided rel iably,  since it cannot be 
assumed that those consti tuents detected a re  a l l  the  const i tuents  
?resent.  
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Standard n9 . 
3 .4.2 Ma.s s Spec t rome t e r 

The mass spectrometer currently under deTielopment a t  JPL i s  a f a r  
more ca thol ic  instrument t!mn t h e  GC, i n  t h a t  it i s  able t o  respond 
t o  almost a l l  t h e  gaseous const i tuents  which could be present i n  t h e  
atmosphere. (Like t h e  GC, it i s  blind t o  He a n d  H 2 .  ) The primary 
l imi ta t ion  of t h e  responsiveness of t h e  mass spec i s  t h e  problem 
of interference; e.g., CO i s  very d i f f i c u l t  t o  de tec t  i n  the  presence 
of N 2  o r  C02, and C02 tends t o  i n t e r f e r e  w i t h  oxides of nitroEen. 
Since i d e n t i f i c a t i o n  depends upon t h e  fragmentation pa t te rn  and two 
otherwise similar components may d i f f e r  i n  t h e  presence or  absence 
of very small peaks a t  some mass numbers, t h e  s e n s i t i v i t y  of t h i s  
instrument t o  sone components of a mixture i s  i n  par t  a function of 
t h e  i d e n t i t i e s  a n d  concentrations of t h e  remaining components. The 
s ingle  focus instrument currently being b u i l t  could almost c e r t a i n l y  
detect  a n d  ident i fy  anything down t o  a concentration of 10-3 (except 
f o r  t h e  interference problem mentioned above). 

6 instrument which i s  heavier (7.5 lbs .  vs. 5 or  6 lb s . )  and more 
complex could probably insure detect ion of const i tuents  down t o  10’ . 
T h i s  instrument was, therefore,  rejected on t h e  grounds of inadequate 
s e n s i t i v i t y  and because t h e  interference problem w a s  considered 
c r i t i c a l .  

A double focus 
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APPENDIX 

D R A F T  t , 
ANALYSIS OF THE MARTLA4 A’IMOSPHEE3: ITS BIOLOGICAL SIGNIFICANCE 

D. R. Hitchcock++ and J. E. Lovelock- 

There is wide agreement among space sc i en t i s t s  whose primary or ientat ion 
is towards the physical sciences, that  experiments to observe the physical 
properties of the surface and atmosphere of Mars should be given high p r io r i ty  
i n  the M a r t i a n  exploration program. It is  not so widely recognized, however, 
tha t  these experiments could, i n  principle, yield useful infomation to 
biologis ts  whose primary concern i s  to determine whether l i fe  exists on lfars, 
and, if so, in w h a t  form, 

To understand the kind of l i f e  t ha t  may exist on Mars, information must 
be obtained about those properties of its surface and atmosphere t o  which any 
evolving Martian must have become adapted. 
such infomation, by providing evidence of effects  that cannot be accounted 
f o r  by abiological processes, could consti tute direct and primary evidence of 
l i f e  . 

It i s  not always realized #at 

Observations of purely physical properties may provide information sup- 
porting the hypothesis t ha t  l i fe  exis ts  on Mars: this follows d i rec t ly  from 
a fundamental and highly plausible assumption, that the entropy of l iving 
systems is 1- relative to  that of t he i r  non-living environments (1). TNs 
assumption has two relevant consequences: firstly, tha t  l iv ing  systems will 
drive the i r  environments i n to  physical o r  chemical disequilibrium, recogniz- 
able as such i f  existing data are sufficient t o  rule out explanations of their 
s t a t e  i n  terms of abiological processes; and, secondly, tha t  there w i l l  always 
e x i s t  an entropy gradient between living systems and t h e i r  non-living environ- 
ments. The or igin of non-living biogenic material w i l l  be revealed by the 
existence of such a gradient f o r  a ti? which w i l l  vary according to the rate 
of attainment of equilibrium, as determined by loca l  co i t ions,  but which 

probably, be long compared t o  the lifetimes of the organisms themselves. 
can be expected to  be measurable i n  units of a t  least 1 3 years and thus, 

Given tha t  the presence of l i fe  is characterized by a state of physical 
and chemical disequilibrium of the system, life plus environment, can essen- 
tial disequilibria be effectively diagnosed fron pract ical  observations? If 
l i f e  exists on Mars, t h e  atmosphere of Mars is  l ike l j .  t o  be an important pa r t  
of the environment and i t s  composition should reflect the presence of l i f e  
forms, on the plausible assumption tha t  they continuously react either di rec t ly  
o r  indirect ly  with it. 
potent ia l  biological significance of two types of atmospheric data: those 
which concern t.he relationship between the atmosphere and the surface material, 
as revealed by experimenta designed t o  detect a free energy gradient between 

The object of t h i s  paper is c r i t i c a l l y  to review the 
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the two; ar,d those which concern the concentrations of major a& trace com- 
pofierits of the atnosphere. Although the t w o  Qpes  of  cxperimnts from which 
such infomation shwdd be obtainable d i f f e r  p e a t l y  i n  terns of t he i r  imple- 
mentation, in te rpre tab i l i ty  and potential biologic& significance, they both 
represent ways of implementing a s t ra tear  of l i f e  detection based on a search 
f o r  evidence of disequilibria.  
atmosphere i s  a relat ively homogeneous nedium which r e f l ec t s  processes occur- 
r ine  over the whole surface of the planet. 

Both a lso  depend on the assm,ptiorA tha t  the 

LlT2 CETECTIOM BY KEXEIS OF CETECTIOFJ OF CHEMICAL FREE ENEHGY I N  SURFACE YATTER 

One of the consequences of the a s m p t i o n  tha t  the entropy of l iv ing  
systems is l o w  re la t ive  t o  tk.at, of their  non-living environments i s  tha t  
there w i l l  always exist an entroEr gradient between the two. A f t e r  death, 
the f r e e  energy stored i n  a l iving system i s  gradually dissipated in to  the 
surroucding environment u n t i l ,  eventually, t he  matter which Gnce comprised 
the l iv ing  systen ceases to  have a re la t ive ly low entropx. 

The most l ike ly  site f o r  l i f e  on a planet i s  the interface between i ts  
surface and the atmosphere where the solid,  l iquid and gaseous phases meet at  
the point of maximum absorption of solar e n e r a ,  m a x i m u m  temperature and where 
a divers i ty  of r a w  material, provided by both the re la t ive ly  mobile atmosphere 
and the less readily transported surface m a t t e r ,  i s  available a t  the same t i m e  
as the e n e r a  necessary fo r  t he i r  biot ic  transformation. 

The syntliesis of b io t ic  compounds from simple abiot ic  molecules requires 
the disscciat ion of the l a t t e r  and the build-up of scme of the reactive dis-  
sociation products into large complex molecules. The dissociation of simple 
inorganic molecules, such as water and carbon dioxide, not only releases re- 
active products t o  be used i n  the synthesis of biological molecules, but also 
simple active molecilles l i k e  oxygen into the atmosphere. These two processes 
result i n  the storage of chemical free energy i n  the b io t ic  molecules, which 
are large and relativekv non-volatile and hence tend t o  accumulate a t  the 
surface-atmosphere interface. Life, therefore, tends t o  generate a sharp 
metastable chemical f ree  energy gradient between the surface and the atmo- 
sphere. 

Perhaps the simplest experhent  i n  l i f e  detecticn, therefore, is t o  look 
f o r  a chercical free energy difference between Hartian surface matter and atmo- 
sphere. 
surface material, one i n  an iner t  gas such as argon or  nitrogen, the other i n  
the Martian atmosphere, and recording the temperature of each sample. A 
combustion reaction between the  sample and i ts  own abosphere would produce 
an excess cf heat, whereas heat chances due t o  chemical. t ransi t ions i n  the 
surface matter would be equal i n  both samples. 
combustior. would be detected by a difference i n  tempemture between the 
sample kea+&d i n  the atmosphere and t h a t  heated i n  the inert gas. If the 
planet were to  have a reducing atmosphere, a l e s se r  but s t i l l  observable evolu- 
tiori of heat could be expected frm the reduction of the more oxidizable, 
netastable b io t i c  moiecules. If the constituerits of the a3mosphere were known, 
aciditlonal infomation codd be obtained by noting the temperature a t  which 

A promising experiment consists of equally heating two aliquots of 

The occurrence of such a 



the conbustior, occurred and by examine: the vola t i le  pyrolysis products. 

It is  debatable whetker such an experiment i s  subject t o  fa l se  posit ives 
of aqv s c r t  except, of course, those result ing from machine e r rors  o r  inad- 
vertent Contamination of the equipment before launching. For example, sul-  
phide rocks w i l l  burn on heating i n  air although t h e i r  igni t ion temperature 
i s  different from tha t  of organic matter. On Earth, however, a t  l ea s t  some 
sulphide rocks are thought to be of biological origin. 
the fundamental assumption on which t h i s  experiment i s  based ( tha t  l i f e  can 
be defined i n  terms of i t s  entropy-reducing function) is valid, evidence of 
chemical free energy gradients between surface matter and atmosphere should 
always be construed as prima fac ie  evidence of l i f e ,  

It would seem t h a t  if 

- 
ANALYSIS OF THE MARTIAN ATMOSPIBRE 

Fxperiments designed to identify and determine quantitatively the major 
and t race components of the Martian atmosphere may be recommended on many 
grounds. 
concerned with Hartian biology need not be stressed. 
t i a l  f o r  the sat isfactory interpretat ion of analyses of surface material, 
bacteriological experiments and other experiments designed t o  demonstrate the 
existence of Martian l i f e  forms by their  d i r ec t  observation. 

The u t i l i t y  of such measurements to sc i en t i f i c  programs not primarily 
They are, however, essen- 

The assumption tha t  the atmosphere of M a r s ,  l i k e  tha t  of Earth, i s  rela- 
t i ve ly  homogeneous implies tha t  such atmospheric experiments are not l i k e l y  
t o  be site-limited. 
near an active volcano and, hence, of resu l t s  being recorded that could not 
be extrapolated to other locations, is negligible. Moreover, such a s i tua t ion  
would be recognized from other available infomation and the results of the 
experiment could s t i l l  be usefully interpreted. For these reasons attempts 
t o  analyze the Martian atmosphere deserve high pr ior i ty .  
advantage tha t  may be urged against such experiments as par t  of a biolo i c a l  
program i s  tha t  they are unlikely t o  provide d i r ec t  o r  re la t ive ly  _Tg_ conc usive 
evidence of l i f e  on Mars. 

The probability of such an experiment being performed 

The primary dis- 

As already mentioned, one might, on very plausible theoret ical  grounds, 
suppose tha t  l i f e  forms i n  continuous interaction with the atmosphere would 
drive it in to  chemical or  physical disequilibrium, recognizable as such if 
observations of i t s  state were sufficiently complete. 
analysis of the atr?osihere of Xars can provide infomat ion  which can be inter-  
preted as indicative of the presence of l i f e  forms deserves c r i t i c a l  examina- 
t ion.  Analysis of the Martian atmosphere cannot be advocated as a good means 
of detecting l i 2e  if terrestrial atxospheric information does not provide good 
evidence for the existence of t e r r e s t r i a l  l i f e ,  If, however, a cood case can 
be rrade t h a t  t e r r e s t r i a l  l i f e  can be demonstrated from the analysis of the 
t e r r e s t r i a l  atnosphere, anzlysis of the Martian atmosphere ought t o  receive 
very high pr ior i t J  as an exobiological experiment and care should be exercised 
to ensure tha t  the experiments ars designed to  provide the greatest  amount of 
pc ten t ia l ly  significant hiologiczl information. 

The claim tha t  an 

The argur?ents presented above suFgest tha t  atmospheric evidence of l i f e  
w i l l  take the form of an obse=.vable f ree  energy gradient which is anomalous 



i n  t h a t  it cannot be accounted f o r  i n  teras of  the abiclogical processes 
which could be expected t o  occar on a planet devoid of l ife.  
the simultaneous presence of t w o  rases which, l i ke  hydroeen and oxygen, a r e  
chernicQu incoqa t ih l e ,  i s  evidence of such a gradient. 
anomalous gradient is, however, sonewhat less easy t o  determine. Such a 
deterinination requires a node1 of the abiolopical steady s t a t e  atmosphere 
which takes i n t o  account those departures from simple thermodynamic equi l i -  
briurn which can be a t t r ibu ted  to  the act ion of the solar f l u x  and related 
atxospheric transport  phenomena. A n y  consti tuents whose concentrations are 
not accounted f o r  by such a model could then be construed as evidence of l i fe .  
Unfortunately, the current s t a tus  of aeronomy is such tha t  we must ser iously 
question any proposed model of an abiological steady s t a t e  atmosphere. A t  
t h i s  moment, therefore, one cannot c lear ly  ident i fy  a l l  those atmospheric con- 
s t i t u e n t s  whose concentrations can be accounted f o r  only on the  hypothesis 
t h a t  l i f e  exists on Earth.  But  the question i s  not whether  one can iden t i fy  
all the  atmospheric consti tuents whose observed concentrations are incompatible 
with the hypothesis t h a t  there is no l i f e  on Earth. The question is  rather,  
can a t  least one consti tuent be identified,  f o r  it i s  c lear  t h a t  if one can- 
not be explained on abiological grounds, the whole atmosphere of which it is 
a p a r t  can be said t o  depart from abiological equilibrium and, therefore, 
provide evidence of l i f e .  

For example, 

'&ether it i s  an 

TABLE I 

Gas 

*2 

O2 

CO2 

H20 

O 3  

CH4 
*20 

H2 

co 

NO . NO2 

Chemically Active Components of the Earth 's  Atmosphere 

Ratio by Volume Remarks 

0.78 Mixed in troposphere 

0.21 Mixed i n  troposphere 

3 10-4 Mixed i n  troposphere 

10-5 to  Dissociates i n  mesosphere 

10-7 to 1 8  

1.5 x 10 

Peak i n  stratosphere 

r i s soc i s t e s  i n  stratosphere 

2.5 10-7 r i ssoc ia tes  i n  stratosphere 

5 10-7 Pissociates i n  thermosphere 

5 x loo3 1 Variable., indus t r ia l  as well 

-6 

I -13 5 x 10  t o  2 x 10'9) as atmospheric or ig in  



Table I, from the data of Nicolet (2), snows the pr inc ipa l  and t race 
const i tuents  of the atnosphere. 
t h a t  althcugh the atmosphere contains la rge  quant i t ies  of oxygen and is ,  there- 
fore ,  an oxidizing atmosphere, i t  a l s o  contains appreciable quan t i t i e s  of 
gases which are  charac te r i s t ic  of reducily: atmospneres, namekr, CXb, CO and 
H2. 
be explained on the grounds tha t  a t e r r e s t r i a l  b i o t a  exists. The observed 
concentrations of CO and H2 may a lso  be indicat ive of the presence of l i f e ,  
as m a y  t h a t  of 320. 
s t i t u e n t s  have biological  import are outlined below. 

A cursory exai lnat ion of t h i s  t ab le  reveals 

The simultaneous presence of methane an12 oxygen can only, it is believed, 

The ar,-uments supFr t inE the contention t h a t  these con- 

METHANE 

The s t rongest  atnospheric evidence f o r  a terrestrial b io t a  i s  atmospheric 
methane, which i s  present t o  the  extent  of 1.5 p a r t s  per  million. Although 
methane i s  unique mong hydrocarbons in i ts  s t a b i l i t y  and reluctance to  re- 
act  with 02 and other  oxidizing gases i n  the lower atmosphere, it nevertheless 
cannot p e r s i s t  indef in i te ly ,  
reac t ion  with atomic oxygen ( 5 )  (6). 
methane oxidation is  not c lear ;  the most probable f i rs t  step appears t o  be  

Methane w i l l  oxidize at  s t ra tospher ic  levels by 
The iden t i ty  of the final products of 

CH4 0 H20 

The methylene r ad ica l  i s  highly reactive and could undergo fu r the r  oxida- 
t i o n  leading to most o r  all of the following stable f i n a l  products: 
Cozy COY and H2. 

H20, 

Although the d e t a i l s  of t h e  f a t e  of methane i n  the  atmosphere m a y  be 
obscure, there  can be no doubt t h a t  it i s  oxidized and t h a t  its oxidation i s  
an i r r eve r s ib l e  process. 
methane i n  the atmosphere is  highly improbable. 
carbon and hydrogen compounds of the atmosphere requires  a sequence of re- 
act ions involving a t  least four  steps, 
sequence towards methane must all be p a r t i a l l y  oxidized organic compounds o r  
free radicals .  
the  rare molecule necessary f o r  the next s t e p  before react ion with the abun- 
dant oxyren o r  decom?osition by U V  radiation i s  vanishingly s m a l l .  The pro- 
b a b i l i t y  tha t  a l l  four  sequential  steps w i l l  occur is, therefore,  v i r t u a l l y  
zero. For these reasons the oxidation of methane i n  the atmosphere m a y  be 
concluded t o  be i r revers ible .  Tine presence of methane, therefore,  implies 
t h a t  it is  being produced a t  the surface, but  the arguments against  i t s  
abiological  production i n  the atxosphere a lso apply t o  the l ikel ihood of its 
abiological  production a t  the  surface. Although it i s  conceivable t h a t  some 
methane can be ab io loe ica l ly  produced a t  the  surface, f o r  example by reac t ion  
of i r o n  car3ides with water, t h i s  would be very rare and could not possibly 
be expected even to give r i s e  t o  atnospheric concentrations many orders less 
than exist. Eve:i i f ,  f o r  example, the oxidation of methane were so slow as 

required t o  maintain the current  concentration would have t o  be l& molecules 
cm-2 sec-1. 

The converse react ion leading t o  the  formation of 
To form methane from the 

The in t emed ia t e  compounds i n  the 

The probabi l i ty  t h a t  aqy of these, once fomed, w i l l  encounter 

to r e su l t  i n  a residence time of 10 6 years, the corresponding production rate 



Methane can, of course, be produced i n  a reducing atmosphere a t  high 
temperatures and there now seems l i t t l e  doubt that  methane w a s  a t  one time a 
major constituent of the ear ly  t e r r e s t r i a l  reducing atnosphere. Methane could 
not have persisted i n  the atmosphere during i t s  transfornation to  an oxidizing 
atrrlosphere, nor could it have remained  isolated from the atmosphere during the 
long period since oxygen became a primary constituent, now t o  reappear as  an 
outgassed product. 
chemical conditions deep i n  the Earth. This does not necessarily apply t o  
Mars o r  other planets, where, so f a r  as i s  known, temperature and pressure 
conditions within the planet may not be comparable with those of Earth. 
course, if the  atmosphere of X a r s  i s  a reducing one, as now seems l ikely,  the 
presence of methane as a constituent cannot necessarily be invoked i n  support 
of the hypothesis of i t s  biological genesis, u,dess it i s  known tha t  the W 
f lux  on Mars is sufficient for i t s  rapid removal and the prevailing surface 
conditions preclude i t s  abiological replacement. 

Methane could not survive the temperature, pressure and 

Of 

OXYCrEN 

The f a c t  t ha t  20 per cent V. of the Earth’s atmosphere i s  oxygen is  not, 
i n  i t s e l f ,  conclusive evidence that life exists, although man;r, i n  attempting 
t o  account f o r  this concentration, have argued an important biological role  
from the known photosynthetic production of oxygen (see, f o r  example ( 3 )  and 
(10)). These arguments may be countered by the observation tha t  b io t i c  con- 
sumption of respiratorg oxygen may account f o r  all that  i s  photosynthetically 
l iberated,  so t ha t  the t o t a l  available quantity is not influenced by the 
biota. 

The biological significance of oxygen does not l i e  i n  i t s  current abun- 
dance, but  i n  the discrepancy between i ts  probable rate of abiological pro- 
duction i n  the  atmosphere and the ra te  a t  which it is appamntly removed from 
the atmo sphere. 

That the terrestrial atnosphere was a t  one time a reducing atmosphere 
seems w e l l  established, but the nature of the  mechanisms responsible f o r  the  
l o s s  of hydrogen and the consequent transformation to an oxidizing atmosphere 
i s  uncertain. Photolytic decomposition of H20 with escape of the hydrogen 
undoubtedly played a significant role i n  t h i s  transformation, although there 
i s  disagreement as to  i t s  extent. ( A  good survey of t h i s  controversy, up to 
19sh, is  presented by Hutchinson (h).) The disagreement is not important. 
The f a c t  i s  t h a t  t h i s  is  the only abiological mechanism offered t o  account 
f o r  the loss of hydrogen and the  release of 02. Tinis process i s  s t i l l  going 
on, though a t  a lower rate than during the ear ly  history of the Earth, because 
the hiph concentration of 02 limits the efficiency of the photolytic process. 
The present estimate, based on a current loss of 2.5 x lo7 atoms of hydrogen 
ano2 sec-l corresponds to a t o t a l  oxypen production of approximately 1.2 x lo7 
atoms cm”* sec-l (2). It i s  c lear  that any evidence which supports the con- 
clusion t h a t  oq-gen i s  being removed much more rapidly from the atmosphere 
than it i s  photolytically produced requi res  an additional oxygen production 
mechanism. 



i 

I n  the preceding section the presence of methane was shown t o  imply a 
b i o l o F i c a l  methane production mechanism, on the grounds t h a t  methane and 
0x2-gen are incompatible. It a l s o  implies a consumption of oxygen, since 
oxygen reacts  with methane t o  form oxiees of carbon and hydrogen. The l i fe-  
time of methane i s  very long i n  the lower atmosphere, but above the tropo- 
pause it i s  oxidized by 0 and HO2. 
the lifetime of methane towards oxidation by 0 i n  the stratosphere i n  the 
region from 30 t o  50 la. 
sequently the rate of oxidation of methane is dependent on the speed with 
which it is  transported t o  regions above about 30 km, which is accomplished 
by di f fus ion  and by la rge  scale motions of the  atnosphere, the l a t t e r  being 
the more effective. Since the charac te r i s t ic  times associated with these 
motions are not  known, a realistic estimate of the  methane oxidation rate 
cannot be made. However, it seems unlikely t h a t  these motions could be so 
slow as t o  result i n  a methane residence time o more than 1000 years. This 

methane i s  close t o  t h a t  of atmospheric CO2. The abundance of methane i s  
approximately 3.2 x ldy molecules per square cm. atmosphere column. A 1000- 
year y s i d e n c e  time, there ore, corresponds t o  an oxidation rate on the  order  
of 10 molecules ano2 sec0', which implies a consunption of not less than 
three times as many oxygen atoms, assuming t h a t  the f i n a l  react ion products 
are CO and H2O. The observed concentration of methane and t he  assumption 
t h a t  i t s  res ideme time is not greater than 1000 years therefore lead to the 
conclusion that oxygen must h e  produced a t  a r a t e  not l e s s  than about 100 
t h e s  t h a t  estimated for photolytic decomposition. 

Table 11, from Bates & Nicolet ( 6 ) ,  shows 

Con- Above 70 km the  lifetime is  much shor te r  ( 5 ) .  

conclusion is  supported by the fact  that the C J a c t i v i t y  of atmospheric 

The lifetime of methane toward oxidation by monatomic 
oxygen, from the da ta  of Bates & Nicolet (6). 

Alti tude (km) Lifetime (sec) 

30 1 x 108 

120 2 x 106 

50 3 x I d  

Unless the rate of Fhotc?lytic decomposition of I4 0 has been very 
ser ious ly  un6erestimatedY these considerations h p l ~  t h a t  there  must be addi- 
t i c n a l  sources of atmospheric oxygen. 
probabl:i b iological  i n  nature became aerocomists have f a i l ed  t o  postulate  
a l t e rna t ive  akiolopical  cxyyen Fr3dx t i cn  prccesres t o  account f o r  the transi- 
t i c n  from reducing tc  mid iz ing  cofiditicns. 

We conclude t h a t  these sources are 

The f a c t  that oxygen i s  being teiT.porari3y rexoved from the atnosphere 
a t  a grea te r  r a t e  than it i s  CiiJio?o~icallg produced dces not scppcr t  t h e  con- 
clusior: tt-.at the t e r r e e t r i e l  b io ta  is  respcnsible f o r  a ne t  increriect i n  the 



supply of 02. The oxygen produced t y  t h e  b i o t a  i s  consumed i n  the oxidation 
of b i o t i c  products. bJe are not concerned. liere with the c r i g i n  of the  atmo- 
sphere nor with the de t a i l s  of t h e  biological  mechanisms which govern oxygen 
concentration, but  w i t h  the  f a c t  t h a t  t h e  present atnosphere i s  evidence of 
a present biota.  

CARBON MONCIXIFE, HYTJRGGEN ANE NITROUS OXIT’E 

CO and H2 are Eases which 2re charac te r i s t ic  of a reducing atmosphere. 
T h e i r  mere presence i n  an oxidizing atmosphere is, therefore, suggestive. 
But they do not  provide good evidence f o r  l i fe ,  because they are  the products 
of reversible dissociat ion reactions involving other  const i tuents  of the 
atmosphere, H20, C02 and oxygen. 
gases will always be presect  i n  cer ta in  amounts i n  atmospheres containing the  
former compounds, as a consequence of abiological  processes. 
question i s  whet t i r  the observed concentrations can be accounted f o r  on t h i s  
basis  or whether they are excessive. 

This means that, i n  all probabi l i ty ,  these 

The c r i t i c a l  

The relevant  aeronomical argunents are involved and inconclusive . Both 
CO and H2 are produced in the  upper atmosphere by photodissociation of C02 and 
H20. 
cules  must be known, together with the rates a t  which these are replenished i n  
the production zone by the  relevant atmospheric t ranspor t  mechanisms. Both 
CO and H2 are removed by oxidation i n  regions below t h e i r  production zones, 
the  rates of rm.oval in  these being dependent upon the p h p i c a l  and chemical 
conditions and, i n  par t icular ,  on the concentrations of the relevant  reactive 
molecular species such as OH, H02 and 0 and on the temperatwe and pressure. 
The ot-er-all oxidation r a t e  is clearly deperdent, i n  addition, upon the rate 
a t  which CO and H2 are transported downward t o  the removal zones. 
f a i r l y  accurate information on which t o  base estimates of turnover rates, the  
concentrations which would be expected underabiological conditions cannot be 
specif ied.  A t  present, such information i s  lacking, especially i n  regard t o  
v e r t i c a l  t ransport  phenomna. 
firm e s t i n a t e s  of the abiological steady state concentrations of CO and H2. 

In sp i t e  of these uncertaint ies ,  the concentration of CO appears t o  be 
somewhat excessive. Bates & Witherspoon (5) repor t  t h a t  the observed concen- 
t r a t i o n  of CO i s  d i f f i c u l t  t o  account f o r  so le ly  i n  t e r m  of upper atmosphere 
photo-dissociation of C02. 
the  d i f f i c u l t y  of accounting f o r  the  abundance of hydrogen i n  terms of i t s  
downward t ranspcr t  from the region of i t s  photochemical production. 

To estimate the  rate of production the  concentrations of the  parent mole- 

Without 

It is, therefore,  not possible t o  a r r ive  a t  

Similarly, the a.nalyses cf Hesstvedt (11) indicate  

N20 also appears t o  be a somewhat anomlous const i tuent ,  bu t  not because 
of any inconsistency about i t s  presence i n  an oxidizing atmosphere. 
possible hio logics l  significance of N20 i s  t h a t  i t s  lifetime i n  the  atnosphere 
i s  shor t  because it i s  readi ly  destrcyed by coxlyaratively long-wavelength UV 
raaiat’on.  Good2 Pi ‘Jalshaw (7 )  calculated the renoval r a t e  to  be i n  the order 
of 10” molecules ~ r n - ~  sec.’l. Several. authcrs (8) ( 9 )  have considered 
possible abiolcgical atxospheric reactions capable of genereting N20 and it is  

The 



not ye t  c l ea r  whether any of these reactions can account f o r  a production a t  
the required level. 
the stratosphere o r  higher. 

A l l  of the proposed production reactions take place i n  

The question of the b i o t i c  significance of these eases (and possibly 
others)  could perhaps be decided if information about t h e i r  abundance p ro f i l e s  
were available.  These p ro f i l e s  would a id  i n  determining where the gas i s  
produced and where it is  removed. 
may be i l l u s t r a t e d  by a highly simplified example of a hypothetical  compound 
A0 which i s  assumed t o  photolyse i n  the upper atmosphere t o  A + 0. 
a lso  assumed t h a t  the reverse reaction w i l l  occur readily with oxygen atoms, 
bu t  not with 02. The atmosphere c a n b e  divided i n t o  four  pr inc ipa l  regions: 
an upper region there photolysis i s  complete; the next highest  region where A 
can recombine with oxygen atoms; a transport zone; and the lowest region where 
A is  unifornly d is t r ibu ted  and where no atmospheric react ions occur. Figure 1 
shows these regions together with three h n o t h e t i c a l  abundance prof i les .  If 
substance A i s  nei ther  produced nor removed a t  the surface, there w i l l  be no 
change i n  concentration below the recombination zone and i t s  abundance pro- 
f i l e  will resemble prof i le  1. If, however, the substance is produced a t  the  
surface,  i t s  p ro f i l e  w i l l  resemble 2, which shows a concentration i n  the 
lower atnrosphere exceeding t h a t  i n  t h e  t ransport  zone. The converse w i l l  be 
t rue of substances which are removed a t  the surface and which show a concen- 
t r a t i o n  minimum i n  the mixed zone, see p ro f i l e  3 .  

The significance of an abundance p ro f i l e  

It is  

The b i o t i c  significance of surface production and removal reactions of 
Earth i s  t h a t  the port ion of the solar f l u x  capable of e f fec t ing  chemical re- 
act ions among the  consti tuents of the atmosphere does not  reach the surface 
of Earth. Consequently, any chemical reactions occurring a t  the surface cap- 
able of maintaining detectable concentration gradients l i k e  p ro f i l e  2 o r  3 i n  
Figure 1 can only be a t t r ibu ted  t o  the act ion of a biota. 
react ions between the atmosphere and the so l id  surface are prevented by t h e  
extreme slowness of diffusion processes i n  the so l id  state. Even a l iqu id  
surface such as the sea w i l l  be  characterized by r e l a t ive ly  slow chemical re- 
act ions and, under abiological conditions, i t s  surface layers should be i n  
equi l ibr iun with the atmosphere. On Earth, diffusion of gases from below the 
s u r f  ace i s  quantitatively insignif icant  and hence incapable of maintaining 
concentration gradients that could be confused with those indicat ive of l i f e  
processes. 

Continuing chemical 

FEVIEb' OF EVIDENCE 

I n  t h e  precedhg sections an attempt has been made t o  demonstrate the  
existence of a terrestrial biota  from evidence ccnsisting wholly o r  la rge ly  
of t he  conposition of the atmosphere. 
l i e s  i n  the poss ib i l i t y  of drawing comparable biolcgical  inferences from in- 
formation about the atmospheres Gf other planets. It is, therefore,  useful  
t o  review the k i n d s  of infcrmatiofi used above t o  support these conclusions. 

The significance of this demonstration 

The f irst  arid stronpest. argument i s  t h a t  based cn the  observation of 
atmospkteric m e  thane, which undergoes i r revers ib le  reaction w i t h  oxygen, i n  



conjunction with a la rge  concentration o f  atmcspheric 02. 
argument which requires  almost no knowledge of atmospheric physics f o r  i t s  
va l id i ty .  
they are ,  the argument would s t i l l  hold. 

It is  a chemical 

If the  concentrations of  e i the r  methane o r  o q g e n  were l e s s  than 

The second argument i s  also based on the observation of methane and 
oqgen,  bu t  requires, i n  addition, an assumption about the  effects of la rge  
scale  movements of the  atmosphere i n  transporting methane, together with 
estimates of the rate of photolytic production of oxygen and of the l i f e t ime  
of methane i n  the stratosphere.  These two estimates are derived from fairly 
deta i led  and sophis t icated mdels of the atmosphere and, implicit i n  them, 
fairly de ta i led  knowledge of i ts physical structure. To the  ex ten t  that the  
second argument implies far more knowledge of atmospheric processes, it is  
much weaker than the first. If methane w e r e  less abundant, the second argu- 
ment could not be supported. 

The l a s t  three const i tuents  considered, CO, H2, and N20, do not provide 
unequivocal evidence of l i fe ;  they are j u s t  suggestive. The b io logica l  
significance these const i tuents  can now be said t o  have seems t o  depend almost 
e n t i r e l y  upon ra ther  sophis t icated and involved aeronomical reasoning f o r  the 
d e t a i l s  of which the  reader is referred t o  the  l i t e r a t u r e  already ci ted.  If 
addi t ional  atmospheric measurements i n  the  form of concentration p r o f i l e s  of 
CHb, CO, H2 and N20 w e r e  available,  much of the ambiguity might be removed. 

Some of the inconclusiveness of aeronomical arguments m a y  be due i n  par t  
t o  the fact t h a t  aeronomists need not base conclusions about the o r ig in  of 
atmospheric gases on atmospheric measurements alone. 
a t  least, there  i s  considerable information on the production of atmospheric 
ffcontaminantsft by the  biota. 
the  b i o t i c  production of some of the gases considered above, together with 
t h e i r  atmospheric abundance . 

In the  case of the Earth, 

I n  Table I11 some recent estimates are given of 

BIOLOGICAL SIGNIFICANCE OF EXTRATERRESTRIAL ATMOSPHERIC ANALYSES 

The object  of t h i s  inquirg i n t o  the biological  significance of t h e  terres- 
trial atmosphere has been t o  determine whether analysis  of the  atmosphere could 
be viewed as a l i f e  detection experiment, w i t h  pa r t i cu la r  reference t o  Mars. 
The following conclusions seem t o  follow from the preceding discussion: 

1. Not only is  the presence of a t e r r e s t r i a l  b i o t a  re f lec ted  i n  the 
composition of the atmosphere; it can also be inferred almost en t i r e ly  
frcm atmospheric measurements done .  
about the nature and biochemistry of tke b i o t a  are necessary f o r  such an 
in te rpre ta t ion .  

I n  par t icu lar ,  no assumptions 

2. The biolopical  significance of an atmospheric mixture l i es  i n  the rela- 
t i v e  concentrations of a varietr of const i tuents  and not wholly i n  the 
presence o r  abser,ce of any s i n g l e  one of them. Such a mixture i s  bio- 
log ica l ly  s ignif icant  i f  it rPpresent,s a departure from a predictable 
abicleFical  steady state. The s t rcnees t  evidence i s  t h e  simult.aneous 
preserxe of two rases,  l i k e  methane and cxypen, capable of undergoing 



i r r evc r s ib l e  reaction; €vet w i t h  gases whicn can be e>:pc+dd t o  occur 
under akiological conditions, departures from tne abundances t o  be 
ant ic ipated w i l l  be of biological  significance . 

3. The presence of even very minor consti tuents nay be very s igni f icant ;  
consequently, everjr attempt should %e made to provide as complete an 
analysis of the atmosphere as possible . 

TABLE 111 -- 
Estimated abiological and biological  production of selected 
at iospheric  components contrasted with atmospheric abundance. 

Atmospheric Abiological Biological 
Abundance Production Production 
Molecules Ffolecule s Molecules 

Gas cm-2 column 

Oqygen L.S 1024 1.9 X d7 (2) 3.2 x lo2’ (13) 

Carbon 
Cioxide 6.4 x - 1O2O 

Methane 3.2 x 1019 nil 2 x 1d.d (12) 

Hydrogen 1.0 x 10 19 - 1.0 x 1d.S (12)* 

Nitrous 1.ox lol3 to 16 
Oxide 5.0 x lOl3 1.0~ 10 (7) (8) 5.0 x d7 (7 )  

Carbon 
Monoxide 1.0 x 10ls 1.0 x 1ol6 ( 5 )  

8 D o e s  not include hydrogen of i ndus t r i a l  or igin.  

E3-y analogy with Ear+,h, Martian l i f e ,  i f  present, may a f f e c t  Karst atmos- 
phere by giving rise t o  anomalous concentrations of conpounds whose presence 
could be expected as a result of abiolopical r eac t iom and/or by concentration 
i n  the atiosphere of compounds inconpatible with o ther  consti tuents.  

Life detfiction by atmospheric analysis might be argued t o  be more appro- 
p r i a t e  to planets which, l i k e  the Earth, have a high density of l i v i n g  matter 
a t  o r  near the surface, bu t  inapplicable t o  planets  on which the biota,  i f  
present,  i s  l i k e l y  to be very thin. 
face  area i s  30 times less f o r  Yars than f o r  E a r t h ,  so t h a t  +,he quant ivj  of 
l i v i n g  matter required t o  produce comparable e f f e c t s  could be much less. 
Furthermore, the reFival of one biologically prc;duced canponent could, con- 
ceivably, be dependent upon t h e  s h d t a n e o c s  presence of mother  s imilar ly  

But the r a t i o  of atmospheric m a s s  t o  sur- 



produced. 
steady state concentration can c)ccur ever: when ',he n r o d x t i o n  rate i s  very low. 
A more fundamental point i s  t h z t  %he a b i l i t y  of a b io ta  to control i t s  environ- 
ment and drive it t o  a state of low entropy i s  not a function of tte density 
of t h a t  biota;  it follows from the tendencji of l i v ing  organisins t o  continue 
t o  grow an12 develop u n t i l  the supply of available r a w  naterials es tab l i shes  a 
l i m i t .  
pheric compositional analysis is  not necessarily limited by the densitx of the 
b io t a  . 

If the removal rate is  concentration dependent, an e a s i l y  measured 

Consequently, the de tec tdbi l i ty  of a planetary b i o t a  by means of atmos- 

A l i f e  detection experinent based on analysis of the  "lrtian atTosphere 
should be designed to measure the concentrations of as m a n y  of the components 
of the atmosphere a s  possible, including both the major and the trace com- 
ponents. 
it would be unwise a t  t h i s  stage t o  prejudice the experiment by guessing w h a t  
m a y  be the more s igni f icant  consti tuents to measure. The significance of a r q r  

s ingle  compound can only be d e t e d n e d  after the ana ly t ica l  infoxmation has 
been obtained azd interpreted.  
information to  make possible the specif icat ion of the conditions under which 
these components would be expected to react. 
t ion,  such as the so l a r  spectrum and the temperature a t  the  surface, are 
already available; the s t a t e  of oxidation of the surface and the  radiat ion 
flux a t  the surface m a y  be available during the ea r ly  Voyager missions. This 
latter information may not be necessary f o r  the unequivocal in te rpre ta t ion  of 
the biological  significance of the  atmospheric measurements, bu t  they would 
be of value i n  confirming any conclusions. If, as is possible, the Martian 
atmosphere is poised between an oxidizing and a reducing s t a t e ,  knowledge of 
the oxidation s t a t e  of the surface would be of great  value. 

In  v i e w  of what i s  not known of the Martian atmosphere o r  surface, 

This requires at  least a minimum of supporting 

Some of t h i s  auxiliary infoma- 

Infornation regarding isotopic  concentrations m a y  also be of importance. 
I n  par t icu lar ,  w h e r e  the  same element occurs i n  two o r  more atmospheric com- 
pounds, the relative amounts of i t s  isotopes would provide valuable infoma- 
t i o n  on the nature of the reactions between them. The w e l l  known a b i l i t y  of 
l i v i n g  organism t o  f rac t iona te  isotopes of the same elements provides a 
means of dist inguishing b i o t i c  and ab io t ic  reactions; thus, evidence of clear 
i so topic  selectivity might i n  some circumstancas be suggestive evidence of 
b i o t i c  transf omation. 

CONCLUSION 

Science i s  divided a r t i f i c i a l l y  i n t o  a spectrum of d isc ip l ines  ranging 
from Physics to  Biology. The language, thought, and experiroental approaches 
of each has been coxlitioned by the h i s to r i ca l  course of t h e i r  development 
and by the nature of the experiwntal  evidence avai lable  f o r  consideration. 
It is inevitable t h a t  Bioloey and associated d isc ip l ines  such as Biochemistry 
are geocentric i n  nature i f  only because of the lack of any experimental 
experience other than t h a t  on Farth. By a similar process of development 
t h a t  branch of Physics dealing w i t h  astrono-ny i s  essent ia l ly  exocentric i n  
approach, even t o  the point of a blindness to  biological phenomena a t  the 
Earth I s surf ace. 



Hitherto almost all experiments proposed f o r  ex t ra - te r res t r ia l  l i f e  de- 
tect ion have ar isen fron an essent ia l ly  biological background and have sought 
to  recognize l i f e  elsewhere i n  terms of w e l l  known laboratory procedures on 
Ear th  such as micro-biological growth experiments and t h e  analyt ical  pro- 
cedures of biochemistry. 
approaches, the mechanics of transporting a biochemical laboratory to another 
planet are expensive and technically of the greatest  diff icul ty .  The purpose 
of t h i s  paper has been t o  draw attention t o  the obvious f a c t  t ha t  the pheno- 
menon of l i f e  i s  not a rb i t r a r i l y  l imi ted  t o  e f f ec t s  occurring i n  the realm of 
"Li fe  Sciences.11 Because of this the presence of l i f e  on other planets may 
be recognized from comparatively simple neasurements of t h e i r  physical en- 
vironment and superf ic ia l  chemical composition. Such measurements may even 
be possible by astronomical observations from the Earth and, if  successful, 
would serve to guide the more detailed understanding of t h e i r  nature by the 
more complex approaches such as those of the biological sciences. 

Apart fron the overwhelning geocentric bias  of these 

We are indebted t o  D r .  L. G. Kaplan of the J e t  Propulsion Laboratory and 
to M r .  G. B. Thomas of Hamilton Standard f o r  the expert advice they f ree ly  
and generously provided. 
f o r  h i s  encouragemnt and support during the preparation of t h i s  paper. 

We are especially grateful  to  Lord Rothschild F.R.S. 
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CONCENTRATION OF ( A )  ARBITRARY UNITS 

FIGURE 1 

Atmospheric distribution of a hypothetical molecule (A) the product of 
the photochemical dissociation of the oxide (AO) in the upper atmosphere. 
(1) No reaction at the surface (2) Production at the surface (3) Removal 
at the surface. 
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