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Foreword 

The Mystery of life's Origin presents an extraordinary new analy- 
sis of an age-old question: How did life atart on earth? The authora 
deal forthrightly and briIIiantly with the major problems confront- 
ing scientists today in their search for Iife'a origina. They under- 
stand the impasse in current laboratory and theoretical research 
and suggest a way around it. Their arguments are cogent, original, 
and compelling. This book is sure to stimuIate much animated dis- 
cussion among scientists and laymen. It is very likely that research 
on life's origins will move in somewhat different directions once the 
professionals have read this important work. 
The modem experimental study of the origin of the first life on 

earth is now entering its fourth decade, if we date the inception of 
this field of research to Stanley Miller's pioneering workin the early 
1950s. Since Miller's identification of several (racemic) protein- 
forming amino acids in his electric discharge apparatus, numerous 
follow-up studies have been conducted. Conforming in varying 
deg-rees to the requirements of the so-called "simdation paradigm," 
these experiments have yielded detectable amounts of moat of the 
major kinds of biochemical substance as well as a variety of organic 
microscopic structures suggested to be similar to the historical pre- 
cursors of the first living cells. 
This promam of research can be regarded as a natural extension 

of Daxwin's evolutionary views of the last century. The goal of the 
work is to find plausible uniformitarian mechanisms for the gradual 
spontaneous generation of living matter from relatively simpIe 
molecuIea thought to have been abundant on the surface of the 
primitive earth. 

v 
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Theexperimental results to date have apparently convinced many 
scientists that a naturalistic explanation for the origin of life will be 
found, but there are significant reasons for doubt. In the years since 
the publication of Biochemical Predestination I have been increas- 
ingly struck by a peculiar feature of many of the published experi- 
ments in the field. I am not referring to thosestudies conducted more 
or Iess along the lines of MiIIer's original work, although there are 
firm grounds for criticizing those studies as well. I am referring to 
those experiments designed to elucidate possible pathways of pre- 
biotic synthesis of certain organic substances of biologic interest, 
such as purines and pyrimidines, or polypeptides. 

In most cases the experimental conditions in such studies have 
been so artificially simplified as to have virtually no bearing on any 
actual processes tha t  mighthave taken place on the primitiveearth. 
For example, if one wishes to find a possible prebiotic mechanism of 
condensation of free amino acids to poIypeptides, i t  is not likely that 
sugars or aldehydes would be added to the reaction mixture. And y el;, 
how likely i s  it that amino acids (or any other presumed precursor 
substance) occurred anywhere on the primitive earth free from con- 
tamination substances, either in solution or the solid state? The 
difficulty is that if sugars or aldehydes were also present poly-pep- 
tides would not form. Instead an interfering cross-reaction would 
occur between amino acids and sugars to give complex, insoluble 
polymeric material of very dubious relevance to chemical evolution. 
Thia problem of potentiaily interfering cross-reactcolts has been 
largely neglected in much of the published work on the chemical 
origins of l i fe.  The possible implications of euch an omission merit 
careful study. 

Other aspects of origin-of-life research have contributed to my 
growing uneasiness about the theory of chemical evolution. One of 
these is the enormous gap between the most complex "protocell" 
model systems produced in the laboratory and the simplest living 
cells. Anyone familiar with the ultrastructural and biochemical 
complexity of the genus Mycoplasma, for example, should have 
serious doubts about the relevance of any of the various laboratory 
"protocells" to the actual historical origin of cells. In my view, the 
possibility of closing this gap by laboratory simulation of chemical 
events likely to have occurred on the primitive earth is extremely 
xemo te. 

Another intractable problem concerns the spontaneous origin o f  
the optical isomer preferences found universally in living matter 
(e.g., t- rather than pamino acids in proteins, D rather than L- sugars 
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in nucleic acids). After all the prodigious effort that has gone into 
attempts to solve this great question over the years, we are really no 
nearer to a solution today than we were thirty years ago. 

Finally, in this brief summary of the reasons for my growing 
doubts that  life on earth could have begun spontaneously by purely 
chemical and physical means, there is the problem of the origin of  
genetic, i.e., biologically relevant, information in biopolymers. No 
experimental system yet devised has provided theslightestclueas to 
how biologically meaningful sequences of subunits might have ori- 
ginated in prebiotic polynucleo tides or polypeptides. Evidence for 
some degree of spontaneous sequence ordering has been published, 
but there is no indication whatsoever that the non-randomness is 
biologically significant. Until such evidence is forthcoming one cer- 
tainly cannot claim that the possibility of a naturalistic origin oflife 
has been demonstrated. 

In  view of these and other vexing problems in origin-of-life 
research, there has been a need for some years now for a detailed, 
systematic analysis of all major aspects of the field. It is time to 
re-examine the foundations of this research in such a way that all 
the salient lines of criticism are simultaneously kept in view. The 
Mysteryof Life's Origin admirably fills thisneed.The authors have 
addressed nearly all the problems enumerated above and several 
other importsn t ones as well. They believe, and T now concur, that 
there is a fundamental flaw in all current theories of the chemical 
orjgins of life. Although the tone of the book is critical, the authors 
have written it in the positive hope that their analysis will help us 
find a better theory of origins. Such a n  approach is, of course, 
entirely consistent with the manner in which scientific advances 
have occurred in the past. 

One of the uniquely valuable features of the book is its discussion 
(Chap. 6) of the relative geochemical plausibilities of the various 
types of simulation experiments reported in the literature. To my 
knowledge this is the first systematic attempt to devise formal crite- 
ria for acceptable degrees of interference by the investigator in such 
experiments. Another especially helpful feature is the detailed dis- 
cussion of the implications of thermodynamics (Chaps. 7,8,  and 9) 
for the origin-of-life problem. This important topic is either omitted 
entirely or is treated superficially in rnost other books on the chemi- 
cal origins of life. The authors might have included n more detailed 
discussion of the problem of optical isomer preferences, but this 
deficiency detracts in only a minor way from the overall strength of 
their argument. 
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If the author's criticisms are valid, one might ask, why have they 
not been recognized or stressed by workers in the field? I suspect that 
part of the answer is that many scientists would hesitate to accept 
the authors' conclusion that it is fundamentally implausible that 
unassisted matter and energy organized themselves into living sys- 
tems. Perhaps these scientists fear that acceptance of this conclu- 
sion would open the door to the possibility (or the necessity) of a 
supernatural origin of life. Faced with this prospect many investiga- 
tors would prefer to continue in their search for a naturalistic expla- 
nation of the origin of life along the lines marked out over the last 
few decades, in spite of the many serious difficulties of which we are 
now aware. Perhaps the fallacy of scientism is more widespread 
than we like to think. 
One's presuppositions about the origin of life, and especially the 

assumption that this problem will ultimately yield to a persistent 
application of current methodology, can certainly influence which 
lines of evidence and argument one chooses to stress, and which are 
played down or avoided altogether. What the authors have doneis to 
place before us essentisllIy all the pertinent lines of criticism in one 
continuous statement and  to invite us to face them squarely. 

All scientists interested in the origin-of-life problem would do well 
to  study this book carefully and to evaluate their own work in the 
light of its arguments. 

Dean H. Kenyon 
Professor of Biology 
San Francisco State University 



Preface 

The Mysteryof Life's Origin is a book that had to be written.Thereis 
a critical necessity in any developing scientific discipline to subject 
its ideas to test and to rigorously analyze its experimental proce- 
dures. I t  is an ill-fated science that doesn't do so. Yet, surprisingly, 
prebiotic or chemical evolution has never before been thoroughly 
evaluated. This book not only provides a comprehensive critique 
using established principles of physics and chemistry, it introduces 
some new analytical tools, particularly in chapters six and eight. 
We do not want t o  suggest thatscholars haveoffered nocriticisms 

helpful to other workers in the field of origin-of-life studies. They 
have, of course, and scattered here and there in the chemical evolu- 
tion literature these criticisms can be found. There is no comprehen- 
sive marshalling of these, however, no carefully ordered statement 
that brings them together in one volume to assess their combined 
import. That is a need that has existed now for several years, a need 
which, hopefully, this book helps remedy. It should not be thought 
that the authors cited as sources of specific criticisms would be in 
ameement with the overall reassessment presented here. In most 
cases they would not. 
The fact that chemical evolution has not received thorough evalua- 

tion to date does not mean it is false, only that it is unwise to build on 
i t  or extend it until we are satisfied it is sound. I t  is crucial to have a 
thorough critique of chemical evolution, expecially since much of the 
optimism about finding life in space and the search for extraterres- 
trial intelligence (SETI) is based on it. 

Workers who have come up within a discipline usually are the ones 
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most qualified to administer criticism. There are times, however, 
when workers with specialized training in overlapping disciptines 
can bring new insights to an  area of study, enabling them to make 
original contributions. The following chapters  were produced by a 
chemist (CT), a materials scientist (WB), and a geochemist (RO). If 
there is validity to our reassessment it will mean that sizable re- 
adjustments in origin-of-life studies are in order. Even if our critique 
is shown to be deficient and the chemical evolution scenario is 
vindicated, perhaps the present work will have pIayed a role in 
goading scientific workers into presenting a clearer and stronger 
defense in its behalf. 

The  authors would like to thank the following for permission to 
quote extracts or reproduce diagrams from their publications, as 
indicated in the text: Gordon and Breach, Science Publisher, Inc.: ed. 
Lynn Margulis, Origins of Life: Proceedin.gs oJ the First Conference, 
1970; Simon & Schuster, lnc.: F. Hoyle and N.C. Wickramasinghe, 
Evolution from Space, 1981; Marcel Dekker: S. Fox and K. Dose, 
Molecular Evolution and the Origin of Life, revised edition, 1977; 
Prof. A.E. Wilder Smith, The Creation of Life, 1970; the MIT Press: 
ed. J. Neyman, The Heritage of Copernicw, 1974; and the American 
Chemical Society: S.W. Fox, K. Harada, G. Krampitz, and G. 
Mueller, Citemica! Eng. News, June 22,1970. 

It is a pleasure to acknowledge the heIp,counsel, advice, criticism, 
and encouragement of many coIIeagues and friends. Without their 
assistance it is doubtful th is  book would have been written. Any 
errors offacts or interpretation, however, are our own. In particular 
for rending and commentingon the entire manuscript, we would like 
to thank Frank Green, Robert L. Herrmann, Dean Kenyon, Gordon 
Mills, G. Shaw, Grahame Smith, Peter Vjbert and John C. Walton. 
And for expert comments on individual chapters we thank Greg 
Bahnsen, Art Breyer, Tom Cogburn, Preston Garrison, Norman 
Geisler, Harry H. Gibson, Jr., Charles Hummel, Glenn Morton, 
hancis  Schaeffer, David Shotton and Hubert Yockey. 

Finally, our heart-felt thanks go to our wives, Carole, Ann, and 
Candace, who endured through seven years of research, writing and 
revisions. It is to them whose loyalty and Iove never waned that we 
dedicate this book. 

Dallas, Texas 
CI~ristnzas, 1983 C. Thaxton 

W. Bradley 
R. Olsen 
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Crisis in the 
Chemistry of Origins 

Two monumental scientific reports appeared in 1953, both of which 
have subsequently received wide acceptance in the scientific com- 
munity. One was the proposal by James Watson and Francis Crick1 
of their double helical model for deoxyribosenucleic acid, or DNA 
According to their now-famous model, hereditary information is 
transmitted from one generation to the next by means of a simple 
code resident in the specific sequence of certain constituents of the 
DNA molecule. I t  had previously been held that the specucular 
diversity of life was due in part to some corresponding diversity of 
nuclear material. The breakthrough by Crick and Watson was their 
discovery of the specific key to life's diversity. It was the extraor- 
dinarily complex yet orderly architecture of the DNAmolecule. They 
had discovered that there is in fact a code inscribed in this "coil of 
life," bringing a major advance in ow understanding of life's remark- 
able structure. 

Almost as if synchronized for the sake of irony, the other report in 
1953, by Stanley Miller2, offered experimental support for what has 
become an increasingly apparent contradiction. Miller offered his 
workin support of the neo-Darwinian theory of prebiotic evolution. 
This notion suggested that the fantastic complexity in the molecular 
organization of living cells might somehow have resulted from 
nothing more than simple chemicals interacting at random in a 
primordial ocean. 
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In 2953, few if any were troubled by the tension between the new 
insights of Crick and Watson on the one hand and Miller's results on 
the other. Crick and Watson were concerned withlife'ssfructure and 
MilIer was concerned with life's origin. Most observers had an 
unshakable confidence that these two investigative approaches 
would eventually converge. After all, young Miller's announcement 
of experimental success was just what was anticipated according to 
thegeneral theory of evolution. Regardless of whether the particular 
theory of evolution is Darwinian, neo-Darwinian, or something else, 
an evolutionary preamble to the biological phase of evolution is 
dearly required. Chemical evolution, then, is the pre-biological 
phase of evolution in which the very earliest living things came into 
being. This monumental dawning of life occurred through the varia- 
tion of natural forces acting on matter over long time spans, perhaps 
up to a thousand million years, or maybe longer. 

In the decades since Miller's and Crick and Watson's reports, 
however, there have been indications that all is not well in the halls 
of biology. We have gained afar deeper appreciation of the extremely 
complex macromolecules such as proteins and nucleic acids. T h e  
enlarged understanding of these complexities has precipitated new 
suggestions that the DNAmechanism may be more complex and the 
molecular organization more intricate and information-filled than 
was previously thought.3 

The impressive complexities of proteins, nucleic acids, and other 
biological molecules are presently developed in nature only in living 
things. Unless it is assumed such complexity has always been pres- 
ent in an infinitely old universe, there must have been a time in the 
past when life appearedde nouo out of lifeless, inert matter. How can 
the mere interaction of simple chemicals in the primordial ocean 
have produced life as it is present1 y understood? That is the question. 
The signs do not bode well for the standard answers given, and some 
investigators are suggesting that our two approaches will not 
converge. 

The Demise of the Role of Chance 

By 1966 a major change in scientific thought was underway. In 
Philadelphia a symposium was held to highlight these changes.' It 
was there that signs of an impending crisis first emerged. Syrnpo- 
sium participants came together to discuss the neo-Darwinian the- 
ory of evolution. One conclusion, expressed in the words of Murray 
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Eden of MIT, was the need "to relegate the notion of randomness to  a 
minor and non-crucial roleH3in our theories of origins. This conclu- 
sion was based on probability theory, which shows mathematically 
the odds against the chance formation of the highly complex mole- 
cular structure required for life. With the help of high-speed compu- 
ters, programs could be run which simulated the billions-of-years' 
process based on the neo-Darwinian model of evolution. The results 
showed that the complexity of the biochemical world could not have 
originated by chance even within a time span of ten billion years. 
Eden's conclusion was a reasonable if unsettling one. 

Other symposium participants voiced similar views about chance 
or randomness. V.F. Weiskopf noted, "There is some suspicion that 
an essential point {about our theories of origins] is still missing."6 
Eden suggested "new laws" as the missing piece in the puzzle of 
life's oriun.7 In his opening remarks as chairman, Nobel Prize- 
winning biologst Sir Peter Medawar said, "There is a pretty wide- 
spread sense of dissatisfaction about what has come to be thought of 
as the accepted evolutionary theory in the English-speaking world, 
the so-called neo-Darwinian theory."B It was Marcel Schutzenberger 
of the University of Paris, however, who intimated the true extent of 
the developing crisis when he expressed his belief that the problem 
of origins "cannot be bridged within the current conception of biol- 
ogy".g (Emphasis added). 

These comments reff ect the impotence of chance or randomness as 
a creative mechanism for life's origin. But there was dissent, too. 
Some symposium participants, C.H. Waddington for example, balked 
a t  this conclusion, saying that faulty programming was the prob- 
lem, not chance-'0 Waddington's objectionillustrates a basicdilemma 
tha t  has always plagued probability calcuIations. Suchcalculations 
must first assume a plausible chemical pathway, or course of events, 
and then calculate the probability of this series of events, in  the 
hopes that the answer will a t  least approximate the probability of 
the actual course of events. Nevertheless, there is great uncertainty 
about the actual chemical pathway. As a consequence, calculations 
showing the extreme improbability that life began by chance usu- 
ally have carried Little weight with scientists. 
Such probability calculations, however, have now been supple- 

mented by a more definitive type of calculation which does not 
require a knowledge of the detailed process or exact path of events 
that led to life. Recent advances in the application of the first and 
second laws of thermodynamics to living systems provide the basis 
for these calculations. Through them, accurate probabilities for the 



4 THE MYSTERY OF LIFE'S ORIGIN 

spontaneous synthesis of complex chemicals can be caIcuIated 
without regard to the path that  led to their development. All that is 
needed is information about the initial chemical arrangement and 
the complex arrangement these chemicals are found to have in 
living things. These thermodynamic calculations have agreed in 
order of magnitude with earlier path-dependent probability calcula- 
tions. For example, some investigators, including Ilya Prigogine, 
the Nobel Prize-winning thermodynamicist, have relied upon calcu- 
lations based on equilibrium thermodynamics to show the probabil- 
ity that life occurred spontaneously. Prigogineet al., put it this way: 

The probability that at ordinnry tcmperntures a macroscopic number of mole- 
cules is assembled to give rise to the highly ordered structures and to the 
coordinntcd functions characterizing living organisms is vanishingly small. 
Thc idea of spontaneous genesis of l i f ~  in its prescnt form is therefore highly 
improbable evcn on Ihc scale of the billions of years during which prebiotic 
evolution occurrcd.ll 

The agreement between the two types of probability calculations has 
heightened the growing awareness of a crisis in the chemistry of 
origins. 

Biochemical Predestination 

Because of the increasing disillusionment with the role of chance, 
a shift took place i n  the late Sisties and the Seventies to the view that 
Iife was somehow the inevitable outcome of nature's laws at work 
over vast spans of time. Terms such as "directed chance" and "bio- 
chemical predestination" have entered the scientific literature to 
mean that life was somehow the result of the inherent properties of 
matter. The abundant use of these terms marks a shift in thinking. 
Many feel that bonding properties of atoms had a significant role in 
the origin of thecomplex molecularstructuresoflife. Others, includ- 
ing M. Polanyi, however, have suggested that if atomic bonding 
properties accounted for the actual structure of DNA, including the 
distribution of bases, "then such a DNA molecule would have no 
information content. I ts  codelike character would be effaced by an 
overwhelming r e d u n d a n c y . " ~ ~ ~  the mystery behind life's o~gin 
continues in spite of the undaunted confidence of some that a solu- 
tion is near. This is further illustrated by developments in the U.S. 
space program. 

In 1974 Stanley Miller, who had continued in his efforts to put 
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modern origin-ofblife studies on a firm experimental footing, said 
that 

We sre confident that tllo basic process [of chemical evolulion] is correct. ao 
confidant that i t  seems inevitable that a similar process has taken place on 
many other planets in the solar system .... We are sufficiently confident of our 
ideas about the origin oflife that in 1976 n spncocraft will besent to Mars to  
land on thc ourfncs with the primary purpose ofthe experimenk being a sqarch 
for living orgnnisms.1" 

In 1976, on the eve of the first Mars landing, NASA's chief bioIogist, 
Harold P. Klein, explained that if our theories of origins are correct, 
we should find corroborative evidence of i t on Mars.I4 The theories of 
which he spoke had presupposed the sameinexorable forces of chem- 
istry and physics at work on Venus, Mars, and innumerable planets 
throughout the cosmos as on earth. Although few space scientists 
actually expected to find life on Mars, therewas wideagreement that 
organic chemicals in some stage of the life-forming process would 
likely be found there. And, of course, the cost of the Mars landing 
was a substantial pledge toward that  confidence. A signscant  
opportunity for confirmation had arrived. The origin-of-life experi- 
ments were disappointing, however, as an unexpected type of chem- 
istry was found on Mars, which indicated environmental conditions 
unfavorable to chemical evolution. 

In a detailed analysis of the Mars data as reported in the Journal 
of Geophysical Research, it was concluded that "the results of the 
organic analysis experiment ... should not give encouragement to 
those who hope to find Iife on Mars."l5 

Etesults from the Voyager X fly-by of Jupiter and Saturn have not 
given any  additional encouragement to those hoping to discover Iife 
in the cosmos other than that on earth.16 One of Saturn's moons, 
Titan, was thought to be more hospitable toward life. It now appears 
that  Titan is cold and dead, with an  atmosphere about85%nitrogen, 
15% argon, and less than I% methane.17 

The sticky question that remains unresolved is not merely whether 
objections raised at the Wistar Institute are correct, but, in light of 
current evidence, whether there is cause for optimism about the 
"directed chance" view of life's origin. What is responsible for the 
dashed expectations held about life first on the moon, then Venus, 
Mars, Jupiter, and now Saturn and its moon Titan? 

It cannot be denied that the "pure chance" view of the origin of life 
is a position of extreme faith. The nagging difficulty, however, that 



6 THE MYSTERY OF LIFE'S ORIGIN 

faces us now is that the modified version of "directed chance" has 
not performed well to date. The question must be asked whether 
thereis a flaw in our theory of chemical evolution-a flaw at such a 
fundamental level that it mars both theories, "pure chance" and 
"directed chance." 

A flaw in our theory of origins need not be viewed wjth pessimism, 
however. H.R. Post. a phiIosopher of science, has suggested in an 
illuminating article that such a flaw might actually lead to a new 
even better theory, if we but learn to decipher properly the clues it 
can yield. Post said: 

Thc best workerefin scientific llicory] aro those whonre bes~aLnoticingcracks, 
nnomnlies. in the existing structure of thc old Lhcory-not disnpeemcnta with 
(ncw)experimenlal dntn, butnnomelics within thc theory ilsclf. Thcso cracks 
are vcry strong hint% thatsuggcst tlic~tructureofthe ncw theory: weinfcr, as it 
wore, the natureof thc now thrcc-dimensional beast from i ls  two.dimensional 
footprints. They nre truces of the new theory in the old.'& 

So for now we assert there is a crack in all current theories of origins. 
Weshall leave for the main body of the book the task of mapping out 
the contours of the crack, which we hope will further a better under- 
standing of origins. 

Speculative Reconstructions 

Beforecoming to that, however, it will be valuable toconsider how 
origin-of-life research relates to science as n whole. In the matter of 
origins, there were no observers presen t. For some this lack of obser- 
vation en tirely removes the question of Iife's origin from t l~edomain 
of legitimate sciencc. In another context, George Gaylord Simpson 
has observed that: 

It is inherent in any accepbble definition of sciencr: tliat statcmcnts that 
cnnnol be checked by observntion Are not really uboul anything-orol the vcry 
least they arc not scicncc.'" (Empl~fisis his.) 

It is primarily due to thislack of observational check on theories that 
science cannot provide any empirical knowledge about origins. I t  
can only suggest plausible scenarios in an attempt toreconstruct the 
events that led to the appearance of life on earth. 

The strength of physical science lies in its ability to explain phe- 
nomena as weIlas make predictions based on observable, repeatable 



Crisis in the Chemistry of Origins 7 

phenomena according to known laws. Science is particularly weak 
in examining unique, nonrepeatable events. Commenting on this 
inherent limitation of science, Nature magazine noted: 

Thosewho work on thcorigin oflifomustnecessarily make bricks withoutvery 
much stmw, whichgoesa long way locxplain why this ficld ofstudy issoofkn 
rognrded with deep suspicion. Spcculotion is bound to be riro, and it has also 
frequently been wild. Some attempts to account for the origin of life on tho 
Earth, however ingenious, have shared much with imaginative lilcrolure and 
little with theoreticnl inferonce of thc kind whicl~ can be confronted with 
observational evidence oisome kind or nnothcr.:o 

Yes, naturalistic explanations of Iife's origin are speculative. But 
does this mean such inquiries are impotent or without value? The 
same criticism can be made of any attempt to reconstruct unique 
events in the past. This has not deterred Scotland Yard or the FBI, 
however, from employing, sometimes with dramatic success, the 
science of forensic medicine in some bizarre "whodunit." Blood 
stains and fingerprints are the data of thecrime detector and consti- 
tute circumstantial evidence in a court of law. Blood stains and 
fingerprints do not tell their own story, so  these data must be fitted 
into some speculative but plausibIe scenario to  reconstruct what 
occurred in the past. This kind of scenario is nonetheless only specu- 
lation, and no matter how plausible i t  may be, the truth behind the 
blood stains and fingerprints may be entirely different from the 
story alleged. For this reason there is always an  d e m e n t  of risk or 
uncertainty when a jury brings a conviction for a crime based on 
circumstantial e d e n c e .  Juries do bring convictions in such cases, 
however, and all that is required is that the case be made beyond 
reasonable doubt. Herein lies the value of the speculative reconstruc- 
tion of some past event. Although such a speculative scenario may 
elicit a confession from the defendant, or lead to newly discovered 
eyewitnesses, its principal value comes from its use as a tool in the 
hands of a skillful lawyer to make a convincing appeal to the jury 
which must finally decide the matter. 

The study of chemical evolution is strikingly similar to forensic 
science. Consistent with the unjformitariah view that life arose 
through processes still going on, numerous investigators have 
reported on laboratory observations and experiments which they 
offer as circumstantial evidence for the naturalistic origin of life. 
Though the conditions of the early earth are assumed to have been 
different from today's conditions, the processes are assumed to have 
been the same. According to this uniformitarian thinking, if we can 
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reproduce in our laboratories today conditions as they were i n  the 
remote past, we should expect to obtain the kinds of changes that 
occurred then. This is the basis ofprebiotic sirnula tion experiments 
reported in chemical evolution literature. 

"Implicit in this (uniformitarian] assumption is the requirement 
that no supernatural agency 'entered nature' a t  the time of the 
origin, was crucial to it, and then withdrew from history."2> (Actu- 
ally all that is required for this assumption is that no in te l l igent  
purposive-intemption or manipulation of the workings of natural 
forces ever occurred at the time of life's origin or since.)The develop- 
ers of chemical evolution theory acknowledge its speculative nature, 
but offer it as a highly plausible scenario for the origin of life. We 
agree that there is scientific value in the pursuit of such reconstruc- 
tions that should not be dismissed out of hand. 

Furthermore, the source of our initial assumptions is of littie 
import. I t  is perfectly legitimate to  derive our ideas about what 
conditions might have been like on the early earth from backward 
inference from present conditions, intuition, or even from a religious 
holy book. The scientific criterion is whether this speculative scena- 
rio f i ts the data available and is plausible. Here some darificationis 
in order. In the familiar Popper22 sense of what science is, a theory is 
deemed scientific if it can be checked or tested by experiment against 
observable, repeatable phenomena. On this basis, relativity theory, 
atomic theory, quantum theory, germ theory-a11 have been judged 
scientific. Since all these theories of science deal with various facets 
of the operation of the universe, let us call them operation theories of 
science. Our point of clarification notes the difference between oper- 
ation theories and origin theories, such as theories about the origin 
of  life. Although the various speculative origin scenarios may be 
tested against data collected in laboratory experiments, these mod- 
els cartnot be tested against the actual event in question, i.e., the 
origin. Such scenarios, then, must ever remain speculation, not 
knowledge. Thereis simply no way to know whether the results from 
these experiments tell anything about the way life itself originated. 
In a strict sense, these speculative reconstructions are not falsifi- 
able; they may only be judged plausible or implausible. In fact, as 
with the speculative scenarios used in a courtroom, failure to render 
a scenario implausible lends support to its plausibility, its credibil- 
ity, and enhances the possibility that the reconstruction has genuine 
explanatory value and is true. 
This book is largely devoted to evaluating the speculative scena- 

rios of chemical evolution in light of present and pertinent data. We 
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will seek accurate readings on the progress of various investigative 
approaches. To set the stage, Chapter 2 will be devoted to a short 
account of the history and status of chemica1 evolution theory. 
Chapter 3 will review representative experiments to simulate chemi- 
cal  events at the monomer level. Chapter 4 begins the critique and 
main part of the book. 

It is our opinion that modern chemical evolution theories of the 
origin of life are in a state of crisis. The reader will be in a better 
position to  appreciate why we say this after having read the book. 
But be forewarned! If we are even partially correct, some notable 
changes are in store for chemical evolution theories. And if we are 
proven substantially correct, well ... but for the time being let's pursue 
the topic at hand. 
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CHAPTER 2 

The Theory of 
Biochemical Evolution 

Spontaneous generation has never enjoyed security in prevailing 
scientific thought. The theory has been alternately embraced, aban- 
doned, and accepted but ignored. The principal reason is that at 
various times in history two quite distinct concepts have been 
termed "spontaneous generation." These are: (1) abiogenesis, the 
notion of life's first origin from inorganic matkr ,  and (2) hetero- 
genesis, the idea oE life's arising from dead organic matter, such as 
the appearance of maggots from decaying meat." 
The concept of heterogenesis was the more conspicuous of the two, 

with its apparent observational basis. I t  was also the more impor- 
tant concept for early Western thinkers. Their Christianized world 
view seemed to answer the question of life's first origin. Moreover, 
the vitalistic notion that saw a dichotomy between organic and 
inorganic matterclearlyruled out the ideaofabiogenesis. Along line 
of Western thinkers, however, including Newton, Harvey, Des- 
cartes, and von Helmont, accepted the occurrence of heterogenesis 
without question. 
+For additional discussion of thc history of spontnncous ~t-ner:~lion, seeUThc Spon- 
tnneous Generntion Controversy (1859-1880): British and Cirrnian Rcnctions tn the 
Problcm of Abiogcnesis," John Farlcy, 1972.Jonmaloftlre History o/Biology.vol.5. 
no. 2. pp. 285319, from wl~ich this discussion hns drawn subsbntiolly. 
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The intrigue of the story is that heterogenesis, on the surface a 
more facile speculation than Iife from brute chemistry, was put to 
restalmostsimultaneously with the publication of Originof Species. 
Francesco Redi had demonstrated that meat placed under a screen 
of muslin (so that flies could not lay their eggs) never developed 
maggots. SimilarIy, other examples of heterogenesis weresystemati- 
caIly discredited. Schulze, Schwann, von Dusch, and Schroeder each 
contributed to the growing awareness that microscopic organisms 
were present in various organic substances. 

It was the work of Louis Pasteur, however, which sounded the 
death knell of the theory of heterogenesis. He showed that air con- 
tains many microorganisms which can collect and multiply in 
water, giving the illusion of spontaneous generation. In 1864, Pas- 
teur announced his results before the science faculty at the Sorbonne 
in Paris with the words "Never will the doctrine of spontaneous 
genera tion recover from themortal blow of this simple experiment."^ 

The Emergence of ABiogenesis 

But the sound of Pasteur's words had not yet stilled before some 
rcognized that, if ta  ken to i t s  conclusion, Darwin's work required an 
even more difficult and remarlcable form of spontaneous genera- 
tion-abiogenesis. Even Darwin himself speculated in this regard. 
In 1871 he wrote in a letter: 

Jt i s  ohen snid thnt all tho conditions for the first production of n living 
organism nrc now present which could c v a  hove been present. But ifInnd oh! 
whnl a big ib) we could conceive in some worm little pond, with all sorts of 
ammonin and phospl~oric salts, light, heat elechicity, etc. present, lhnt o 
protein compound wns chemically Corned ready to undergo still more complex 
changes, at the present day sudl matter would be instantly devoured or 
absorbed, which rvould not have Lsen thc case before living creatures were 
formod.2 

The breakdown of the dichotomy of organic and inorganic matter 
had by this timeoccurred. Thepximaryirnpetus in its demise was the 
Reductionist school of thought which maintained thatliving matter 
had no autonomous vital forces within. The reductionist school had 
drawn support from two important breakthroughs, one in the under- 
standing of matter, the other in the understanding of energy. The 
first came with the synthesis of urea in 1828 by Wohler; this being 
the first of a variety of organic materials to be synthesized. It is 
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evident that  the assumed categorical barrier between the inorganic 
and organic worlds would be invalidated by such experimental 
results. The second important occurrence in the turn toward reduc- 
tionism was the development of the concept of the conservation of 
energy. If all energies in a reaction can be quantified with no 
remainder, then no vital force (which had been held to be a kind of 
energy) was required in the reaction. With these advances for the 
reducbionist viewpoint, a major hurdle had been cleared for the 
concept of abiogenesis. 

In Germany, thequest for a monistic world view (Weltanschauung), 
a consistent and comprehensive philosophical explanation of all 
things, demanded n lively debate about abiogenesis. Ernst Haeckel, 
the most influential of the German evolutionary monists in the two 
decades following the publication of Origin of Species sought earn- 
estly toensure that the Weltanschaurrng was built around evolution. 
The dogmatic materialists added their zeal to the same effort. 
In contrast, scientists in Britain refused to enter the discussion, at 

least for a time. British scientists not only resisted the ideas of the 
monists, but regarded themselves in the traditions af Newtonian 
science and J.S. Mill. The London Timas captured their spirit well 
when it said, "We look to men of science rather for observation than 
for imagination."3 World views to a British scientist were apt to be 
regarded as grandiose speculations, unbecoming to science. 

By the 1870s, however, the rigidity of thisapproach wassomewhat 
mitigated, and Henry Bastian, heavily influenced by Iqaeckel, 
argued for a continuous abiogenesis. Bastian saw protoplasm as a 
simple, undifferentiated substance, arising over relatively brief 
periods of time on many occasions. Huxley had linked biological 
evolution and the geological principle of uniformity, and Bastian's 
viewseemed to makesensein that light. We should recognize that at  
the time, the earth's atmosphere was considered to have been the 
same in the distant past as in the present. Bastian's notion seemed to 
be consistent with the principle of uniformity, which gave i t  added 
status to  many. Indeed, by calling on the reductionist continuity of 
organic and inorganic matter, Bastian argued that evidence for 
heterogenesis (still lingering in his own experiments) was evidence 
for abiogenesis as we11. Thus, until the discovery of heat resistant 
spores, it appeared that Bastian could actually offer experimental 
support for a continuous abiogenesis. But with the discovery of such 
spores, the case for abiogenesis was reduced to the argument of a few 
proponents. 
By 1880, not only experiment but even most of the discussion 
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about abiogenesis was abandoned. While subsequent thinltcrs were 
to speculate that living matter had greater complexity than Bas- 
tian'sconception, i t  was not until the elemental naturcof matter was 
understood that a modern theory of abiogenesis could be forged. 

Then is 1924, after years of virtual silence, the Russian biochemist 
Alexander Ivanovicl~ Oparin reopened the  discussion by proposing 
that the complex moIecular arrangements and functjons of living 
systems evolved from simpler molecules that preexisted on the life- 
less, primitive earth:' With th i s  suggestion, the recognizably modern 
form of chemical evolution theory began to develop. 

In 2928, the British biologist J.B.S. Haldane published a paper in 
the Rationalist Annual in which he speculated on thc early condi- 
tions necessary for the emergence of terrestrial life.5 Haldane pic- 
tured ultraviolet light acting upon the earth's primitive atmosphere 
as the source of an increasing concentration of sugars and amino 
acids in the ocean. He believed that life eventuallyemerged from this 
primordial broth. Later, work by J.1). Uernal in  1947 elaborated. 
Bernal suggested some possible mechanisms whereby bjomonomers 
might accrue to concentrations sufficjent to allow condensation 
reactions producing the macromotccules necessary for life.G Both 
marine and fresh-water clays were seen as instrun~cntal in the syn- 
thesis of large macromolecules, as  well as their proteclion from 
destruction by ultraviolet light. 

A further critical contribution to the idea was made by Harold 
Urey. Urey observed that  with the exception of the earth and the 
minor planets, the soIar system was reducing, boing hydrogen rich 
in all the planetary atmospheres. Urey suggested that perhaps the 
early earth'satrnosphere was reducingas well, and that only later in 
the earth's evolution did it become an oxidizing atrno~phere.~ This 
concept provided for favorable conditions for the synthesis of 
organic compounds. 

The Modern Theory of Chemicar Evolution 

The foundational suggestions of Oparin, Haldane, Bernal, and 
Urey have since been elaborated into what we sllall call the modern 
theory of chemical evolution. This theory came to predominate the 
thinking of scientists in the latter half of this century. A well- 
established central core has  become the basis for many variations as 
the theory has developed. In outline form, the general scheme is 
quite simple. It envisions that the atmosphere of the early earth 
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contained such gases as hydrogen, methane, carbon monoxide, car- 
bon dioxide, ammonia, and nitrogen, but  no free oxygen. While this 
atmosphere would be quite toxic to us, its reducing quality was 
hospitable to organic molecules. This atmosphere is the first of five 
stages in the schematic representation of chem.ica1 evolution shown 
in fig. 2-1. 

Rpre  2-1. 
Major stages o f  chemical evolution. 

Sometime close to 3.5 billion years ago, the earth's surface had 
cooled to under 100°C. This allowed for the survivaI of various 
organic molecules that would have degraded in higher temperatures. 

Various forms of energy bathed the primitive earth. These energy 
sources-lightning, geotherma1 heat, shock waves, ultraviolet light 
from the sun, and others-drove reactions in the atmosphere and 
ocean to  form a wide variety of simple organic molecules. In the 
upper zones of this primitive atmosphere there would have been 
little, if any, free oxygen with which ultraviolet light could interact 
t o  produceanozonelayer such as presently protectsall living things 
from lethal doses of ultraviolet. Instead, ultraviolet would irradiate 
the reducing atmosphere to form amino acids, formaldehyde, hy- 
drogen cyanide, and many other compounds. 
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At lower altitudes these same organic compounds would resuIt 
from the energy in electrical storms and thunder shock waves. Syn- 
thesis would be occasioned a t  the earth's surface by wind blowing 
gases of the reduced atmosphere over hot lava flows near the sea. 

The ,simple compounds formed in the atmosphere were washed 
down by rain into the oceans. Here they gathered with the products 
of ocean reactions as abundant organic material began to nccumu- 
late. Further reactions inevitably took place in this reservoir, and 
eventually the precursor chemicals reached the consistency of a "hot 
dilute soup." This is the second stage shown in fig. 2-1. 

Innumerable smaller bodies of water provided a mechanism 
whereby the soup could be "thickened." In shallow pools, lakes, and 
shoreline lagoons, alternate flooding by thesoup and evaporating of 
it resulted in a gradual concentration of organic chemicals. Further 
concentration occurred by adsorption of organic compounds on 
sinking clay particles in primordial water basins. The catalytic 
effect of these clays promoted polymerization on a wide scale. Poly- 
peptides and polynucleotides were among the macromolecuIes pro- 
duced. This is stage three as shown in fig. 2-1. 
The conditions were now right for the development of protocells, 

stage four of fig. 2-1. Protocells were not true cells, but were coherent 
systems with a retaining membrane and sufficient functional capa- 
city to survive an  interim period. Over this period of time, their 
internal complexity increased. Polypeptides with suitable specific- 
ity to become enzymes developed. Additional cllaracteristics of liv- 
ing cells emerged. When the nucleic acids-life's hereditary mole- 
cules-became sufficiently developed, they took control of these pro- 
cesses. Finally, life itself gained i t s  critical first foothold, stage five 
of fig. 2-1. 
This general outline has provided a rich basis for extensive study 

and numerous laboratory experiments. The theory maintains tha t  
natural processes alone operated to form Jife on this planet. No 
mysterious, divine, or vital forces had a part. As Cyril Ponnampe- 
rumn put it, "...life is only a special and compIicated property of 
matter, and ... a u  fond [basically] there is no difference between a 
living organism and lifeless matter..."$ The question scientists have 
pursued, however, is, exactly what were the natural forces? 
The neo-Darwinian view is mechanistic in nature. It has seen 

extrinsic forces bringing the increasing order as a result of their 
chance operation upon the chemical compounds involved. The 
materialistic view, on the other hand, is the view that matter's 
intrinsic properties are somehow responsible for its own increasing 
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complexity. Life is seen as the inevitable result of the outworking of 
these intrinsic properties. This view gradually gained ascendancy i n  
the Seventies. Whether called "biochemical predestination"or some 
other name, it came to enjoy new prestige in the theoretical shift 
highlighted at the Wistar Institute, as mentioned in Chapter I. 
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Simulation 

Monomer Synthesis 

We may wish tha t  a crack team of scientific observers had been 
present to record and detail the origin of life when it occurred. But 
since there were no observers, and since we can't go back ta investi- 
gate the primitive earfh, we must do what we can to gain after-the 
fact evidence of what may have occurred. We certainly can simulate 
in tho laboratory what we postaIate were theconditions of the earIy 
earth and, using the uniformitarian principle, assume that the 
results will be similar to what actually occurred on the prebiotic 
earth. With this expectation before us, the challengeis oneof seeking 
to accurately identify and reproduce conditions of the prebiotic earth 
for our experiments. Many noteworthy efforts have been made. But 
as we shall see, mimicking the early earth is tricky business. 

How to Run a Prebiotic Simulation Experiment 

For example, we could run our simulation experiment simpIy by 
trying fa reproduce early earth conditions in a huge enclosed vat 
containing the suspected chemicals. The experiment would be con- 
ducted by passing various energy sources through a mixture ef 
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simple gases, liquid water, sand, clay, and other minerals, and just 
letting i t  go. Then at  various times a portion could be withdrawn for 
analysis and the progress charted. Such a procedure-a "Synthesis 
in the Whole"-has on occasion been suggested.' 

There are criticisms of this approach, however. First, if it truly 
simulated early carth conditions and processes, we should not 
expect any meaningful results within laboratory time. Millions of 
years of simulation might be required for any detectable progress. 
Second, this method would obscure the complex chemical infer- 
actions sougllt for observation by allowing literally thousands of 
differentreactions togoon simultaneousty.Thispoints out the need 
for a method of partihioning or isolating the various chemical reac- 
tions. Only through such partitioning can we gain clues as to the 
mechanisms involved in the production of life. So we would predicb 
ably learn nothing of consequence from a "Synthesis in the Whole" 
approach. 

What we need is some technique which allows us to single out 
individual reaction processes in our simulated "prebiotic soup" and 
thus follow their progress. Such an approach would allow us to say 
something meaningful about the mechanism that migh t  have been 
involved in the pathway to life, and also about the validity of the 
proposed scheme itself. 
In addition, for a laboratory simulation experiment to be of practi- 

cal value, some technique must be used to overcome the factor of 
millions of years of time. Somehow we must speed up the process so 
that, like time-lapse photography, we are able to effectively com- 
press the happenings of a long time span into manageabIe Iabora- 
tory time, yet without distortion. 

In fact it is  widely accepted today tha t  a technique is available for 
simulating the extended time factor and for charting the progressof 
individual chemical reactions. The technique consists of carefully 
selecting and purifying chemicals conceived to have been the prob- 
able precursors of life and subjecting them in mixture to geologically 
plausible conditions of heat, light, temperature, concentration, pH, 
etc. An experiment is said to be geochemically plausibIe when the 
conditions used reproduce to a substantial degree the conditions 
alleged for the primitive earth. These experiments are deemed suc- 
cessful if biologically significant molecules or their precursors are 
found among the pr~duct s .~  

In this way, a n  initial experiment can be run to produce amino 
acids. Then after isolating, purifying, and concentrating them, the 
next stage can be simulated, reacting the amino acids together to 
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form polymers. After a similar process of isolating, puriffing, and 
concentrating these polypeptides, the next stage could be simulated 
in a third experiment to see what is produced. By following this 
procedure, products such as polysaccharides, lipids, polynucleo- 
tides, and protocells might all conceivably result. In time it is hoped 
that through the right experimental conditions in appropriate pre- 
biotic simulation techniques, a Iiving entity will be produced. Such 
an accomplishment, it is widely regarded, would lend a great deaI of 
support to the view that life occurred on this planet by natural 
means. In this chapter we will give a representative review of the 
kind of simulation experiments at the monomer stage that have been 
done, and their results. 

Table 3-1 shows the relative abundances of present sources of 
energy averaged over the earth. We shall use this as a guide for the 
availability of energy sources on the early earth. In the experiments 
discussed, five energy sources will be considered: electrical die- 
charges, heat, ultraviolet Iight, shock waves, and high-energy com- 
pounds. There are.a number of comprehensive reviews of prebiotic 
simulation  experiment^.^ Readers are directed to them for more 
details. 

Table 3.1. 
Sources of energy on the Contemporary Earth. 

Source Energy 
(cnl cm-2 y-r-1) 

Total radiation from sun 260,000 
Ultraviolet light 

A < 3000 A 3,400 
A < 2500 563 
A < 2000 n 4 1 
A < 1500 ?i 1.7 

Electric discharges 4 
Cosmic rays 0.0016 
Radioactivity (to 1.0 km depth) 0.8 
Volcnnoes 0.13 
Shock waves 1.1 
Solar wind 0.2 

(Rom S. Miller, H. Urcy and J. Oro, 1976. J. Mol. Bud, 8 ,69 . )  
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Figure 3-1. 
Apparatus used in Miller's electrical discharge cxpriments to form amino acids, 
(A.fkrRJastrow. 1967. Red Giantsand While Dwar/s. Nmv York: Harperand Row, p. 
134 .) 
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Survey of Prebiotic Simulation Experiments 

Electrical Discharge Experiments 

At the University of Chicago in December 1952, Stanley Miller 
provided the first experimental test of the Bparin-I-Jaldane hypothe- 
sis of abiogenesise4 As a graduate student working in the laboratory 
of Nobel Laureate I-InraId Urey, Miller devised an experimental 
approach to simulate the formation of biomonomers on the early 
earth. The simulated atmosphere consisted of methane, ammonia, 
hydrogen, and water vapor. 

The pyrex apparatus for Miller's experiment (fig. 3-1) consisted of 
a small boiling flask containing water, a spark discharge chamber 
with tungsten electrodes, a condenser, and a water trap to collect the 
products. Although the early earth Is not considered to have had a 
boiling ocean, the boiling action of Miller" apparatus provided a 
convenient means of circulating gases past the spark discharge. 

In most other ways, Miller" apparatus simulated the events an the 
primitive earth. The spark simulated the action of rain washing into 
the ocean nonvolatile compounds formed in the atmosphere. And 
the water trap (as well as the boiling flask) simulated the oceans, 
pools, and lakes which collected the compounds synthesized. 
In 1974 Miller gave an account of ""the first laboratory synthesis of 

organic compounds under primitive earth  condition^."^ In his 
reminiscence we learn something of the prebiotic simulation tech- 
nique he used. Describing his second attempt with the same appara- 
tus, he recounts: 

Agnin after about a week's work get tin^ overythin~ ready, I illlcd up the 
apparatus with the RRmC mixture of geacs llnd turned the ~ p n r k  on, keeping tho 
h e o l i n ~  coil on the 500-ml fI ask a t  tl low hcnt .... Aftcr two daye I dccidcd lo see 
what had been produccd.This limc thcrc werena vi~ible hydrocarbons, but Ihe 
aolution was n pnlc yclhw. I conccntrntod the solution and ran R pnpcr chra- 
mntojiram. T h i ~  time I found n small purple  pot on spray in^ with ninhydrin 
that  moved at the anrnc rule as giycinc, the aimplcst amino acid." 

As he continues, we pick up some of the drama of those early experi- 
ments late in 1952. 

I set  tilc npparntu~ up urnin and this time boilcd thc water more vi~orously .... 
In the morning when I lookcd nt the ~ p p n r a t u ~  thc solution lookcd distinctly 
pink..,. My imrnedinlc thought wns porpflyrins ..,and I rushed ovcrto Uruy and 
b r o u ~ h t  him back In see Ihc color, which hc viewed with nu much excitcrncntns 
I did, 

At the and of the week, I removed the solution and did a little proceeeing on it 
and thon m n  a two-dimensional paper c h m m a t a ~ a m  .... This timeseven purple 
spots showed up on spraying with ninhydrin. Three of these amino acids were 
strong enough and in the c o m t  position to be identified a B  glycine, a-alanine, 
and B.aInnine.7 

Since those early days of groundbreaking in the history of simulat- 
ing prebiotic events, electrical discharge experiments have been 
repeated many times using a variety of atmospherib compositione. 
These have included mixtures of two or more of the following gases: 
methane, ethane, ammonia, nitrogen, water vapor, hydrogen, car- 
bon monoxide, carbon dioxide, and hydrogen sulfide. By and large 
these experiments follow the same general technique used by Miller, 
although a number of modifications have been employed. As long aa 
oxygen has been excluded from the mixture, amino acids and other 
organic compounds have resulted, 

In 1974, Miller reported the amino acids he had obtained in electri- 
cal discharge experiments,These are listed in table 3-2. In addition, 

Table 3-2. 
Yield8 of amino aeida obtained from sparking a mixture of CK, NWI, HIO and HZ. 

Compound Yield (PM) Compound Yield (pM) 

Glycine 440 a.r-Diamin~butyri~ acid 33 
Alanine 790 n-Wydroxyr.aminobutyric acid 74 
a-Amino-mbutyric acid 270 Snrcosine 55 
a-Aminoiaobutyric acid 30 N-EthylgIycinc 30 

Vnlinc 19.5 N-Prupylalycine 2 
Norvaline 61 N-Iuopropyl~lycine 2 

l~oval ine  5 N-Methylalunine 15 

Leucine 11.3 N-Ethglnlnninc < 0.2 
Isoleucine 4.8 /3-Alnnine 18.8 
Alloi~olcucine 6.1 p-Aminoa-butyric acid 0.3 
Norleucine 6.0 p-Arnino-iaobutyric acid 0.3 
tert-hucine < 0.02 y-Aminobutyric acid 2.4 
Praline 1.5 N-Methyl-p-alanine 5 
Aspartic acid 54 N-Ethyl-p-dnnine 2 
Glutnrnic acid 7.7 Pipecolic acid 0.05 
Scrine 5.0 a#-Dinminopropionic acid 6.4 
Threonine 0.8 lsoscrine 5.5 
Allo~hreonine 0.8 

(From S. Miller, 1974. Origins of Life 5,139.) 
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At the end of the weak, I rcrnoved the solution and did n little proceaeing on it 
and than ran o two-dimonsionnl paperchromntogmm .... This timeseven purple 
spots showed upon spraying with ninhydrin. Throe of these amino acids were 
strong enough and in the  correct position to beidentified aa glycine,a-alanine. 
and B-alanine.7 

Since those early days of groundbreaking in the history of simulat- 
ing prebiotic events, electrical discharge experiments have been 
repealed many times using a variety of atmospherik compositions. 
These have included mixtures of two or more of the following gases: 
methane. ethane, ammonia, nitrogen, water vapor, hydrogen, car- 
bon monoxide, carbon dioxide, and hydrogen sulfide. By and large 
these experiments follow the same general technique used by Miller, 
although a number of modifications have been employed. As long as 
oxygen has been excluded from the mixture, amino acids and other 
organic compounds have resulted. 
In 1974, Miller reported the amino acids he had obtninedin electri- 

cal discharge experiments."hese are listedin table 3-2. In addition, 

Table 3-2. 
Yields of amino acids obtained from sparking a mixture of CK, NH), HIO and &. 

Compound Yield bM) Compound Yield (pM) 

Glycinc 140 a.y-Diaminobutyric acid 33 
Alonine 790 a-Hydroxy-y-aminobutyric acid 74 
a-Amino-n-butyric acid 270 Snrcasine 65 
a-Aminoisobulyric acid 30 N-Ethylglycinc 30 
Vnline 19.5 N-Propylylycine 2 
NorvaIine 61 N.lsopropylglycine 2 
I~ovaline 5 N-Methylnlnnine 16 
Lcucine 11.3 N-Ethylalnnine < 0.2 
Isoleucine 4.8 p-Alonins 18.8 
Alloisoleucinc 5.1 p-Amino-n-butyric acid 0.3 
Norlcucino 6.0 p-Amino-ieobutyric acid 0.3 
terthucine < 0.02 y-Aminobutyric acid 2.4 
Proline 1.5 N-Methyl-palanine 5 
Aspartic acid 34 N-Ethyl-P-alnnine 2 
Clutmic acid 7.7 Pipecolic ncid 0.05 
Scrine 5.0 rr ,p-Dieminopropionic acid 6.4 
Thrconine 0.8 lsoserine 6.5 
Allothrconine 0.8 

(From S. Miller, 1971. Origins of Life 6,  139.) 
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aspamgine,P lysine,'O and phenylalaninell have been reported by 
others but disputed by Miller.'* 

In all, ten of the twenty proteinous amino acids have been posi- 
tively identified among the products of electrical discharge experi- 
ments, as well as about thirty non-proteinous amino acids. Both 
tert-leucine and N-etbylalanine have been reported but not defi- 
nitely confirmed. When more than trace amounts of ammonia have 
been used, iminodiacetic acid and iminoaceticpropionic acid have 
resulted. When hydrogen sulfide is added to the gaseous mixture 
methionine is formed. 
In 1963, it was found that a gaseous mixture of methane, ammo- 

nia, water vapor, and hydrogen irradiated by an electron beam 
yielded the heterocyclic base, adenine.13 In 1983, however, C. Pon- 
namperurna reported that an five nuclcic acid bases found in DNA 
and RNA have been formed in a single simulated primitive a t m e  
sphere experiment.* 

In addition, the Miller experiment has shown that formaldehyde 
and "possibly" some sugars are produced,'.' Experiments by Pon- 
namperuma have shown that both ribose and deoxyribose can be 
produced during electron irradiation of methane, ammonia, and 
water.16 Table 3-3 shows the reIative abundance of the various 
organic compounds produced in electrical discharge simulation- 
Note that much more has been done in synthesizing amino acids 
than otherbiologically significant molecules, which reflects the rela- 
tive ease of their production compared to the production of hetero- 
cyclic bases, sugars, etc. 
Now that many different experiments have been evaluated by 

scientists, it is widely acknowledged that spark discharge is the 
most efficient energy source for making HCN and amino acids. 
However, sparks have been used in laboratory experiments primar- 
ily for their convenience. But results to date suggest that spark 
discharge would not have been an effective energy source for the 
synthesis of pyrimidines and aldehydes (especially sugars) on the 
early earth. 

Heat Experiments 

The heat energy produced today by volcanic activity is about an 
order of magnitude less than the energy produced by all electrical 

&ported at the 186th National Meeting of the American Chemical Society, August 
29, 1983, hcld in Wasliing~on, D.C. SIX Clrem. Ertg. News, Sept. 5, 1983, p. 4. 
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~ble 3.3. 
eldsoforganiccompoundsobtained from spnrkingn mixlure of CH,,NH,. HIO nnd 

mpound Relative Yield* 
- 
)r~?ric acid 1000 
Iycinc 270 
lycolic acid 24 0 
lanine 146 
actic acid 133 
Alanine 64 
celic acid 64 
ropionic acid 66 
ninodincetic acid 24 
nrcosinc 21 
.Amino-n-butyric ncid 21 
-Hydroxybutyric ncid 21 
uccinic ncid 17 
lroa 9 
minoaccticpropionic acid 6 
I-Mothyl uren 6 
I -Met l~y lnlnninc 4 
llutamic acid 3 
Lsparlic acid 2 
--Aminoisobutyric acid 0.4 

After S. Miller, 1974. Origins o/ Life 6, 139.) Biologically relevant nmino ncids uw 
vritten in italics. 
'Yields nro relative to formic acid nnd presented in descending order. 

3ischarges (table3-1) and about the same amount of energy as that 
produced by Iigh tning. Consequently, a number of workers, the most 
famous being Sidney Fox, have devised laboratory techniques to 
simulate "the flow of volcnnicgases through fissures or 'pipes' of hot 
igneous rocks of lava."ls These experiments are known as thermal 
synthesis or pyrosynthesis. 
The apparatus used in these heat experiments is a modification of 

the spark apparatus used by Miller. The principal difference is that 
the spark electrodes have been replaced by a furnace (fig. 3-2). Var- 
ious "primitive atmosphere" gases are allowed to flow over solid 
silica gel, alumina, or quartz sand in a furnace kept at 900-llOO°C. 
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Figure 3-2. 
Apparntua used for the thermal synthesis of amino acids from simple gnscs. ( A h r  
Nerndaand Fox. 1965 in Originsof PrebioticSyslen18. New York: Acndcmic Press, p. 
187.) 
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Customarily, the gases remain in the hot zone for onIy a fraction of a 
second, and are then cooled quickly. The products are collected in the 
trap and then flow into the boiling flask. Table 3 4  shows the results 
of heating methane, ammonia. and water at 950°C using quartz 
sand catalyst. Note that twelve proteinous amino acids were reported 
as dominant products in this experiment by Harada and Fox17 in 
1964. These scientists accounted for the large number of biological 
amino acidsfound in terms of a gratuitous role played by heat as an 
energy source. "According to these [hl~ermal synthesis] results, the 
contents of unnatural amino acidsaredepressed and the contentsof 
the natural amino acids enhanced by the use of thermal energy."'* 
In addition, four other amino acids found in proteins have subse- 
quently been reported by this heating technique: lysine, tryptophan, 

TnbIc 3.4. 
Harntln n ~ t d  Fox results OI heating CtI4. NH) and HIO nt 950°C in t l ~ c  prescncc of 
qunrl:! sand catalyst. 

Amino Acid* Pcrccnl Yicld 
----- 

Aspartic acid 3.4 
T/~reon inc 0.9 
Serirtc 2.0 
Glrt~amic acid 4 .8 
Pro/irie 2.3 
Glycine 60.3 
Alrrtrinc 18.0 
Valinc 2.3 
Alloisolericinc 0.3 
Isolcucine 1.1 
Leucir~c ' 2.4 
T y  rosbre 0.8 
Pliut~ylnlaninc 0.8 
a-An~inobutyric ncid 0.G 
p-Aluninc ? 
Slrrcosinc 
N-Mcthylnlnnine 

- --- 
(Froni K. Hnrndn nnd S. FVK. 1964. Nolure 201, 335.) Biolugicnlly rclcv:~nt arnino 
acids are written in italics. 
*I1:1sic~i1minoncids wcrc no1 h ~ l l y  studied, nnd thcwforcrcrcnotliutcd. Yicld is bnscd 
on pcrcant of tohl nmino ucid product. 
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histidine, and arginine. Efforts have been made to produce the 
sulcur-bearing amino acids methionine and  cysteins by adding hy- 
drogen sulfjde. But so far, these attempts have failed. 

The reported results of thermal synthesis of amino acids from a 
simulated primitive atmosphere have been challenged. Lawless and 
Boyntonlu repeated the experimental procedure described by Ha- 
rada a n d  Fox, and  identified the products by more sophisticated 
means. As table 3-5 shows, only six amino acids were unequivocally 
identified, of which only glycine, alanine,  and aspartic acid were 
types found in proteins. I t  is significant that Fox himself now 
regards low temperature (i.e. .< 120°C) routes to amino acids "as the 
most pJa~sible."2~ 

One imporlant variation of thermal syntheses has been the 
Fischcr-'l'ropsch type tccl~nique.~' In a typical synthesis,  carbon 
monoxide, hydrogen, and ammonia flow through a vycor tube EiIIed 
with metal or clay catalysts. When heated to 500-700°Cforabout 1.2 

Tablc 3-5. 
Lawlcss nnd Rornton rcsuitsorlrcaliny CI-I.,. NIII rrnrl FhOnt various kmpcmtures 
usiyg rlunrlx snrtd n ~ k ~ l y s t .  

Coinpound* Porcent Yield" 

-- 
Aianinc I 12 4 
Clycinc 1 59 96 
pAlnni  nc 90 23 
N-Mclllyl-p.nl3ni1ic 1 .5 1 
Succinic ncid 1.5 
p . A n ~ i  no-n-bu lyr ic  1 
Aspartic acid 3 

(Fmm Lnwltbsa nn~f J'3oyr1torl, 1973. Nutnrc 2.13. 15U.t Biolofiictllly rclevuni amino 
acids arc writtt'n In italics. 
'Co~nl~r~unds idrntifirti by j:ns rhrornalography and gas chromutogr~pliy combined 
with mass spcctromclry. 
+Y iclds wurc dctcr~ninud by amino acid a~lalyzcr and g ~ s c h m m a t ~ g ~ p h i ~  response. 
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mjn., the residence time in the tube, they react to yield a variety of 
amino acids. The usual Fischer-Tropsch synthesis is used indus- 
trially to make hydrocarbons from carbon monoxide and hydrogen. 

Another version, n "no-Oow"orstatic synthesis, cdnsist of simply 
heating the gases in a vycor flask at 200-1000°C for 15-16 min., 
followed by sustai~lod heating at  lower temperatures (50-100°C. 15- 
183 hrs.). 

Proteinous amino acids definitely confirmed* in Fischer-Tropsch 
type syntheses include glycine, alanine, aspartic acid, glutnmic 
acid, tyrosine, lysine, histidine, and arginine. 

Ultraviolet Experiments 

As pointed out earlier, solar ultraviolet radiation is considered to 
have  been a major energy source on the primitive earth (see bb le  
3-1). Accordingly, some investigators have sought to use ultraviolet 
radiation in their simulation experiments. However, the major can- 
didates for constituents of the primitive atmosphere (CHI, CO, N2, 
COz, HIS, NI-I), E-110, H~)absorbsunligI~tnlmost exclusively at wave- 
lengths below 2000 A. Yet only a minor fraction (0.015%)2* of incident 
solar energy occurs at wavelengths this short.23 Since these constit- 
uents absorb only trivial amounts of energy in the necessary wave- 
lengths, little photochemica~ reaction occurs. However, this is con- 
ceptually not a serious limitation. There would have been many 
millions of years for the small amount of energy available from 
sunlight to have  had its cumulative effect. 

In laboratory simulation experiments the simple "primitive" 
gases are subjected to shortwavelength ultraviolet (< 2000 A) which 
is derived from the resonance lines of high-intensity emission sour- 
ces. The simulation apparatus employed is similar to the electrical 

*There i s  no gcncrnlly acr:cy)r;tblc crilcrion for judging the term "definitely con- 
finned." which is cspeci:illy a problcm for judj$ng published rcports prior to about 
1970. In ~hecar ly  period nftcn a sin~lcsnnlytical tcchniouc, e.g.,  gaperchrom~iog- 
rnphy, served to "id,-nt~iy" a pnrticular compound. With improved tcchnique~, 
~ h n n k s  largcly tospect:.ng~dtvclopmcn~,it is becoming widcly recogniecd that  he 
appropriate nnd rclinblc rncll~od of iclcnlilicalion of amino ncids is analysis by 
combining gas chromnlogrnphy with mass spcctromclry. Also the trnditionnl 
nppror~ch ofdclcrminingmeltinfi poin tsof thcnniino acids is rclinble, ns is the miucd 
melting point oTa suitnblc dcrivativc. In mosl experiments, however, not  enough 
mntcrinl is avnilablc for this method. 
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diecharge apparatus used by Miller. The principal difference is that 
the ultraviolet source replaces the electrodes (fig. 3-31, Results of 
three such experiments are given in table 3-6 showing noteworthy 
products. 

Table 3-6, 
Summary ofvnrious simulotedutmosphcreexperimcnts using ultrnviolctlightas the 
energy source to producc amino acids. 

Workers Rcachnts Wnvclength Products 

Groth and v. Mcttinne, elhnne, 1296 and Glycine, 
WeysscnhofTL' nmmonia, and 1.170 t!; 1165 A nlnninc, 

woter vapor ond 1235 A wamino- 
butyric acid 

Tcreninz5 Mcthnne, nmnio- Continuous Alnnine 
nia. and watcr UV spectrum 

Dodonova Methanc, carbon 1450 A- Clycine, 
and monoxide. ammo- 1800 A nlnnine, 
Sidorovaai nia, and water valine, and 

norleucine: 
methy lamine. 
ethylnmine. 
hydrnzine. 
urea, and 
fomnldehyde 

In addition to  these amino acids, Ponnamperuma hasshown that 
ribose and deoxyribose are produced during ultraviolet irradiation 
of formaldehyde.27 

Ultraviolet light wouId have been the most abundant energy 
source for the primitive earth (table 3-11. In simulation experiments, 
however, it has generally given low yields of amino acids. This has 
usually been interpreted as related to the fact that ultravioIet is not a 
good source for HCN, a principal intermediate to amino acids 
through the Strecker synthesis (see below). Ultraviolet light, how- 
ever, may be the best source for aldehydes, which are also essential 
intermediates to amino acids by the Strecker mechanism. These 
results support the widely held belief thata variety of energy sources 
was responsible for the buildup of concentrations ofessential biolog- 
ical precursor chemicals in the primitive oceans. 
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Figure 3-3. 
Apparatus used for the mercury-sensitized ul travioletsynthesis of amino acids. (After 
Kenyon and Steinman, 1069.BiochemicaI Prcdestinntior,. New York: McGrow-Hill, p. 
135.) 
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Photosensitization provides a means of overcoming the scarci ty  of 
usable ultraviolet light in the early atmosphere. Through this in- 
genious technique it is possible to  get the "primitive" atmospheric 
gases to undergo photochemical reaction by essentially "repackag- 
ing'' the energy of the longer ultraviolet wavelengths of 20003000 A 
where sunlight is plentiful. Using a photosensitizing agent such as 
mercury vapor, TomaIdehyde. or hydrogen sulfide gas, experimen- 
ters have induced the absorption and transfer of energy to theprirni- 
tive atmosphere gases, thus enabling reactions to take place in the 
Ionger spectral region. Representative examples of this experimen- 
tal technique are summarized in table 3-7. 

Table 3-7. 
Summary of simulntd atmosphere cxperi tnenta usins ullroviolet tight as tho onergy 
source and various photoscnsitiking agents to producc amino ncids. 

Workers Reactants Wavelength Photosensitizer Producta 

Groth and v. Methane, 2-53? A Mercury vapor Gtycine, 
WeyssonhofP ethane, nlanine 

ammonia, 
wntcr 
vapor 

Sagan and Methane, 2537 A Hydrogen Alnninc, 
I<hnre20 ethane. sulfide glycine, 

ammonia, serinc, 
water gluhmic acid, 

ospartic acid. 
cystins 

Khare and 
Sogan30 

Hong, Hong, Ammonia, 2200,2800 A Hydrogen Serine (or 
ond Bocker3' ethanol Max 2520 A sulfide tllreonine). 

filycine, 
alanine, 
aapnrtic ocid, 
vnline, 
glutamic ocid, 
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Slaock Wave Experiments 

According t o  chernicaI evolution scenarios, shock waves from 
thunder and meteorite impact in the atmosphere would have made a 
small but  definite contribution as an energy source on the prebiotic 
earth. Investigations have shown that shock waves are very effi- 
cient in the synthesis of amino acids from the simple gases of 
methane, ethane, ammonia, find water vapor. This means that 
although the overall energy contribution from shock waves may 
have been small (table 3-1) they could have been a major source of 
these biomonomers on the early earth.32 
Shock wave synthesis works by subjecting the gases to a high 

temperature (2000-6000°K) for a small fraction of a second followed 
by rapid Thus far this technique has resulted in the follow- 
ing amino acids: glycine, alanine, valine, and leucine, 

High-Energy CItemicats 

Most of the amino acids found in proteins have been identified as 
products in experiments using aqueous solutions to simulate the 
primordial ocean. Although many of these experimenh still use heat 
or ultraviolet light, most do not require an outside energy source. 
Instead, reactions are found to go spontaneously by the use of  high- 
energy chemicals such as hydrocyanic acid, cyanate, cyanoacety- 
lene, formaldehyde, hydroxylamine, or hydrazine. The warrant for 
their use in ocean simulations is their presence among the products 
of atmosphere experiments. 
Many of these high-energy compounds would have had double or 

triple bonded carbon atoms. Common examples would be the ethy- 
lenes (> C=C <), acetylenes (-CzC-), aldehydes (RCK=O), ketones 
(RlR2C=O), carboxylic acids (RCOOH), and nitriles (RGN) .  These 
compounds would enter into reactions directly by using the energy 
released by their double and triple bonds. In general they simply add 
other chemical constituents to their structures by addition across the 
double or triple bond. For example, ethylene and acetylene will both 
add water to their structures. 

CHFCHI + H:O C_C - 
Ethylene 

CHjCHlOH 
Ethyl alcohol 
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HCECH + Hz0 d 
t Acetylene 

CHJCH=O 
Acetaldehyde 

Addition reactions have usually been held to lead to a build-up of a 
wide assortment of organic compounds in the earIy ocean. In turn 
there would have been interaction among these compounds to pro- 
duce still more complex chemical constituents. For example, two 
moIecules of acetaldehyde could react in aqueous solution to produce 
acetic acid and ethyl alcohol, as follows: 

2 CHjCH=O + Hz0 CHJCOOH + CHJCH~OH 
Acetaldehyde Acetic acid Ethyl alcohol 

These products couId then react to yield ethyl acetate: 

CHjCOOH + CHjCH20H + t CHJCOOCH&BB + Hz0 
Acetic acid Ethyl alcohol Ethyl acetate 

Addition reactionscan beenvisioned as playing a majorrolein the 
production of amino acids. First, two moIecules of formaldehyde 
could react to give aldehyde: 

2 HCHO CH:OHCH=O 
Formaldehyde Glycolaldehyde 

Then, two molecules of glycolaldehyde could react with water to 
yield glycol and glycolic acid: 

2 CHlOHCHO + Hz0 7 CHJOHCHlOH t CHlOHCOOH 
GI ycolaldehyde Glycol Glycolic acid 
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Finally, glycolic acid could react with ammonia to give glycine: 

CHZOHCOOH + NHI - CHlNHlCOOH + H:O 
Glycolic acid Glycine 

It has also been suggested that a major synthetic pathway for the 
formation of amino acidsin the primitive ocean would have been the 
well-known Strecker synthesis. In this synthesis ammonia would 
have added to an aldehyde carbonyl group to give an imine. 

RCH=O t N H 3  RCA +HIO 
Aldehyde 11 

NH 
Imine 

Then hydrogen cyanide (HCN) adds to the imine to form an 
warninonitrile. 

R-C-H + HCN t R C H e N  d 

Imine @-Aminonitrile 

Finally the synthesis is completed by the irreversible addition of 
water to the nitrile to  form an a-amino acid. 

RCHCEN + Hz0 - RCHCOOH 
i I 
NHz NH2 

a-Amino acid 

This is a general synthesis where the amino add produced depends 
on the initial aldehyde. For example, by starting with formaldehyde, 
acetaldehyde, or glycolaldehyde, the amino acids glycine, alanine, 
or serine, respectively, are produced. Miller and Orgel have shown 
that many of the 20 amino acids found in proteins could have been 
formed by the Strecker pathway.34 

Examples of successful laboratory systhesis are given in table 3-8. 
Notice that the experiment done by Mntthews and Moser produced 
no fewer than twelve proteinous amino acids. 
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Table 3-8. 
Summary of simulated ocean experiments using high-energy compounds to 
yield amino acids. 

High-Energy 
Workers Compound Medium Products 

Oro and Anlmoniunl Alkaline Alanine, 
KamataL cyanide nq ueous glycine, 

solution aspartic acid 

Lowe, Rees, Ammonium Alkaline Glutamic acid, 
and Markham" cyanide aqueous asparlic acid, 

solution threoninc, 
serine, 
glycine, alanine, 
isoleucine, 
lcucine 

Friedmann, 1-1 y d rogen Aqueous Valine 
Haverland, cyanide and ammonia 
and Miller37 acetone 

Abe1son3" Hydrogen Aqueous Glycine, alnnine, 
cy nnide serine, aspartic 

acid, glutnmic 
add 

Matthews Hydrogen Anhydrous Lysine, histidine, 
and M o s e r 3 b y n n i d e  liquid arginine, aspartic 

ammonia acid, threonine, 
serine, glutamic 
acid, glycine, 
alanine, valine, 
isoleucine, leucine 

Pavolovskaya Forrnaldel~yde Aqueous Serino, glycine, 
and solution alani ne, glutarnic 
P n ~ ~ n s k i i " ~  ammonium acid, vaIine, phenyl- 

salts alanino, isoleucine 
(the lntkr only 
from ammonium ni- 
trate) 
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Table 3.8 (conk) 

High-Energy 
Workers Compound Medium Products 

Van Trump Hydrocyanic Aqueous Methionine, 
and Miller" acid, acrolein ammonia, gluhmic acid 

rnethylated 
hydrogen sul- 
fide, ammon- 
ium chloride 

- 

Snnchez, Cyanoacetylene, Aqueous Aspartic acid, 
Ferris, and Rydrocyanic acid ammonia asparagine 
Orgcld2 

Friedmann, Hydrocyanic acid, Aqueous Phenytalanine 
Haverland, pl~mylscetylene ammonia,  
and Millerd3 hydrogen 

sulfide 
- 

Fox, Wind~or;.'~ Formaldehyde Aqueous Aspartic acid, se- 
Wolman, Miller, ammonia serine, gluta~nic 
Ibanez, and acid. proline, 
Oro4s glycine, and ala- 

nine 

All of the five bases have been synthesized in solutions which pre- 
sumably depict oceans and other bodies of water that might have 
been found on the primj tive earth. Adenine was found after aqueous 
cyanide solutions were heated at 90°C for several days:I6 Both ade- 
nine and  guanine have been synthesized by the action of ultraviolet 
light on dilute solutions of hydrocyanic acid."7 

Of the p.wvrimidines, cytosine is produced by heating aqueous cya- 
noacetylene with cyanate for one day at 100°C, or by allowing it  to 
stand at room temperature for seven days.48 Uracil is formed by 
heating a solution of malic acid, urea, and polyphosphoric acid to 
130°C for one hour.49 it has also been formed by heating acrylonitrile 
with urea to 135OC in aqucoussolution.~0This synthesis of uracil has 
also been successful when using /I-aminopropionjtrile or p-amino- 
prapionnmide instead of acrylonitrile. In addition, ithas been found 
that thymine can be formed by heating uracil with formaldehyde 
and hydrazine in aqueous ammonia solution for three d~iys.5~ 
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It would appear from the foregoing experirnenhl evidence that it 
is fairly easy to form adenine and possibly the ot l~er  heterocyclic 
bases. Since adenine iseasiest to form and the most stable, we would 
expect to find it playing important roles in living systems. That is 
indeed what we find. Some of the most biologxally important mole- 
cules in Iivingsystems are those which contain adenine: DNA, RNA, 
ATP, AJlP, NAD, NA4DP, FAD, and coenzyme A. 

High energy compounds have also been instrumenfa1 in the syn- 
thesisofsugars. As early as 1861, it was known thatsugarscould be 
produced from formaldehyde in dilute aqueous alkaline solutjon.~2 
Since then the method has yielded many different sugars. Examples 
include: fructose, cellobiose, xylulose, galactose, mannose, nrabi- 
nose, ribose, xylose, lyxose, and ri bulose. 0 ther organic chcrnic*ls 
such as glycolaldehyde, glyceraldehyde, dihydroxyacetone, and a 
number of tetroscsalso have been formed by this mcthod.J3Deoxyri- 
bose was produced when solutions of formaldehyde and  acetalde- 
hyde were allowed to react at 50°C or less. The base for these solu- 
tions was calcium oxide or ammonia."" Ribose also has been 
produced by refluxing formaldehyde solution over the clay mineral 
kaolinite (a hydrated aluminum silicate)-bfi 

Summary 

As this review demonstrates, there have been many biomorlomers 
produced in these prebiotic experiments. These impressive achieve- 
ments have included synthesis of nineteen of the twenty proteinous 
amino acids, all five heterocyclic bases found in nucleic acids, and 
several essential sugars including glucose, ribose, and deoxyrilsose. 
Other likely constituents of theprebiotic soup have bcen produced as 
well. Taken together, this is a substantial body of experimental 
work, and provides the major source of support for cl~e~nical evolu- 
tion theory, These laboratory results have been the basis for much 
optimism concerning chemical evolution, and many scienLists have 
been virtually assured that the primitive ocean was full of organic 
compounds. For example, John Keosian saik 

Backod by 811 the recent cxperimentnl cvidcnce, it is now sufe to take for 
grnn tcd the existence ofn grcnt variety of orgnniccompolrndv in F~rcbiologicnl 
tinles From which tosr.ort recunstructin~ the origin of the first living things.:"' 
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In n similar vein, Richard k m m o n  remarked: 

Thisrcsenrch has madeit clear that LhcsecompoundswoulJ l~aveaccumulatetl 
on the primitive (prebiotic) Eorl.11-that Ihcirformntion is theincvi~uble result 
of  Che action o f  adailable I~igh encrgies un the Earth's early nimosphere.J7 
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The Myth of 
The Prebiotic Soup 

According to Chapter 3 thereis a great deal of experimental support 
for the early stages o f  chemical evolution. In contrast to the conclu- 
sion usually drawn from these experiments, a credhle alternative 
scenario can be presenkd which argues strongly against chemical 
evolution. 

Although this chapter is essentidly critical, our intent is positive. 
It is not out of malice that a sample of alleged gold is subjected to the 
refiner's fire. It is done to test the claim of purity, and to bum off 
dross that precious metal might shine even brighter. Similarly, any 
good theory should withstand the fires of criticism and be the better 
for it. In this spirit, we will look at several kinds of  difficulties that 
have persisted for the chemical evolution theory of life's origin. Our 
purpose is not only to reveal cracks in present origin theories but aIso 
t o  point in the diredon of a better theory, i.e., a theory which is in 
better accord with the data. In general the critique argues that, in the 
atmosphere and in the ocean, dilution processes would dominate, 
making concentrations of essentiai ingredients too small for chemi- 
cal evolution rates to  be significant. Dilution results from the de- 
struction of organic compounds or diminishing the importantchem- 
icais for productive interaction. In this chapter we first survey var- 
ious types of dilution processes. Then, as an example, we estimate 
how dilute the oceanic soup could have been in essential amino 
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acids. Finally, we consider various mechanisms suggested as means 
to concentrate the chemical soup. 

A Survey of Dilution Processes 

According to the original Oparin-Haldane hypothesis from which 
arose the modem chemical soup theory of origins, ultraviolet light 
from the sun bathed the prebiotic earth. Together with other sources 
of energy (e.g., lightning, thunder shock waves, tidaI forces, volcanic 
heat) it would have been sufficient to drive reactions forward. 

Simple gaseous molecules of the primitive atmosphere would react 
to form intermediates and biomonomers. This would be accom- 
plished through the direct absorption of energy. Energy is seen as 
the means by which molecules can be organized into more complex 
arrangements, according to the theory. 

But energy alone may not be sufficient to increase the complexity 
or organization of  a system. A bull in a china shop does release a 
great deal of energy, but the effects are mostly destructive. In fact it 
can be plausibly argued that the energy effects on the early earth 
would have been very much like the proverbial bull in a china shop. 
This predominately destructive feature of unbridled solar energy is 
the first of the several areas of difficulty for the chemical soup theory 
of life's origin. 

Solar Ultraviolet Destruction of Atmosphere Constituents 

Concentrations of some of the most important early atmosphere 
components would have been diminished by short wavelength (i.e., 
< 2000 A) ultraviolet photodissociation. Atmospheric methane 
would have polymerized and fallen into the ocean as more compli- 
cated hyd~ocarbons,~ perhaps formingan oil slick 1-10 m deep over 
the surface of the earth.2 If this occurred, very small concentrations 
of methane would predictably have remained in the atmosphere. 
About 99% of the atmospheric formaldehyde would have been 
quickly degraded to carbon monoxide and hydrogen by photo1ysis.S 
Carbon monoxide concentrations in the atmosphere would have 
been small, however. Carbon monoxide would have been quickly 
and il~eversibly converted to formate in an alkaIine ocean.4 Ammo- 
nia photolysis to nitrogen and hydrogen would have occurred very 
quickly, reducing its atmospheric concentration to so small a value 
that it could have played no important role in chemical evoIution.5 If 
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all the nitrogen in the contemporary atmosphere had existed in the 
form of ammonia in the early atmosphere it would have been 
degraded by ultraviolet light in 30,000 years.*6 If the ammonia sur- 
face mixing ratio were on the order of 10-5 as Sagan has e~t i rna ted ,~  
then the atmospheric lifetime of ammonia would have been a mere 
10 years.8 It would also have been difficult t o  maintain substantial 
levels of hydrogen sulfide in the atmosphere. Hydrogen sulfide 
would have been photolyzed to free sulfur and hydrogen in no more 
than 10,000 years.= The concentration of hydrogen sufide in the 
ocean would have been further attenuated by the formation of metal 
sulfides with their notoriously low solubilities.10The same photodis- 
sociation process would haveapplied to water to yield hydrogen and 
oxygen. Some recent studies suggest that, through ultraviolet pho- 
tolysis of water vapor, atmospheric oxygen did reach an appreciable 
fraction of today's concentration in early earth times.11 Naval 
Research Laboratory results of ultraviolet experiments aboard 
Apollo 16 suggested that "solar effects on the earth's water may 
provide our primary supply of oxygen, and not photosynthesis as is 
generally believed."l2 The principal author of this research, G.R. 
Camlhers, has however, declared that this news release was 'Tn- 
accurate" and that photochssociative processes do not rival plant 
photosynthesis in the production of oxygen.13 Nevertheless Car- 
ruthers is of the opinion that pbotodissociation of water may have 
produced perhaps as much as 1% oxygen gas, versus 21%now, in the 
primitive atmosphere of the first billion years. 

Had the primitive oxygen level been even a thousandth part of the 
present level, it might have been sufficient for an effective ozone 
screen to  form 3-4 billion years ago.I4 If it did, then effectively all 
ultraviolet wavelengths less than 3000 A would have been screened 
from the earth. Such an ozone screen would have deprived the early 
atmospheric gases of a major energy source. These short ultraviolet 
wavelengths are lethal to living organisms but are widely con- 
sidered to have been essential for the origin of life. The issue of 
oxygen on the earIy earth is controversial and very important. If the 
early earth had strongly oxidizing conditions with molecular oxy- 
gen present, then spontaneous chemical evolution wasirnpossible.l5 

- 

*This estimate was revised to  lo5-lo6 years because of equilibrium of NK' and NH: 
dissolved in the ocean. (See J.P. Ferris and D.E. Nicodem in The Origin of Life and 
Evolutionary Biochemistry. 1974. Ed. by K. Dose, S.W. Fox, G.A. Deborim, and T.E. 
Pavlovskaya. New York: Plenum Press, p. 107. 
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Destruction of Organic Compounds by Energy 

ujtraviolet Light. Methane would absorb 1450 A solar radiation 
totally by about 30 krn. altitude, even if its concentration in the 
primitive atmosphere werenogreater than it i s  today.'6Yet theories 
of life's origin usually allow a substantial methane concentration in 
the primitive atmosphere. Consequently, syntheses involving the 
photolysis of methane must have occurred at high altitudes. Amino 
acids could have been photoproduced at high altitudes from primi- 
tive atmospheric gases. Being produced so high they would require 
perhaps three years (based on fall-out data) to reach the ocean.'7 
During this lengthy transport amino acids and other organic com- 
pounds would be exposed to the destructive long-wavelength (i-e., 
> 2000 A) ultraviolet radiationS18 This long-wavelength UV is more 
intense than the short-wavelength (i.e., < 2000 A) ultraviolet used in 
synthesis. It has been estimated that perhaps no more than 3% of the 
amino acids produced in the upper atmosphere could have survived 
passage ta the ocean.lg Ul t ra~o le t  light would also destroy many 
organic compounds in the ocean since i t would penetrate some tens 
of meters beneath the  ocean surface.20 Ocean currents periodically 
would surface even the deep water, thus exposing its organic con- 
tent, too, to destructive ultraviolet light. 

Pringle first raised this objection against the effectiveness of pri- 
mordial synthesis of organic compounds by ultraviolet light in 
1954.21 I t  has been remarked on many times and continues t o  be a 
major objection. 

Thermal Decay irt Ocearzs. Organic compounds would have been 
subject to thermal degradation in the ocean. Based on the thermal 
half-lives of various organic soup constituents, Miller and Orgel 
have shown that chemical evolution could not occur if the ocean 
were warmer than about 2Ei°C, sinceimportant intermediates would 
be destroyed by heat.22 It i s  widely held, however, that the average 
surface temperature of the early earth would have been some 20°C 
lower than today. This is due to the astronomical theory which says 
that only about 60% of the total solar energy striking earth today 
would have been available 4 billion years ago. Miller and Orgel have 
pointed out that although O°C would give a better chance for the 
accumulation of sufficient concentrations of organic compounds in 
the ocean, -2I0C would be ideal for chemical evolution to  be most 
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reasonable. At -21°C, however, (it is not unlikely) the ocean would 
be frozen. Such temperatures would give significantly longer half- 
lives to organic compounds. A solid reaction medium is much Iess 
favorable for synthesis than a liquid one, however, which could only 
have prevailed in equatorial regions. 

Temperatures would have been some 20°C lower than today 
unless the "Greenhouse Effect" of the primitive atmosphere were 
much more efficient than the present one.23 According to the Green- 
house Effect water vapor in the atmosphere transmits most of the 
solar energy to the earth's surface, which then re-emits energy at a 
longer wavelength in the infrared region of the spectrum. Instead of 
radiating off the planet, however, the re-emitted energy is absorbed 
by the water vapor, thus causing an elevated temperature. A lower 
temperature at the earth's surface would mean less water vapor in 
the atmosphere, hence a reduced Greenhouse Effect. Unless greater 
quantities of some other infrared absorbing material such as 
methane and especially ammonia were present in the early atmo- 
sphere, surely the average temperature of the earth would have been 
even more than 20°C lower than now, perhaps allowingacompletely 
frozen ocean.e4 This prospect would seem probable because of the 
objection raised earlier against a substantial methane-ammonia 
primitive atmosphere. 

The idea of a frozen ocean, which stems from astronomy, is not 
compatible with the view from geology that the earth was too hot 
3.98 billion years ago and earlier to support life. Neither of these 
views can be held without some mechanism to account for a geologi- 
cally rapid (less than 200 million years) decrease in temperature. 
This figure of less than 200 million years is based on the date of 3.81 x 
109 years for the first fossil evidence of life, as cited by Brooks and 
S h a ~ . ~ ~  

Lightning. It has usually been assumed that electrical activity on 
the  primitive earth would have been comparable to that of today. If 
the early earth were some 20°C cooler than today because of less 
solar luminosity, however, it would significantly reduce thunder- 
storms on the earth, perhaps by a factor of 100 or more.2"Atmo- 
spheric electrical. storms arise under conditions which require rnini- 
malIy that water be evaporated and transported upward, an energy- 
consuming process. For thunderstorms to  occur the air must be 
warm and humid below, and cold and dry above. It follows that at 
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:O°C or more below present surface temperatures thunderstorm 
.ctivity will be less, which is illustrated by the fact that not many 
hunderstorms occur in the Arctic, where less thermal energy is 
tvailable to evaporate the water. With fewer electrical storms, 
ightning would be a far less abundant energy source than is  gener- 
tlly believed, and it is generally believed anyway to have been a 
minor energy source. Sparks have been used as an energy source in 
aboratory experiments primarily as a matter of convenience. 

'hock Waves. If there had been substantially fewer electrical storms 
ue to a lower temperature on the early earth, it follows that thunder 
hock waves were less frequent-as well. Shock waves would also 
?suit, however, from the impact of meteors passing through the 
tmosphere. Nevertheless, as table 3-1 shows, the meteorite contri- 
ution to the energy suppIy was less than a tenth of tbe energy 
upplied by electrical discharges. Total energy availabIe from shock 
raves in any event was more than a thousand times less abundant 
Ian ultraviolet light. The optimism over shock waves as a candi- 
ate for a major energy source arises, not from its abundance, how- 
ver, but from its efficiency. Shock waves are considered more than a 
lillion times more efficient than ultraviolet in producing amino 
cids.27 Thus the "unexpected concIusion" is reached that shock 
raves may very well have been the principal energy source for 
rebiotic synthesis on the early earth by a factor of a thousand.= 
uch optimism regarding possible shock-wave synthesis should be 
:mpered by what we shall call the "Concerto Effect". This term 
leans that all the energy sources (and chemicals) act together or in 
oncert in the natural situation-both in synthesis and in destrue 
Lon of organic compounds. One energy source destroys what 
nother source produces. Since these sources are quite generally 
lore effective in destruction than in synthesis, this amounts to a 
reponderance of destruction. Amino acids produced in the atmo- 
phere by electrical discharges or shock waves, for example, would 
e vulnerable to Iong-wavelength I> 2000 A) ul t ra~o le t  photodisso- 
iation, which we mentioned earlier. This is a major objection to the 
ccumulation of amino acids in the primitive ocean. The problem 
osed by the Concerto Effect will remain even if the dispute concem- 
~g the temperature history of the earth is resolved. Synthesized 
rganic molecules are quite defenseless and vulnerable to  destruc- 
Lon by all the energy sources. 
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Hydrolysis of XCN and Nit riles (RCN) 

According to Ponnamperuma, hydrogen cyanide may be "the 
most important intermediate leading to the origin of life."29 It is an 
ingredient for the production of amino acids in the Strecker synthe- 
sis (see Chapter 3). It also is considered a starting material in the 
synthesis of adenine and a host of other biomolecuies, as shown in 
figure 4-1. The value of HCN in the chemical evolution scenario is 
enhanced by the fact that it escapes rapid destruction in the atmo- 
sphere by ultraviolet irradiation.30 Hydrogen cyanide would have I 

been generated in the atmosphere primarily by electrical discharges 
and collected in the ocean. It is t h e  ubiquitous water molecule, how- 
ever, that is the main obstacle to the reaction involving HCN and its 
nitrile derivatives.31 For example, HCN adds water to its triple bond 
to  form formamide, which, upon further hydrolysis, produces formic 
acid. 

El-N 
Hydrogen 
cyanide 

Formamide 

+ HIO a HCOOH + NH3 
Formic acid 

Fomic acid is the major product in electrical discharge experiments, 
and this reaction probably accounts for that fact. As long as HCN 
concentrations are 0.01M or less, hydrolysis predominates. As we 
shall discuss later, HCN polymerization will predominate in more 
concentrated solutions. But there are problems. "Such a high steady- 
state concentration in an extended water mass does not seem likely 
since the hydrolysis to formic acid requires at most a very few years 
at reasonable pH's and temperature."32The highest average concen- 
tration of HCN would have been IO-6M.SS In other words, it is very 
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HCN tetramer A Amino acids 
(Diaminomaleonitcile) Purines 

/ 
pyrimidines 

Nikiles - Aminonitriles - Amino adds - Poheptidea 

I 

Amino acide 
Purines 

Cyanamide --t Dicyandiamide Porphyrina 
Polymera 
Condensing agents 

Cyanoacetylene - Cyanovinyl phosphate 

%gum 4-1. 
:hemid evolution of biomolecules from HCN. 

Inlikely that HCN could have played a significant role in the syn- 
ihesis of biologically meaningful molecules in an oceanic chemical 
roup. This is significant since many recent scenarios give HCN a 
~rominent place. Also, a variety of HCNderived nitriles have been 
mggested as having an important role as condensing agents in the 
wnthesis of biologically significant polymers.34 Examples of con- 
lensing agents include cyanogen, cyanamide, dicyanamide, and 
:yanoacetylene. Some of these were mentioned in the review of 
Icean experimenb in Chapter 3. The ease with which these cyano 
:ompounds enter into reaction with water is, however, a major bar- 
rier to their usefulness in synthesis. It is, o f  course, the ability of 
;hese cyano compounds to  react with water that makes them attrac- 
5ve candidates as condensing agents. The role of a condensing 
2gent is to remove the water that is spilt-out or produced as a by- 
product in polymer formation. For example, when two amino acids 
react t o  form a dipeptide, a water molecule is released. Although 
iimer formation is thermodynamically unfavorable it can be made 
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favorable simply by removing the water; hence the value of the 
condensing agent. A water solution, however, is a poor place for a 
condensing agent to perfom its role. The condensing agent simply 
has no ability to  discriminate between water molecules and will 
react with water from any source. Fig. 4-2 shows a number of the 
reactions to be expected in the primitive ocean. 

0 H N = C = N H  
11 Carbodiimide 0 

N E C - N H - C - N H I  
t i  

If 
Cyanourea HzN-C-NH, 

Urea ";, N=c-NH:H,O_/ 
Cyanamide 

N = C - N H - C = N  
Dicyanamide 

0 
II H,O 

YHCN - H - C - N H 2  - HCOOH 
N ~ C - C E N  Fomamide Formic acid 
Cyanogen 

I NH: - CH = NH 
Formamidine 

N=C-C-NR: 
Cyanofsrrnamide 

H,O 
H C E C - C z N  - O = C H - C H I - C ~ N  + ,? 

c Cyanoacetylene Cyanoacetaldehide 

Figure 4-2. 
Hydrolysis of HCN and derivatives. 
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!eaction of Carbonyl Group with Amino Group 

The reaction of compounds containing a free amino group (-NHJ 
rith compounds containing a carbonyl group (> C=O) would have 
een a very important destructive process. This reaction would 
astly diminish concentrations of important organic compounds in  
l e  primitive ocean. It can be written generally as follows: 

arbonyl Amino 
roup S O U P  

Imine 

ince the addition product (in brackets) is often unstable and loses 
rater, this reaction is frequently called a dehydration-condensation 
?action. 
Many substances used in prebiotic simulation experiments (see 

Ihapter 3) presumably would have been present in the oceanic soup. 
,ccording to  the general equation above, the amino group (-NHz) of 
mines (including the free amino group in purines and pyrimidines) 
nd amino acids would combine with the carbonyl group (> C=O) of 
:clueing sugars, aldehydes, and a few ketones. Huge amounts of 
3sential organic compounds would thus be removed from the soup 
Y these reactions.35 
These reactions wouId have greatly diminished not only amino 

cid concentration but also the concentration of aldehydes. Buildup 
f concentrations of aldehydes, especially formaldehyde, would 
ave been important in the primordial synthesis of sugars. Polymer- 
:ation of formaldehyde in alkaline solution has given a variety of 
wars vital to  life, including glucose, ribose, and deoxyribose. Stud- 
!$ of thermodynamic and kinetic stability of the important sugars 
aggest, however, that only insignificant amounts of them could 
ave existed in the primordial ocean.36 Add to this the chemical 
:ality of reactions of sugars with amino compounds and the prob- 
:m is seen as acute. Such low sugar concentrations argue strongly 
gainst formation of nucleic acids since they contain sugar. 
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Indiscriminate Amide Synthesis in Making Polypeptides 

In the amide synthesis reaction the amino group (-NH2) of amino 
acids would displace the h ydroxyl group (-OH) from carboxylic 
acids (RCOOH) including amino acids. This is the reaction which 
occurs between amino acids to produce polypeptides and proteins. 
For example, two amino acids may combine to form a &peptide: 

Amino acid 1 Amino acid 2 Dipeptide 

Because two molecules are combined with the release of wakr thisis 
also called a dehydration-condensation reaction. According to most 
chemical evolution scenarios this reaction probably accounted for 
the primordial synthesis of polypeptides and proteins. There would, 
however, have beenmany different kinds of amino acids in the soup 
available for reaction. Most of these would have been non-proteinous. 
For example, results from Miller's spark discharge experiments 
(table 4-1) show many more non-proteinous than proteinous amino 
acids. In most cases more than one isomer (molecules with the same 
number of atoms but different geometry) is found for a given empiri- 
cal formula. For example, three amino acid isomers are formed with 
formula CdH9N03, two of which are non-proteinous. All eight iso- 
mers of formula C4H9NO2 are non-proteinous (fig. 4-3). It is obvious 
that something other than availability determines the selection of 
the set of 20 amino acids used in contemporary proteins. In addition, 
the amino acids produced in these experiments form a racemic 
m i x t u r e a n  equal amount of both n- and L-amino acids. Proteinous 
and non-proteinous amino acids, both D- and L-, would lead to an 
indiscriminate production of polypeptides. These polypeptides would 
have scarce resemblance to protein. Protein not only requires exclu- 
sive use of L-amino acids, but also the use of a particalzr subset of 
only 20 amino acids. In addition, a biofunctional protein requires a 
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lble 4-1. 
elds of mino  acids obtained from sparking a mixture of C l t ,  NK, Hz0 and a. 
- 
smpound 

- - 

Relative Yield Empirical Formula 

tanins 
ly .cine 
Amino-n-butyric acid 
Hydroxyy-aminobutyric acid 
orvaline 
arcosine 
spartic acid 
yDiaminobutyric acid 

-Ethylgbcine 
,Aminoisobutyric acid 
hIine 
Alanine 
'-Methy lalanine 
euciw 
!btumic acid 
, 6-Diaminopropionic acid 
[orleucine 
3owrine 
Jloisoleucine 
erine 
povaline 
I-Methyl-p-alanine 
soleucine 
,-Aminobutyric acid 
T-Propylglycine 
T-Xsopropyglycine 
J-Ethyl-P-alanhe 
'roline 
'hreonine 
Ulothreoaine 
LAmino-n-butyric acid 
I-Amino-isobutytic acid 
Q-Ethylalanine 
'ipecolic acid 
ert-hucine 

After S. Wller,  1974. Origins of Life 5,139) 
fields are relative to alanine and presented in descending order. Numbers in Paren- 
:heseaindicate thecomparative abundance of eachcompound among its isomers. For 
:xampIe, alanine is the most abundant of three isomers with the ernpirid f o r m a  
ZIKINO~. Biologically relevant amino acids axe written in italics. 
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CHa-C&- CH-COOH 
1 

NH2 

a-Aminc-n-butyric acid 

a-Mnoisobutyric acid 

N-.I3 thylglycine 

P-Amino-n-butyric acid 

7- Aminobu tyric acid 

Figure 4-3. 
Structural isomers of amino acids with empirical formula CJH,NOI found in Miller 
experiment. None are found in proteins. 
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recise sequence of the amino acids. The important fact that amino 
:ids do not combine spontaneously, but require an input of energy, 
a special problem discussed in detail in Chapters 8 and 9. 

ermination of Polypeptides and Polynucleotides 

If the various dilution processes considered so far had not pre- 
znted formation of polypeptides and polynucleotides, these macro- 
.olecules would certainly have been vulnerable to degradation by 
~emical interaction with a variety of substances in the ocean. We 
ave already seen how amino acids in the oceanic c h e m i c d  soup 
ould be expected to react with a variety of chemicals. In a similar 
Lshion, growing polypeptides would be terminated by reactions 
ith mines, aldehydes, ketones, reducing sugars* ox carboxylic 
:ids. If by some remote chance a true protein did develop in the 
:ean, its viability would be predictably of short duration. For 
:ample, formaldehyde would readily react with h e  amino groups 
form methylene cross-linkages between proteins.37 This would tie 

1 certain reactive sites, and retard the reaction of protein with other 
iemical agents. To illustrate, "irreversible combination of formal- 
:hyde with asparagine amide groups" would result in a compohnd 
hich is "stable to dilute boiling phosphoric acid."38 This tying up 
.ocess is the principle of the well-known tanning reaction, and is 
led similarly to retard cadaver decay, "In general, reaction with 
rmaldehyde hardens proteins, decreases their water-sensitivity, 
~d increases theirresistance to the action of chemical reagents and 
~ z y m e s . " ~ ~  Survival of proteins in the soup would have been diffi- 
d t  indeed. 
If we assume some small amount of nucleic acids formed in the 
imitive ocean, they too would be vuInerable to immediate attack 
7 formaldehyde, particularly at the free amino groups of adenine, 
ianine, and cytosine. Some of the bonds formed with nucleic acids 
~ u l d  be so stable that hydrolysis to liberate free formaldehyde 
3uld take place only by boiling with concentrated sulfuric acid.40 
3 with proteins, it is difficult to conceive of a viable nucleic acid 

s interesting to note that in certain abnonnal situations, such as diabetes, t h e  
'bony1 group of gIucose will form chemical bonds with the amino group of cellular 
lteins, a process called glycosyla tion. (See A.L. Notkins, 1975. Sci. Amer. 24 1,62.) 



56 THE MYSTERY OF LIFE'S ORIGIN 

existing in the primordial soup for more than a very brief period of 
time. 

Hydrolysis of Amino Acids and Polypeptides 

But what if polypeptides and other biopolymers had formed in the 
prebiotic soup? What would their fate have been? In general the 
half-lives of these polymersin contact with water are on the order of 
days and months-time spans which are surely geologically 
in~ignificant-~l 
Besides breaking up poIypeptides, hydrolysis would have de- 

stroyed many amino acids.42 In acid solution hydrolysis would con- 
sume most of the tryptophan, and some of the serine and threonine. 
Further, acid hydrolysis would convert cysteine to cystine, and 
would deamidate glutamine and asparagine. On the other hand, 
hydrolysis would destroy serine, threonine, cystine, cysteine, and 
arginine in the alkaline solution generally regarded t o  have charac- 
terized the early ocean. An alkaline solution would also have caused 
several deamidations. 

Precipitation of Fatty Acids and Phosphate with Calcium and Mug- 
nesium Salts 

We have already discussed how attenuated concentrations of the 
nucleic acids in the primitive ocean would have been. Another rea- 
son for this is the severe restriction caused by the poor solubility of 
phosphate, an essentialingredient of nucleic acids. No soluble phos- 
phates are known that could plausibly have existed in the primitive 
ocean.43 They would be expected to precipitate out of the soup by 
forming insoluble salts with calcium and magnesium ions.d4 For 
example, hydroxylapatite, Ca5(P04)30H, has a solubility product of 
about lW7. Since there would have been ample amounts of dissolved 
calcium in the soup it is difficult to imagine a phosphate concentra- 
tion greater than 3 x 10-6M.45 AS GLiffith et al., have noted, "the 
primitive seas were probably severely deficient in phosphorus."4~In 
addition, fatty acids which are essential ingredients for synthesis of 
cell membranes would have precipitated out of the soup by forming 
insoluble salts with magnesium and calcium ions.d7 
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isorption of Hydrocarbons and Organic Nitrogen Containing 
mpounds on Sinking Clay Particles 

If there is any merit to the view that methane was an important 
nstituent of the primitive atmosphere, hydrocarbons surely must 
~ve formed in the atmosphere under the influence of ultraviolet 
nadiation and falleninto the ocean.48 Hydrocarbons would then be 
ought to rest on the ocean bottom by adsorption on sedimenting 
ays. The earliest Precambrian deposits wodd be expected to con- 
in unusually large proportions of hydrocarbon material or its 
rbon remains. They do not, however.49 
Nitrogen-containing organic compounds would also be expected 
have been removed from the ocean b y adsorption on clay particIes. 
3 Nissenbaum has noted, "We have also no reason to doubt that 
ndsorption on mineral surfaces, and especially clays, was opera- 
re in those remote tirnes."so Brooks and Shaw have said in Origin 
td Development of Liuing Systems: 

If there ever was a primitive soup, then we would expect fa find at least 
somewhere on thjs planet either massive sediments containing enormous 
amounts of the various nitrogenous organic compounds, amino acids, purines, 
pyrimidines, and the like, or alternatively in much-metamorphosed sediments 
we should find vast amounts o f  nitrogenous cokes [graphite-like nitrogen- 
containing materials]. Xn fact nu such materials have been foundanywhere on 
earth31 Emphsais added.) 

. summary, the above dilution processes operating in both the 
mosphere and in the ocean would have greatly diminished concen- 
3tions of essential precursor chemicals. Although these processes 
ive been identified and discussed individually, they would have 
xked synergisticaIIy, or in concert. Fig. 4-4 summarizes the Con- 
rto Effect by using many of the individual reactions discussed in 
is chapter. It seems probable that in an oceanic chemical soup the 
nthesis of RNA and other essential biomolecules would have been 
ortccircuited at nearly every turn by many cross-reactions. The 
.era11 result would be very small steady-state concentrations of 
~por-hnt soup ingredients. 
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Concentration of Essential Chemicals in the Prebiotic Soup: 
The Example of Amino Acids 

The picture emerges of a primitive earth with oceans much more 
dilute in organic material than is often assumed. How dilute would 
the early oceans hove been? We shnn now develop a more quantita- 
tive estimate of the concentration of important ingredients in the 
primitive oceanic soup. 

It is a widely held view that the early oceans would have contained 
huge quantities of organic material. Urey theorized the primitive 
ocean was rich in organic compounds, containing enough dissolved 
carbon compounds to make perhaps a 10% solution.52 This is equi- 
valent to a concentration of 10-3M for each of 1000 chemical com- 
pounds in a soup, with an average molecular weight of 100 for each 
compound. 

More recent estimates have revised Urey's estimate downward, 
Sagan suggests that a 0.3% to 3% solution would result fromdissolv- 
ingin the oceans the organic matterproduced by ultraviolet irradia- 
tion of a primitive atmosphere for a billion years.53 Based on data 
from electric discharge experiments, Wolman et al., have estimabd 
t h a t  the oceans of the primitive earth would have been about 2 x 
10-3Min amino acids.54 Both of these revised estimates areextremely 
optimistic however. Sagan's estimate acknowledges "no destruction 
of synthesized material,"5Qnd Wolrnan et al. "assume ... that 
decomposition of amino acids after synthesis was minimal."58 T o  
the contrary, as much of this chapter has shown, any realistic 
assessment of the fate of chemicals such as amino acids on the early 
earth cannot ignore their very considerable destruction either by 
energy sources or by chemical interaction in the soup. 

The effectiveness of these various natural processes to destroy 
organic products suggests that the steady-state concentration of 
amino acids in the primitive oceans would have been quite Iow. Just 
how low can only be estimated in ways involving much uncertainty. 
Nevertheless, plausible estimates which take into account the de- 
structive processes have been made. One estimate by Dose considers 
ultraviolet destructive effects in the ocean, but ignores both ultra- 
violet destruction of amino acids in the atmosphere and the deshc-  
tive interaction between amino acids and other chemicals in the 
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phosphoric 
Acid 

I Adenine 

I I 

I Adenosine I 

I Adenosine monophosphate (AMP) , 
Dinuclmtide 

Rgure 4-4- 
The role of the Concerto Effect in the formation of dinucleotide in the prebiotic soup. 

Assume initi8Uy an aqueous soup consisting of adenine, D-tibose and phosphoric 
acid. There are 3 sites on adenine (N7, N9 and NH2 attached to C6) which can react 
with hydroxyl a t 5  sites on D-ribose(Cl'a, Cl'fl, CZ', C3', and (3') which gives rise to 15 
structural isomers of  adenosine. Only one of these, i.e., 9 (1 -0-n-ribofurano8yl) ad+ 
nine, is foundin living things. Proceeding to the level of AMP (adenosine monophos- 
phate) there are 3 possible sites of  attachment of phosphate ta D-ribose (CP, C3', and 
C6'). Consequently the number of structural isomers of AMP (adenosine monophos- 
phate) are the number for adenoeine times 3, or 45. At the dinucleotide level, since 
there are still 2 fm -OH groups on &ribose, the number of possible isomers would be 
that o f  AMP times 2, or 90. 

Although C2' ahel C3' of ribose are chiral carbons, and the hydroxyIs attached to 
them may be conceived to be in four different arrangements, note that by definition 
only one of these is  called ribose. The other sugar arrangements are given different 
names, i.e.. lyxose, xylose, and arabinose. In general then, t h e  pentoae sugars have8 
isomers (E- and L-). Consequently, the total number of dinucleotide isomers would be 
determined as: 

3 (sites on adenine) x 5 (sites on D-ribose) 
x 8 (pentoses) x 3 (sites left on pentose fox phosphate links) 
x 2 (sitea left on pentose for dinucleotide links) = 720. 
Also observe thataminopu~nes can form with the -NHI at C2 or C8 as well as at the 

C6 position for adenine: Thenumber of possibleisomemofdinucleotide would now be 
a8 previousIy determined times 3, or 2164. 
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Adenine Uminopurine &Amiaogurine 

The large number of possible isomers for dinucIeotide suggests how difficult it 
wodd be for meaningful concentrations to develop. The role of the Concerto Effect 
becomes more pronounced when we consider the soup to contain aldehydesand other 
sugars which could react with the free amino group of adenine (purines). Phosphates 
would precipitate by reaction with calcium and magnesium sdts. Pentoses would 
react with amines and amino acids. Absorption of adenine(purine1, adenosine, AMP 
and dinucleotide on sinking clays would remove them from the soup. Ultraviolet light 
would destroy adenine, adenosine, AMP, and dinucleotides in the upper surface 
waters; the developing polymers being even more vulnerable to ultraviolet decay than 
the monomers. Many interfwing cmssreactions would occur among the nucleotides 
anddinudeotides t o  terminate their growth. And of course aL1 thesubstituent organic 
molecules would be subject to hydrolysis and thermal decay. Extremely small 
amounts of dinucleotide would be expected. 

- - 

Dose arrives at an upper limit estimate of amino acid con- 
centration in the primitive ocean of 10-7M, some 10,000 times more 
diIute than the optimistic esfimates reported above. As  it turns out, 
the present-day average concentration of  amino acids in the North 
Atlantic Ocean i s  also about 10-7M.58 

A second estimate which gives a similar result considers the de 
structive interaction between amino acids and various soup in- 
dients, especially sugars, but ignores the ultraviolet destruction pro- 
cess entirely.59 This estimate is based on a process of scavenging 
amino acids from the soup followed by polymerization. After a com- 
plicated polymerization reaction, the polymer is removed by sedi- 
mentation. The first step of the polymerization process involves a 
dehydration-condensation reaction between the amino group (-NHa) 
of amino acids and the carbonyl group G C=O) of reducing sugars, 
as previously cliscussed. In this manner the oceans of today are 
scavenged of their sugars and amino acids which come indirectly 
from the decay of more complex organic matter of previously living 
things. The early ocean, on the other hand, would have been directly 
supplied with abiatically derived amino acids and sugars. There is 
no reason to doubt the operation of the scavenging process in the 
early oceans. 

Since this process if geologically instantaneous (10003500 years) 
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it is difficult to imagine the primitive soup ever more concentrated 
than IOw7M with amino acids.60 Nissenbaum et al., have summed up 
the importance of the scavenging process by observing: 

This scavenging of dissolved organic matter from the oceans by polymeriza- 
tion and sedimentation would have left the oceans much more depleted in 
abiotically formed organic material than is usually assumed. It is difficult to  
see how, under such conditions, the "primordial soup" could have existed at 
al1.6l 

A third estimate of amino acid concentration in the early oceans 
considers ultraviolet destruction both in the atmosphere and in the 
oceans, but ignores the destructive reactions of amino acids with 
other soup ingredients."TThis estimate is based on a comparison of 
rates of formation of amino acids versus their decomposition by 
ultraviolet. It shows that only about3% of theamino acids produced 
in the upper atmosphere (where most UV-promoted amino acid syn- 
thesis would have occured) could have safeIy passed to the ocean. 
This would yield a maximum steady-state amino acid concentration 
of XO-12M in the primitive ocean. 

A truly realistic estimate must combine these factors and other 
destructive processes, and consider the effects of all the energy sour- 
:es as weH. It would be a very difficult estimate to make. Even so, the 
sbove estimates are sufficient to suggest that the primordial ocean 
would have been an extremely &lute "soup," much too dilute to 
reasonably expect the spontaneous formation of proteins." Although 
the notion persists at the popular level that life began in the ocean, 
among scholars and researchers in the field, "it is now generally 
3ccepted that the concentration of the soup was probably too small 
for efficient synthesis, particularly of biopolymers."64 

We  conclude that if there ever was a prebiotic oceanic soup of 
zhemicals, it would have been too dilute for chemical evolution rates 
Lo have been significant. 

hncentrating Little Ponds 

The realization that an organic soup would have been too dilute for 
lirect formation of polymers may seem devastating to chemical 
!volution views. However, as Bernal has written, "The original con- 
:ept of the primitive soup must be rejected only in so far as it applies 
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to oceans or large volumes of water, andinterest must be transferred f 
to reactions in more limited ~ones."~S (Emphasis added). By this he r 
meant lakes, pools, lagoons, and the like. These more limited zones 
might then have been the locus of life's origin rather than the ocean. 
The significance of these local places is their associated mechan- 
isms for concentrating essential chemicals. By concentrating the 
monomers, the probability of their molecular interaction would have 
been increased, thus increasing reaction rates according to the law 
of mass action. This law states that the rate of a chemical reactionia 
directly proportional to the concentration of the reacting sub- 
stances. Hence in concentrated ponds the probability of polymer 
formation would have been considerably enhanced. 

Even phosphate, which was previously mentioned as limited to a 
concentration of about 1W6M in the ocean, might conceivably be 
concentrated in a pool deficient in calcium and magnesium salts. A 
means to increased phosphate concentration seems essential, since 
the phosphorylating process to activate amino acids for further 
readion assumes those conditions. The suggestion is made plausible 
since natural deposits o f  NaBeP04, a highly soluble phosphate, and 
even deposits of monosodium phosphate, NaH2P04, have been 
found, probably arising from non-biological processes.66 
Two mechanisms for concentrating organic chemicals in lakes, 

pools, lagoons, etc. have been suggested. These are (1) simple evapo- 
ration and (2)freezing the body of water. Both ofthese concentrating 
mechanisms have been suggested as playing a significant role in 
enhancing chemical evolution rates. 

As a hypothetical evaporation mechanism (see fig. 4-51, Iet us 
picture a small pool in a cave (so the accumulating organic corn- 
pounds are protected from ultraviolet light) located near a fumarole 
(so there is a heat source for evaporating the water) and so situated 
at the coast that at high tide the ocean soup wilI overflow into the 
pool to supply organic compounds without washing away the con- 
centrated oxganics in the same action. Between high tides evapora- 
tion slightly increases the concentration of organic compounds. 
Mter many iterations of this cyclic process a reservoir of concen- 
trated organic compounds is developed. 

Although this hypothetical evaporation scheme is only one of 
many that can be envisioned, we shall use it to illustrate several 
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acets of the mechanism. Whatever the details of the specific evapo- 
vating pool, lake, or lagoon, it must include: 

1. A suitable reservoir for concentrating organic compounds. 
2. A heat source for evaporating water. 
3. The repeated admission of oceanic soup into the reservoir. 
4. Some means to protect the organic compounds from ultraviolet 

light. 

Figure 4-5. 
A hypothetical evaporation mechanism. 
A small pond in a cave protects accumulating organic compounds from ultraviolet 
light. heated nearby is a fumarole which evaporates the water between high tides. 
During high tides dilute organic soup refills the ponds, but without fl00- aww 
coQcentrakd material. 
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If such evaporating pools existed they would surely have tended to 
concentrate non-volatile substances such as amino acids, purines, 
etc. But evaporating pools would have been inadequa1;e for concen- 
trating volatile substances such as aldehydes and HCN. Instead of 
concentrating volatile substances upon evaporation of the pool, they 
would simply evaporate and redissolve in more dilute water bodies. 
Tbis is particularly important since, as we noted earlier, HCN will 
significantly polymerize only if i t  can be concentrated to more than 
0.01M. Since HCNin the open ocean would have been on the order of 
10-6M,68 it is clear that some other concentrating mechanism must 
have been involved if HCN were significant in chemical evolution. 

Freezing 

If the solar luminosity on the early earth was less than today, as 
previously discussed, then many of the water bodies of earth would 
have been covered with ice, if not completely frozen. In certain 
equahriai regions (where liquid water could have persisted) the 
water bodies might have alternately frozen and thawed with the 
seasons. In this setting Orgel has  shown that dilute solutions of 
HCN at lO-5M from the ocean might run into a localized pool in 
summer and collect there. As the water freezes over in winter, the 
HCN concentrates in the solution beneath the ice. A 10% conversion 
to organic material might occur. As this cyclic process continued, 
material of molar concentration might accumulate every million 
years.63 

Critique of Concentrating Mechanism 

There is no known geological evidence for organic pooIs, concen- 
trated by these or other mechanisms, ever existing on this planet.70 
In contrast, much evidence is available that inorganic pools existed 
in early times. Such inorganic pools can be seen today at Yellow- 
stone National Park. 

It is no t  too significant, however, that evidence for isolated xeser- 
voirs of organic compounds has not been located. They would 
undoubtedly have been fewer in number, since requirements for an 
organic pool would have been more stringent If evidence i s  avail- 
able for such organic pools it may take some time to locate. 
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More significant is t h e  fact mentioned earlier that geological evi- 
.ence for the oceanic soup has  not been located. If there ever was a 
ilute ocean that fed organic compounds into these smaller pools, 
here should be abundant evidence for it in the lower Precambrian 
ediments. None has been located, however. Remember, if the soup 
rere as massive as the theory suggests, organic remains should be 
.texally all over the earth in deep sediments of great age. Scientists 
.ave looked but have not found organic compounds. 
Still, if by some means concentrated pools did develop, not only 

rould the desired materials concentrate, but also the undesirable 
npurities. For example, an evaporating pond concentrating non- 
olatiles such as amino acids wouId also concentrate sea salts such 
s N E ~ C I . ~ ~  A freezing pond concentrating volatile substances such 
s HCN would do the same. If such salts were in great excess (which 
; not unlikely), then organic compounds in the pond could not have 
een significantly concentrated as a result af the "salting-out 
ffect."This effect assumes theNaC1 and other sea salts compete for 
he water molecules in the solution of organic compounds such as 
mino acids. Salt has greater afEinity for water than do these 
rganic compounds. Therefore, in order for the salt to be dissolved 
le organic compounds must precipitate out of solution. 
It is another type of "impurity," however, that would have been 

zegreatest obstacle to the successful concentration of organic corn- 
ounds in limited zones. This would be the host of oceanic organic 
ompounds such as amines, amino acids, aldehydes, ketones, sug- 
rs, carboxylic acids, etc. that would havedestructively interactedin 
ze 0cean.~2 The usual consequences of concentrating these would 
e, according to  thelaw of mass action, merely an  acceleration of  the 
lany destructive reactions (as well as the constructive reactions) 
aat would also occur a t  slower rates in the more dilute ocean, as 
lready discussed. 
Hydrogen cyanide wouId seem to be an exception, since on concen- 

:ation, polymerization tends to predominate. Hydrolysis of HCN 
lould predominate in  the dilute ocean. Polymers of HCN, however, 
tould yield the vulnerable amino acids upon h y d r o l y s i ~ . ~ ~  If pep- 
.des formed directly from HCN polymerizedin the atmosphere and 
dl into the ocean,T4 these would be terminated by reacting with 
mines, carboxylic acids, etc., as discussed earlier. 
Concentrating mechanisms have occupied the attention of some 

lvestigators. Stemming from this discussion, however, it is our 
bsewation that what is needed is a natural sorting mechanism. 
h e  problem demands a means of selecting organic compounds and 
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isolating them from other chemicals with which they could destruc- 
tively interact. Yet there is nothing (but the need) to suggest that 
such a sorting mechanism ever existed on this planet. 

In other words, for these more limited zones (e.g., Iakes, pools, 
lagoons), as for the ocean itself, it is difficult to imagine significant 
concentrations of essential organic compounds ever accumulating. 
As we have seen, degradative forces need to be taken into accountin 
realistic estimates of concentrations, and they have frequentIy been 
ignored. 

Conclusion 

Based on the foregoing geochemical assessment, we conclude that 
bothin the atmosphere and in the various water basins of theprimi- 
tive earth, m m y  destructive interactions would have so vastly dim- 
inished, if not altogether consumed, essential precursor chemicals, 
that chemical evolution rates would have been negligible. Thc soup 
would have been too dilute for direct polymerization to occur. Even 
local ponds for coneenhating soup ingredients would have met with 
the same problem. 

Furthermore, no geological evidence indicates an organic soup, 
even a small organic pond, ever existed on this planet. It is becoming 
clear that however life began on earth, the usually conceived notion 
that life emerged from an oceanic soup of organic chemicals is a 
most implausible hypothesis. We may therefore with fairness call 
this scenario "the myth of the prebiotic soup." 
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CHAPTER 5 

Reassessing 
the Early Earth 
and its Atmosphere 

Over the past several decades, our growing understanding of the 
eady earth has added crucial insight to theories of chemical evolu- 
tion. In this chapter, three relevant points will be discussed. Rrst, 
the time frame or the time available for chemical evolution will be 
estabIished. Second, we will examine the chemical composition of  
the atmosphere on the primitive earth to determine if it was condu- 
cive to abiogenesis. Third, we will examine theimportant question of 
oxygen content on the early earth and in its atmosphere. This evalu- 
ation of plausible atmospheric conditions will help to establish con- 
straints on the next generation of prebiotic simulation experiments. 
Many of the experiments reviewed in Chapter 3 assumed a strongly 
reducing primitive earth and atmosphere. 

Establishing the Time Frame 

One of the most dramatic changesin evolutionary theory since the 
19608 has been in understanding the sharp reduction of the time 
3Vailable for  abiogenic synthesis. As Richard E. Dickerson states, 
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"Perhaps the most striking aspect of the evolution of life on f i e  earth 
is that it happened so fast."' In fact, Cyril Ponnamperurna of the 
University of Maryland and Carl Woese of the University of Zllinois 
have suggested thatlife may be as oldas the earth and that its origin 
may have virtudly coincided with the birth of the planet2 In this 
section the data used to  support such statements will be examined. 

From radiometric dating techniques, the ages of stony meteorites 
have been set at 4.6 biIlion yeama If the sun, the planets, the meteor- 
ites, and other solar debris all formed from the same primordial dust 
cloud at about the same time, the earth would be approximateIy 4.6 
billion years old. There exists a tremendous gap, however, in infor- 
mation about the earth from this date through the Precambrian 
until about 0.6 bilIion years ago.4 This is especially so with respect to 
information about chemicaI evol~tion.~ Until the late 19608, the 
oldest suspected evidence for Iife was the occurrence of fossil stroma- 
tolites (photosynthesizing algae) in 2.7 billion-year-old limestone 
located in Southern Rhodesia.Wowever, in the Iate 1960s several 
scientists investigating very old rocks (3.2 billion years old) found 
evidence of molecular fossils and microfossils indicating past life. 

Molecular Fossils 

Molecular fossils (or chemical fossils) are actually chemical com- 
pounds found in the rocks and suspected of being the remains of 
onceliving matter. The different types of chemicals that may indi- 
cate Iife are quite diverse. However, there are two different ways in 
which the compounds found may indicate an association with living 
organisms: 

1. The compounds couId be degradation products of chemicals 
found in Iiving organisms. For example, isoprenoid alkanes 
(such as pristane and phytane) are assumed to result from the 
breakdown of chlorophyll. lsoprenoids found in ancient rocks 
could therefore be a record of living organisms. Many other 
chemicals associated with living organisms such as porphyrins 
and steranes, may be found in very old rocks as well. 

2. During their metabolic processes, organisms selectively use 
carbon 12 over carbon 13. Thus, chemicals with a high carbon- 
12-to-carbon-13 ratio may indicate the occurrence of living 
processes. 
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Micro fossils 

MicrofossiIs may also indicate past life. Microfossils are micro- 
scopic outlines in rocks indicating past ljfe forms. Usually these are 
very simple algae-like spheroids or filaments found in carbon-rich 
rocks. It would be nice if some detail beyond their morphological 
characteristics were preserved for our inspection. This is rarely the 
case, however. Still, through the chemical analysis and microscopic 
examination of very old organic-rich rocks,* the whole field of chem- 
ical evolution has been changed dramatically. That is, before the 
identification of microfossils and molecular fossils, most scientists 
thought that perhaps as much as 2 billion years were available for 
chemical evolution to occur. 

The Evidence 

Since the 19608, the foIIowing evidence has become available to 
support the view that life originated on the earth soon &r its 
formation: 

1. 1967: Micropaleon.tologica1 studies of carbonaceous chert of the 
Fig Tree Series of South Africa (greater than 3.1 biIlion years 
old) indicated the presence of spheroidal microspheres. The 
photosynthetic nature of these primitive microorganisms was 
corroborated by organic geochemical and carbon isotopic 
~tudies.~ 

2. 1977: A population of organic walled micmstructures from the 
Swaziland System, South Africa was ident5ed as the mor- 
phological remains of primitive prokaryotes. The rocks were 
dated at 3.4 billion years old.* 

3. 1979: Cell-like inclusions detected in the cherty layers of a 
quartzite, which is part of t h e  Isua series in Southwest Green- 
land, consisted of biological materials, High carbon-12-to- 
carbon-13 ratios were found in the hydrocarbons. The age of the 
sequence is approximately 3.8 billion years.9 - *n. . 

18 18 tricky business, however, as sometimes inorganic materials can  be mistaken 
for microfoasils (E.L. Merek, 1973. BioScience 23,153: N. Henbest. 1981. New Scien- 
&t 92,IM). 
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4. 1980: Researchers found biologicatlike cells in rocks from the 
"North Pole" region of Australia. The rocks were dated at 3.5 
billion years old. Even more amazing was the fact that five 
different types of cells could beidentified. "This tells us thatlife 
was diverse, abundant, and judging from the chemistry, really 
quite advanced."'0 

5. 1980: A fossilized mat of filamentous microorganisms called 
stromatolites have been preserved in f ermginous dolomitic 
chert of the Pilbara Block of Western Australia. They are esti- 
mated to be 3.4 to 3.5 billion years oId.ll 

Until recently, "yeast-like microfossi2s" from the Isua belt in 
Southwest Greenland were regarded as evidence of living structures. 
Now, however, some researchers have raised questions about this 
interpretation,lZ suggesting that they are not the remains of early 
Archaen life forms. Thus the Australian deposits dating back to 3.5 
billion years are current1 y considered the oldest sediments contain- 
ing convincing evidence for biological activity. Even so, many 
scientists believe that Iife existed over 3.8 billion years ago. 

The Time Available for Evolution 

Brooks and Shawstate that the oldest rocks on earth are probably 
about 3.98 billion years old.12 However, the oldest age confirmed by 
dating techniques is 3.8 billion years for the rocks from the Isua 
series in Greenland.* In either case, the surprising implication is 
that we may almost say that life has alwaysexisted on earth. Before 
3.98 billion years ago (from 4.6 to 3.98 billion years), the earth was 
probably too hot to support life.14 Then Iife appeared about 3.81 
billion years ago. That is, only 0.170 billion (170 million) years were 
available for the abiotic emergence of life. Indeed, according ta 
Brooks and Shaw, this amount of time for abiogenic synthesis of 
essential precursors, let alone chemical evolution, is "very small."16 
The discovery of microfossils has confirmed this conclusion. As a 
result, the thinking of scientists has undergone dramatic change. In 
the words of Miller, "If the origin of Iife took only 106 years [0.001 

*Recently azirmn from the Australian Shield area has been dated at4.2 billion y e m  
old. Chem. Eng. News, August 22,1983, p. 20; ScienceNews, June 18,1983, p. 389. 
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billion], I wou~dnotbesurprised."~~ Other scientists suspect a period 
of lo7 to 10s years or less following the time after the earth cooled. For 
instance, "If higher surface temperatures persisted untd 4000 Ma [4 
billion years] ago, then life probably originated about 3900 Ma 
ago."I7 The search is underway for mechanisms that could account 
for the "geologically instantaneous'' origin of life. 

The Composition of Earth's Primitive Atmosphere 

During the past several years, space probes have examined the 
atmospheres of several planets in our solar system. These probes 
have included investigations of the following planets: 

I. Mars (Viking Missions). 
2. Venus (Pioneer and Venera Missions). 
3. Jupiter (Voyager Missions). 
4. Saturn (Voyager Missions). 

The data collected by these space probes have resulted in the re- 
examination of scientific theories concerning the formation of 
planets and their atmospheres. For example, the Pioneer Venus 
argon-neon measurements provided much-needed constraints on 
models of how modem atmospheres were generated. James B. Pol- 
lock of NASA- Ames has suggested three logical possibilities:l8 

1. The Primary Atmosphere Hypothesis 
The gases in the modern atmosphere could be residuals from the 

pre-solar nebula. But if this were the case, the argon-neon ratios on 
Venus, earth, and Mars would be quite similiar to the original ratio 
in the nebula aad the contemporary ratio on the sun. However, the 
ratios of these planetary atmospheres are very different from that of 
the sun. 

2. The External Source Hypothesis 
The gases could have been brought in on volatile-rich comets and 

asteroids in the post-T-tauri wind era while the planets were sweep- 
ing up the last pieces of matter from the solar system. These comets 
and asteroids must have bombarded all the inner planets a t  about 
the same rate; therefore, we would expect the planets to contain 
similiar concentrations of the rare gases. However, this is not the 
case. 
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3. The Grain Accretion Hypothesis 
The modern planetary atmosphere could have resulted from out- 

gassing of volatiles trapped in the original rocks. 
According to PoZIock, the last hypothesis is the only one not con- 

tradicted by the data. The t e r n  "grain accretion" is used because 
grains of material contabing potential volatiles were accumulated 
into planetesimals that subsequently accreted to form planets.19 
Later, as a result of internal heating, volatile6 reached the surface. 
Since the original volatile atmosphere of the earth escaped its gravi- 
tational field during accretion, the earth's primitive atmosphere was 
in fact a secondary atmosphere that resulted from gases issuing 
forth from the interior of the earth by means of volcanoes or by 
means of diffusion through the mantle. This secondary atmosphere 
theory has been the most accepted theory for over a decade, even 
with the influx of new information from Venus, Mars, and other 
planets. 

Despite wide acceptance of the outgassing model, other sources of 
gases have been suggested to supplement it. For example, interstel- 
lar cloud material could be responsible for much of the neon in the 
earth's atmosphere.20 Comets also may have supplied some of the 
~o la t i l e s .~ '  Oro has  estimated that 1,000 meteorites may have 
accounted for the volatiles on the earth.22 

Various Models for the Earth's Primitive Atmosphere 

In contrast to the wide acceptance enjoyed by the outgassing model 
for the formation of the atmosphere, opinions about the composition 
of the atmosphere have varied greatly over the years. Some exam- 
ples of compositions postulated over the past 30 years follow: 

The C02 -H20 Atmosphere. Assuming the volcanic exhalations to  be 
the same on the primitive earth as today, the primitive atmosphere 
would be composed of carbon dioxide and water vapor with minor 
amounb of HIS, SO?, and Nz. This view was expressed by Fox and 
Dose,23 R e ~ e l l e , ~ ~  AbeIson,25 and Brooks and Shaw.Z6 

The CIId - NH, - Hz0 Atmosphere. An opposing view was held by 
Oparin,27 Urey,28 and Miller and U r e ~ . ~ ~  These scientistsreasonthat 
a smaIl but significant level of Hz rernainedin the atmosphere of the 
forming earth so that at least lom3 atmosphere was present (there is 
about atmosphere of Hz today). The hydrogen would have 
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reacted with any carbon, nitrogen, or oxygen present to form an 
atmosphere rich in methane (CHP), ammonia (NHJ), and water 
(H201. 

Of course, scientists of the first view disagreed with this conclu- 
sion, stating that the atmospheric HI level was insignificant and 
that there is no geologic evidence for a primitive atmosphere con- 
taining CH4.30 

The Three-Stage Atmosphere. A third view, heId by Holland,31 was 
really the synthesis of the first two views. Holland disagreed with 
the basic assumption of the first view, stating tha t  the composition 
of gaseous mixtures from volcanoes of the primitive earth was not 
similiar to  that of present-day volcanic exhalations. This came from 
the hypothesis that primitive volcanic exhalations, unlike their 
present counterparts, were in equilibrium with hot molten rock con- 
taininglarge amounts of elemental iron. This led to a first stage rich 
in methane (C&) followed closely by a second stage rich in N2. The 
presentday atmosphere is the third stage. 

The COz - N2 Atmosphere. Walkel-32 has done an extensive study on 
the evoIution of the atmosphere and concludes that the primitive 
atmosphere contained H10, COz, N2, and 1% a. The I% Ha was 
emitted from volcanoes, and therefore he assumed that the volcanic 
source of hydrogen gas was larger in the past than today. Large 
quantities of the C02 emitted formed carbonates in oceans while 
large amounts of the Hz0 condensed. 
According to this view, the prebiological atmosphere contained no 

large amounts of reduced gases like methane and ammonia.33 
Recent photochemical calculations indicate that a heavily reducing 
atmosphere of methane and ammonia was extremely short-lived, if 
such a prebiological atmosphere existed at The conclusion that 
the primitive atmosphere had little or no methane or ammonia has 
also won agreement from Holland.35 

The notion that t he  primitive atmosphere was not high1 y reducing 
is a dramatic change from the previously held hypothesis. Various 
reports have elaborated on this shift in theories. For example: 

NOW, for the first time in 30 years, the widely accepted recipe for primordial soupis 
changing from one rich in hydrogen-composed primarily of methane (Ck) and 
ammonia (N&)-to a hydrogen-poor atmosphere sirniliar to today's sans the 
OxY gen.34 
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No geological or geochemical evidence collected in the last 30 years favors a 
strongly reducing primitive atmosphere. ... Only the success of the laboratory ex- 
periments recommends i t .37 

Scientists are having to rethink some of their assumptions. Chemists liked the old 
reducing atmosphere, for i t was conducive to evolutionary experiments.38 

Sherwood Chang of NASA-Ames Research Center has observed 
that prebiotic simulation experiments using a neutral atmosphere of 
water, nitrogen, and carbon dioxide produce only such chemicals as 
ammonia and nitric acid. 39 However, Joseph Pinto of the Goddard 
Institute for Space Studies synthesized formaldehyde in a primitive 
atmosphere poor in hydrogen.40 Other simulation experiments using 
hydrogen-poor atmospheres have also produced abiotic organic 
 molecule^.^^ As reported in 1951, Melvin Calvin of the University of 
California at Berkeley synthesized organic compounds by irradiat- 
ing a mixture of water and carbon dioxide with a beam of alpha 
pmticles.42 

Oxygen Content of the Early Earth and its Atmosphere 

All Models Exclude 02 

ModeIs for the primitive atmosphere are many and diverse. Each 
scientist uses one of these atmospheric models to demonstrate that 
the chemical building blocks of life could be formedunder the chosen 
conditions. However, an interesting pattern emerges from these 
experimental studies which suggests that, within limits, the syn- 
theses of amino acids and other essential organic molecules are 
unexpectedlyindependent of the specific details of the experimenta1 
conditions. As discussed in Chapter 3, reactions that begin with an 
atmosphere of CHd and NHI or of CO2 and N2 as the carbon and 
nitrogen sources respectively are likely to result in similar products. 
Therefore, while a detailed evaluation of the primitive atmosphere is 
fascinatingtit may not be necessary except for one point. That point, 
central t o  the theory of chemical evolution, is that  the pri.mitive 
atmosphere could not contain any but the smallest amount of free 
(molecular) oxygen (02). 

It is necessary to exclude oxygen for two reasons. First, allorganic 
compounds (such as the essential precursor chemicals or basic build- 
ing blocks that  must have accumulated for chemical evolution to 
proceed) are decomposed rather quickly in the presence of oxygen. 
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Second, if even trace quantities of molecular oxygen were present, 
arganic molecules could not be formed at all. In the words of 
3hklovskii and Sagan, "As soon as the net [laboratory] conditions 
become oxidizing, the organic syntheses effectively turn off."43 Al1 
the simulation experiments reviewed in Chapter 3 are largely in- 
hibited by oxygen. None of the essential molecules of life, e.g. amino 
xids, could even be formed under oxidizing conditions, and if by 
some chance they were, they would decompose quickly. Chemical 
:volution would be impossible. This point is also made by Fox and 

who Iist six reasons the primordial atmosphere contained no 
significant amount of oxygen. Two of their reasons are worthy of 
note: (1) "laboratory experiments show that chemical evolution 
..would be largely inhibited by 0xygen,"4~ and (2) "organic com- 
?ounds that ... have accumulated on the surface of the earth in the 
:ourse of chemical evolution, are not stable over geologic time in the 
?resence of 0xygen."~6 

Fox and Dose hold the conviction that chemical evoIution did 
Iccur, and list these points along with others as evidence for a 
:educing atmosphere. They reason that since chemical evolution 
mequires it, free oxygen in the primitive atmosphere must have been 
zegligible. 

Fox and Dose are not the only ones who reason in this way. 
NalkeF7 also concludes that the "strongest evidence" for an atmo- 
jphere without oxygen is that we know chemical evolution took 
slace. While this may be an appropriate consideration for framing 
in hypothesis, i t  does not properly constitute evidence for the 
~ypothesis. 

We will discount this "strongest" evidence for an anoxic (no free 
jxygen) atmosphere since it  is based on a circular argument. Such 
ogic is hardly scientific, and simply assumes as true the hypothesis 
.o be established. Without assuming in advance a reducing atmo- 
iphere, we will examine evidence concerning the oxygen content of 
;he early earth's atmosphere. We will first consider sources of oxy- 
:en, and then examine mineralogical evidence during the time 
jeriod over which oxygen has been present in the atmosphere. This, 
n turn, will help us  determine when and for how long the earth's 
itmosphere was void of oxygen. 

30urces of Free Oxygen for the Earth's Atmosphere 

There are at least three possible sources of free oxygen in the 
?arth9s early atmosphere: volcanic exhalations (and comets/meteor- 
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ites), photodissociation of HzO, and the oxygen generating p h o h  
synthesis which is associated with living organisms. We will con- 
sider each of these sources in terms of the amount of oxygen 
produced and its probable date of appearance in geological history. 

Volcanic Exhalation as a Pussibk Source of Free Oxygen. It has 
previously been suggested that the earth's atmosphere was pro- 
duced by volcanic eruptions which might have incIuded free oxygen 
(02) among the various gases. Gases from volcanic eruptions today 
contain mainly CO2, Hz0, and minor amounts of H2S, S02, and N t ,  
but no free oxygen. Given the high temperatures in volcanoes and 
the highIy reactive nature of oxygen, this is not surprising. At ele- 
vated temperatures (600-300°C), oxygen would react with minerals 
in the earth resulting in nonoxidizing gases. We are thus left with 
neither a theoretical nor an experimental basis for expecting the 
early volcanicemissions to havesupplied any significant amount of 
free oxygen to the primitive atmosphere.48 

Photodissociation of Water as a Possible Source of Free Oxygen. 
Another possible source of free oxygen to  the early atmosphere is the 
photodissociation of water in the atmosphere due to ultraviolet light 
or 

2Hz0 + ( h ~ )  ultraviolet light energy = 2H2 + 0 2 -  

Since the 1960s, estimates of the amount of free oxygen in the 
prebiologicd atmosphere from photodissociation of water have 
ranged from 10-J5 of present atmospheric level (PAL) to 0.25 PAJi. 
The various estimates are provided in table 5-1 and summarized 
briefly below. It will be helpful to keepinmind that table51 includes 
some entries listed as PAL and others as mixing ratio, where 1.0 
PAL of oxygen is equivalent to a 0.21 mixing ratio (MR). 

Berkner and Marshall49 were the first to provide quantitative 
estimates of the concentration of oxygen in the early atmosphere 
resulting from photodissociation of water vapor. They concluded 
that concentrations of 10-3 PAL would have resulted. 
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Table 5-1 
Estimates of Oxygen in the Early AtmosphereDue to Photwlissociation 

Author 

Berkner and Marshall 
Brinkmann 
Walker 
Kasting et al. 
VanderWood and Thiemens 
Kasting and Walker 
Carver 
Levine 
Canuto et al. 

Year Concen- Foot- Refer- 
trathn note ence 

10-3 PAL 1 49 
0.25 PAL 50 
10-18 MR 33.56 
10-12 PAL, 2 56 
10-10 MR 56 
10-8 PAL 3 56 
10'' PAL 54 
lo-" PAL 4 34 
lo-" 10'9 MR 57 

(I) 1.0 PAL 01 = 0.21 Mixing Ratio (MR). 
(2) 10-12 PAL at surface: increases to PAL at 60 Km. 
(3) 10-14 when reaction of 01 and HI included. 
(4) 10-l5 PAL at surface, increases to PAL at SO km altitude (a strong altitude 

dependence). 

Brinkman1150 calculated the amount of 02 generated from photo- 
dissociation and consumed in oxidation of rock, etc. He concluded 
that a minimum of 25% of the present level (0.25 PAL) of oxygen 
existed over 99% of geologic time. Therefore, he reasoned, "It does 
not seem that early [chemical] evolution could have proceeded in 
such an atmosphere."61 Proponents of a neutral or reducing early 
atmosphere do not agree that such high 0 2  levels resulted from 
photodissociation of HIO. For example, Walker52 contends tha t  
Brinkmann erred in assuming that the rate of hydrogen escape from 
theearthis equal to the rate of photolysis of water. Walker, however, 
must assume that the volcanic source of hydrogen was considerably 
larger than the amount of hydrogen escaping into space after water 
was photolyzed. For this to have been true, volcanic sources of gases 
must have been much larger in the past than they are today. Van 
Valenj3 also objected to Brinkmann's study but failed to produce an 
alternative answer, offering only that there are serious and unre  
solved problems concerning the buildup of oxygenin the atmosphere. 

Because of the importance of the question, Carve9 recalculated 
the quantity of oxygen produced by photodissociation in Precam- 
brian times using a larger water vapor mixing ratio than did pre- 
vious studies. This study supports a warmer and more humid cIi- 
mate in the Precambrian. It also suggests that the free oxygen 
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concentration could have reached 10% of the present level (0.1 PAL). 
If the surface oxidation rates were substantially greater in Precam- 
brian times than at present, oxygen levels were probably 0.01 to 0.1 
PAL. 

Hollandss has stated that a few percent of the present atmospheric 
level of oxygen was certainly present by 2.9 x 109 years ago. How- 
ever, as shown in table 5-1 the estimates cover too broad a range to  
draw definite conclusions. Additional estimates not discussed here 
have been included in table 5-1 to illustrate the uncertainty in oxy- 
gen estimates.56 The only bend in the recent literature is the sugges- 
tion of far more oxygen in the early atmosphere than anyone 
imagined. A significant part of this trend is due to measurements 
which suggest that starsresembling the sun a t  a few million years of 
age emit up to lo4 times more UV light than the present sun.5' This 
increase in UV could increase the 0 2  surfacemixingratio by a factor 
of 10d t o  106 over the standard value of 10-15, thus  affecting a11 the 
oxygen level estimates.58 

Support for large estimates of 02 is found in data from Apollo 
16-data which suggest that a large amount of free oxygen does 
result from upper atmosphere photodissociation of water vapor. The 
Apollo 16's ultraviolet camera/spe&rograph revealed a massive 
cloud of atomic hydrogen enveloping the earth and extending out- 
ward some 40,000 miles. This hydrogen apparently resulted from the 
photodissociation of water vapor. An early report of these results 
noted that this lends "substantial support" to "the theory that solar 
separation of water vapor provides our primary oxygen source" 
today and not photosynthesis as is usually supposed.59 

George Camthers,GO principal investigator for the Apollo 16 
camera/spectrograph experiment, has subsequently noted that the 
amount of oxygen due to photodissociation was originally overesti- 
mated. That is, photodissociation was not the primary source of 
oxygen as origmally stated. (More details concerning the results of 
the measurements by Apollo 16 can be found in a report by Camth-  
ers et al.)6l Carruthers agrees with other workers that little free 
oxygen was present in the earth's primitive secondary atmosphere. 
However, without free oxygen (and therefore without ozone) solar 
ultraviolet radiation could penetrate to much lower water-rich layers 
of the atmosphere than is the case at present. Therefore, the water 
dissociation rate could have been much higher and the production 
rate o f  oxygen would have been considerably greater than at pres- 
ent. Thus, one may reasonably infer that the water vapor photodis- 
sociation process could have provided a sufficient amount of oxygen 
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in the primitive atmosphere (perhaps as much as 1% of the atmo- 
sphere or 0.05 PAL) so that an ozone layer could have formed. An 
effective ozone screen would have allowed living organisms to pro- 
liferate by reducing t h e  adverse effects of the solar UV radiation 
penetrating to ground level. 

When asked about oxygen destroying organicmolecules, Carruth- 
era acknowledged it would, but not as rapidly as present-day oxida- 
tion because oxygen would have been more dilute and would not 
have been assisted by bacterial decay.62 However, considering the 
long time postulated for chemical evolution to  occur, even a small 
amount of oxygen would have been very detrimenhl. Most likely, if 
a small amount of 02 were present, important precursor molecules 
would have been destroyed (oxidized) or their formation prevented in 
the first place. 

Since living organisms and organic molecules need the protection 
from ultraviolet radiation provided by an ozone screen, yet the pres- 
ence of oxygen prevents thedevelopment of such living systems and 
biological molecules, this wouId seem to constitute a catch-22 in the 
model. How much oxygen is required to produce the ozone screen and 
what maximum amount of oxygen can be tolerated in the synthesis 
of the molecular precursors to life? These two questions will be 
considered next. 

Berknerand Marshall63were among the first scientists to evaluate 
the relationship of 0 2  to Oj as it pertains to chemical evolution. They 
suggested that when the 0 2  concentration reached PAL, the 
resdting concentration of 0, was sufficient to restrict the penetra- 
tion of lethal UV to a thin layer of the ocean. When the 02 level 
reached 10-1 PAL, the 0, concentration was sufficient to absorb all 
UV radiation less than 3000 A. At these levels, life was abIe to 
migrate from t he  oceans to  land masses for the first time. Since this 
initial evaluation by Berkner and Marshall, other scientists have 
investigated the origin and evolution of ozone.64 

The suggestion has been made that very little atmospheric oxygen 
(possibly 10-3 PAL), is required to produce a biologically effective 
ozone screen. However, when several additional factors are taken 
into account it becomes apparent that perhaps as much as 0.1 PAL 
oxygen would have been required. Carver," 5in  reviewing the avail- 
able data, concluded that a biologically effective ozone screen would 
be established once the oxygen content exceeds 0.01 PAL. 
In summary, the development of an ozone screen apparently 

rewires a higher oxygen concentration (0.01 to 0.1 PAL) than the 
original suggestion of LOm3 PAL. Whether such a free oxygen con- 
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centration developed by photodissociation of water done, or even- 
tually by the combined action of photodissociation and photosyn- 
thesis in algae, etc., is difficult to establish. It is not yet known at 
what rate free oxygen is removed by reaction with reducing gases 
such as methane or reduced minerals such as Fe304. In any case, it 
seems evident that free oxygen was being produced byphotodissoci- 
ation from earliest times and that this source of fiee oxygen would 
have continued until a significant free oxygen concentration devd- 
oped allowing an ozone screen to form, filter the short wavelengths 
(i.e., < 3000 A) of ultraviolet light, and effectively turn off this mech- 
anism of oxygen production in the atmosphere beneath the ozone 
screen. 

Because only low levels of oxygen are needed, the earth may have 
had an effective ozonescreen since before life began. Such aprospect 
makes this area of research quite controversial. 
Two consequences of an early ozone screen are: 

1) the requirement that sources of energy other than UV Light 
would need to be postulated for prebiotic synthesis of organic 
molecules, and 

2) the necessity of alternative scenarios which would allow 
substantial synthesis of organic molecules and their subse- 
quent protection in an oxidizing milieu. 

Living Organisms as a Source of Free Oxygen. Since volcanic erup- 
tions apparently would not supply free atmospheric oxygen and 
photodissociation would supply free oxygen only until an ozone 
layer developed (apparently between 0.01 and 0.1 PAL of oxygen), it 
is generally assumed that our present 21% of fiee atmospheric oxy- 
gen was and is the result of photosynthesis by living plants. This 
transition from the assumed anoxic conditions to our present 21% 
free oxygen is usually thought to have occurred about 1-2 billion 
years ago. Figures 5-1 and 5-2 illustrate estimates by several scient- 
ists of the increase in 02 with time. 
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Percent of present 0, Ievel 
A 

Pigure 5-1. 
Estimates of Oxygen Levels in the Ea&'s Atmosphere. 
(From S.L. Miller and L.E. Orgel, 1974. The Origins of Life on the Earth, p. 62.) 

.-..-...--.-.... Berher & MarahaU ---- R u t h  
----. Walker (derived from text) - Brinkrnann (derived from text) 
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Model 1 

u - n L  I t  I / +  
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d ' Model 2 

Time (in Billions of years) 

Figure 5-2. 
Estimates of Oxygen levels in the Earth's Atmosphere. 
(From D.E. Grandstaff, 1980. Precambrian Research, 13,21.) 

Model 1: - Progressive Increase of 0 2  

Model 2: -.-.-. 01 remained low until Devonian 
(Berkner and Marshall) 

Model 3: - - - - 02 remained low until red beds disappeared 
(Cloud) 

Model 4: -- O1 increased rapidly to present level 
(Kimberly and Dirnroth) 

However, recent paleontological evidence suggests an advent of a 
more highly oxidizing atmosphere earlier than 1 to 2 billion years 
ago. At the beginning of this chapter, we discussed the age of the 
first life on earth. Some of these life forms would have produced 
oxygen. Still, the level of Oz production remains in doubt. The orga- 
nisms could have been anaerobic bacteria, in which case the atmos- 
phere could have been anoxic. Walker6"ates autotrophic organisms 
at 3.5 billion years ago, bacterial photosynthesis at 3 billion years 
ago, and the advent of green-plant photosynthesis at about 2.5 bil- 
lion years ago. Thus oxygen-producing organisms (cyanobac- 
teria/blue-green algae) certainly existed by 2.8 x LO9 years ago and 
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perhaps much earlier (probably 2.9-3.1 billion years ago). According 
to SchopP7 these organisms would have produced fluctuating levels 
of free oxygen. At first, the oxygen would have been consumed by 
exposed reduced-mineral species (mainly ferrous iron). Then the 
quantity of oxygen would have varied depending on the exposure of 
more reduced minerals, the amount of volcanic emissions, etc. until 
the concentration reached fairly constant levels about 2 billion years 
ago. Until recently, however, most scientists thought that little oxy- 
gen existed before 2 billion years ago. Walker mused, "..it is hard to 
explain why oxygen pressures should have remained low for almost 
2 billion years after theintroduction of green phnt photosynthe~is."~8 

Based on thegrowing body of evidence, Walker has concluded that 
oxygen-evolving photosynthesis appeared prior to  3.8 billion years 
ago and that the lifetime of the prebiologicd atmosphere must have 
been "quite short in geologic 

From the available data on isotopic sulfur composition of Pre- 
cambrian minerals, Chukhrov et al. have concluded "...the exis- 
tence of sulfate-reducing organisms and the presence of substantial 
amounts of oxygen in the terrestrial atmosphere 3000 m.y. ago or 
earlier."70 Likewise, from carbon isotope studies, Eichmann aad 
Schidlowski have shown that more than "3 billion years ago photo- 
synthesis [had] produced already a Iarge fraction of all the oxygen 
ever released and now fixed primarily in FQO~ and s042- with only 
5% present as free oxygen in the atrn~sphere."~~ The data of Schid- 
lowski, et al.72 also show no secular change in the isotopic composi- 
tion of carbonates dating back more than 3 billion years ago. Even 
more recently Schidlowski has indicated that "the constancy of the 
isotopic fractionation observed between reduced and oxidized car- 
bon throughout the record is best interpreted as the signature of 
biological activity during the past 3.5 x 109 yr. (or possibly 3.8 x 109 
3r1..)."73 3roeckerT4 considers such constancy of l3C/I2C ratios in 
Phanerozoic (younger than 0.6 billion years) marine carbonates as 
indicative that the oxygen content must have been comparable to its 
present value. If this principle is valid for Phanerozoic carbonates, it 
should also be valid for carbonates 3 biIlion years ago. That is, we 
must conclude that the  present level of oxygen also existed 3 billion 
years ago. Based on Schidlowski's data, other scientists have con- 
cluded that 80% of the present levels of oxygen have existed for the 
Past 3.0 billion years.75 
Oxygen-producing organisms probably formed very old limestone 

deposits (e-g., Bulawayan, 2.7-3.0 billion years) in the same manner 
as do the present-day limestone-depositing algae. Judging from the 
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amount of limestone in ancient deposits, significant levels of 
would have been present. However, Rutten76 disagrees with this 
conclusion and contends that since the OZ concentration 2.7 billion 
years ago was only 1% of the present level, the metabolism of 
limestone-depositing organisms must have been different in the past 
from present algae. But we must ask, why change the metabolism of 
the algae? Surely the desire for a prebiotic earth without free oxygen 
is not a compelling reason. It would have been just as easy (or 
easier?) to adjust the 02 level to account for the limestone. 

In summarizing this section on sources of free atmospheric oxy- 
gen, the most Iikely scenario is as follows. The early secondary 
atmosphere contained mainlyN2, H?O, and C02. Photodissociation 
then produced an indeterminate free-oxygen concentration which 
was later supplemented by photosynthesis. Once the oxygen level 
reached a concentration of 0.01 to 0.1 PAL (by photodissociation 
alone or in combination with photosynthesis), an effective ozone 
layer formed and photodissociation ceased in the lower atmosphere. 
The remaining increase in oxygen concentration to present levels 
occurred by photosynthesis alone. Recent paleontological data com- 
bined with occurrence of living organisms 3.5 billion years ago 
indicate that these increases in oxygen levels may have occurred 
very early in geological history (over 3 billion years ago). 

This scenario raises two very significant questions. First, what 
free oxygen concentration level was produced by photodissociation 
acting alone before the origin of life? And second, would this level of 
free oxygen adversely affect the formation or continuance of organic 
biomonomers? We have already addressed the first question and 
found that current estimates of 0 2  in the early atmosphere resulting 
from photodiesociation range from loLt5 PAL to lo-) PAL. Levine 
states, "This is a wide range, even for studies of the paleoatmos- 
phere. Additional research in this area is indicated.'"' The second 
question is equally difficult to answer in a precise manner. Only 
qualitative statements have been made. For exampIe: 

Even at low levels of 01, thereis a slow oxidation of most organiccompounda, 
and the rate is greatly enhanced in the presence of ultratiolet light. These and 
related arguments are so compelling that it does not seem possible that organic 
compounds remained in the primitive ocean for any length of time after 0: 
entered #e earth's atmosphere?S 
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We can only say, based on current rnodeIs for ozone formation, 
that the upper limit of free oxygen concentration resulting from 
photodissociation alone would be 0.01 to 0.1 P&. A8 indicated, there 
is considerable controversy concerning whether this upper limit of 
3xygen concentration could have been reached by photodissociation 
alone. ~ur$$estimates of lO-l5 PAL surely are too low for produc- 
tion of an ozone screen, while 10-I PAL is the upper limit itself. One 
thing is clear: if further research confirms that photodiesociation 
alone could have produced a biologically effective ozone acreen, a 
second problem is inescapable. Enough oxygen would then have 
seen present in the early atmosphere to effectively shut off any 
?reduction and/or accumulation of biomonomers, thus preventing 
:hemid evolution. 

'Kinera2 Evidence Pertinent to Defining Free Oxygen Content in the 
4tmosphere during Various Stages of Geologica E History 

The results from atmospheric physics, while not condusive about 
;he oxidation state of the early atmosphere, do at least leave open the 
~ossibility the early earhh was oxidizing. This possibility i s  in con- 
Iict with the usual picture of the early earth as reducing. Therefore, 
we shall reexamine the data and usual agnuments supporting the 
lotion of a reducing early earth and atmosphere. 

The interpretation of the mineral evidence pertinent to atmos- 
?heric free oxygen in geologic history depends on the oxidation 
3tates of elements in mineral deposits that were formed during the 
~arious geological periods. For example, in the reaction 

PbS + 202 + PbS04 

it 2S0C, the equilibrium pressure of 0 2  for the oxidation of PbS to  
PbSO, is 10-63 atm. This equilibrium pressure is so smaII that if any 
)xygen were present PbS would be converted to  PbSOa. Therefore, if 
:ocks can be found to contain PbS versus PbSO4, it would seem 
:eaaonable to conclude they formed in an anoxic environment. 
Zkewise, if PbSQ is more abundant than PbS, oxygen may be 
-nferred to have been present a t  its formation. It is instructive to note 
;hat other minerals show a similar relationship: 
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Reduced Form Oxidized Form 
(formed under anoxic (formed under oxygenic 

conditions) conchtions) 

F ~ J  0 4  (Magnetite) FelOs (Hematite) 
U02 - UsOe (Uraninite) uo3 
PbS (Galena) PbS04 
ZnS (Wurtzite) ZnSOd or ZnSO4.7H2O 
Fel-,S (Pyrrhotite) FeS04.7Hz0 

The thermodynamic dataindicate that the equilibrium oxygen pres- 
sures for the oxidation of the sulfides (PbS, ZnS, and FeS) to the 
corresponding sulfates (Sod2-) are lower than the equilibrium pres- 
sure for conversion of 

T h e  equilibrium 0 2  pressure for the conversion of FeQ to  Fez03 (pOz 
= 10-T2 stm.) is even less than the values for sulfide oxidations. A 
comprehensive review of the various elements and the oxidation 
states used in this type of study has been summarized by Rutterr.'D 

Basic Assumptions. Interpretation of mineral data involves two 
basic questions. Erst, how long does it take for a given mineral to 
oxidize? And second, how long was the mineral in question exposed 
to the atmosphere during formation or exposed thereafter du- 
transportation and deposition? It is usually assumed that a reduced 
or  only partially oxidized mineral was formed when the atmosphere 
was anoxic, but this is not necessarily the case. We must also con- 
sider the rate of the reaction (kinetics). The predictions of equ;li- 
brium thermodynamic data are only significant if given enough 
time. If the mineral is not in contact with the atmosphere or water 
saturated with the atmospheric gases for sufficient time during 
transportation and deposition, it will not come to equilibrium. Since 
some of these reactions are very sluggish at ambient temperatures, 
the presence of a reduced mineral or absence of a fully oxidized 
mineral does not necessarily mean that the atmosphere was anoxic. 
Several examples are offered by way of illustration in the following 
paragraphs. 
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Specific Examples of Mineral Assemblages: Iron and Uranium 
Oxides 

I. Iron Oxides 

It is by no means unequivocal that iron oxides indicate ancient 0 2  

levels. This is best demonstrated by examining the stability fields of 
different iron minerals under varying natural conditions of pH and 
oxidation/reduction potential. When the 0 2  level is changed from 
the present level to 0.01 PAL, the stability fields change very little 
(see figure 53). That is, the stability and depositional conditions of 
the iron oxides are hardly affected. Rutten concluded, "It follows 
that arguments in favor of an anoxygenic atmosphere cannot be 
based on the equiIibria of mineral reactions, ... but on their kine- 
tics,"sO or the rate at which oxidation occurs. 

According to Fox and Dose81 no agreement has been reached 
concerning the equilibrium between FeO, FesO4, and Fez03 as a 
function of Ievel. HoIland82 points out that Fez03 would be stable 
under extremely low Ot levels, which explains its existence in sedi- 
ments greakr than 2.5 billion years old when the atmosphere was 
thought to have contained no oxygen. But other geologists use the 
occurrence of FQOJ to indicate significant Ievels of 02 in the primi- 
tive atmosphere. Davidson83 states that such immense hematite 
(F403) deposits (as far back as 3.4 biIIion years ago) are only com- 
patible with the presence of free oxygen in surface waters at this very 
early date. The fact that all oxidation states of iron, from FeO to 

ta FeSa, have been found in sediments of all ages probably 
indicates that local conditions and not the overall conditions deter- 
mine which particular mineral is present For example, as recently 
as 0.4 to 0.5 billion years ago (when a was at its present level), 
reduced minerals were being deposited in oxygen-free waters (a Iocd 
anoxic environment) much like the Indian Ocean today, which has 
Practically no free oxygen below 150 meters. By looking at these 
deposits, one would erroneously conclude that the atmosphere was 
anoxic at that time. Such data led Krecji-Graf to conclude that 
geological evidence cannot be used to make general deductions con- 
cerning the earth's atmosphere.84 Another explanation of the ob- 
served variation of oxidation states of iron is that the levels of 
oxygen fluctuated in the ancient atmosphere. Schopf indcates that 
such conditions probably existed over 3.0 billion years ago.85 

Despite the inconclusive nature of  oxygen Ievels and iron forma- 
tions, the customary interpretation has been that red beds (FeA)  
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Figure 5-3. 
Iron Compound Stability Fields. 

Stability fields of iron compoundsin waterat25OC and I atm. totalpressure, whenthe 
activity of total diasolvd sulfur and carbonate is 10-6 and 1.0, respectively. The 
barred area indicates the change in stability fields when 01 is decreased from 1.0 PAL 
(upper h e )  to 0.01 PAL (lower he). It hardly affects the stability field of hematite. 
(Redrawn from Rutten, 1972. The Origin of Life by Natural Caaes. New York: 
Ekevier, p. 82) 
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provide the best indication of the first appearance of oxygen.*= 
Walker drsagrees, however, stating, "The presence of banded iron 
formation ili the Isua rocks of West Greenland thereforeimplies that 
oxygen-evolving photosynthesis appeared on earth prior to 3.8 bil- 
lion-&-~ ago."a7 Walker'sreasoning assumes that many metabolic 
procdsses capabIe of affecting the atmosphere (e.g., fermentation, 
bacterial photosynthesis, and sulfate reduction) must have origi- 
nated before oxygenevolving photosynthesis. Therefore, the life 
time of the prebiological atmosphere of nitrogen, carbon dioxide, 
md water vapor must have been quite short in geological terms. 

2. Uranium Oxidea 

Asomewhat dearer picture emerges from UOz - UOr deposits of the 
Dominion Reef and Witwatersrand system in South Africa. The 
mineral deposits contain uratlinite (UOX), galena (PbS), pyrite 
(FeS?), and gold. The deposits are all sedimentary. The minerals 
were derived from weathering a granite source rock and carried by 
high-energy (steep, fast-flowing) rivers to a lower-energy (flat, slow) 
fan-delta system where the minerals were deposited. This is evi- 
denced by the well-rounded, coarse-silt-sized (0.0655mm) uraninite 
grains in the deposit. This type of deposit is called a detrital or placer 
deposit and the environment in which it was deposited is called a 
fluvial fandeIta or a braided alluvial plain. The minerals were defi- 
nitely in contact with the atmosphere as they were weathered and 
deposited, some 2.5-2.75 billion yeaxs ago. Because the  reduced forms 
of the mineraIs are present, it is usuaIly concluded that the deposits 
were formed under an anoxic environment. However, as Miller and 
Orgel point out, "...these minerals may have been deposited under 
local reducing conditions, or failed to Rave reached equilibrium with 
the atmosphere at the time they were laid down."88 Most geologists, 
however, would readily conclude that the mineraIs were in equili- 
bdum due to the river transport as detailed above. However, this too 
is a matter of kinetics. If the minerds were transported and deposit- 
ed very rapidly, for example, they may not have had time to reach 
equilibrium with the atmosphere. If this were the case, the reduced 
UOz would still be deposited in the presence of significant levels of 
02. But rapid deposition may not have occurred given that the indi- 
Yidual mineral grains are well-rounded and sorted. 

h o t h e r  possibility is that these deposib were transported during 
glacial periods. The very cold environment would lower the rate of 
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reaction of U02 with 0 2 .  Therefore, U02 would be deposited in the 
presence of O2. Some evidence exists of glaciers in South Africa 2.5 
billion years ago, and present-day evidence indicates that U02 de- 
posits are now being formed in cold environments. In fact there is 
evidence that detrital uraninite exis t s  in the presentcday Indus River 
of Pakistan.S9 This further illustrates the fact that the rates of re- 
actions must be known before definite conclusions can be made. 

Trow has proposed a mechanism for deposition of the Witwaters- 
rand and Elliot Lake uranium deposits in an oxygenated atmo- 
sphere during glacial, COz-impoverished episodes. He states that 
"apparently an anoxic atmosphere did not eAst at these times (2.25- 
2.5 billion years ago]."gO 

We agree with WalkergQhat the evidence for an anoxic atmo- 
sphere provided by the detrital uraninite and pyrite in the Wib 
watersrand is not strong. This is based upon work by Holland92 that 
shows that an upper limit of about 1% of the oxygen-mixing ratio is 
consistent with the existence of det i ta l  uraninite. Also, according to 
Muir,93 detrital pyrite (a reduced mineral) is common even today. In 
summarizing the various contributions a t  the U.S. Geological Sur- 
vey Quartz-Pebble Workshop, Skinner94 stated that current theories 
on atmospheric control for such ores as the Witwatersrand are not 
well established. He further remarked that the current thinking is 
not correct and the absence of atmospheric oxygen cannot be 
counted upon with certainty to explain uraniferous quartz-pebble 
conglomerates. He suggested a more neutral atmosphere as an 
alternative to either a reducing or oxidizing atmosphere. 
Much of the ambiguity about mineral assemblages has been 

resolved by D.E. G~andstaff,~5 who made a kinetic analysis of the 
oxidation of U4' to U6+. Uraninite (U02-UQ') is thermodynamically 
unstable a t  oxygen pressures greater than approximately 
atmospheres. Yet Grandstaffs kinetic analysis indicates that uran- 
initemay have survived without being oxidized at oxygen pressures 
a s  high as 0.01 PAL. Thus deposition of uraniferous conglomerates 

... does not require an essentially anoxic atmosphere as pre- 
viously proposed, but may have occurred under a n  atmosphere 
containing small amounts of oxygen consistent with photodis- 
sociation of water vapor and limited aerobic photosynthe~is .~~ 

The important conclusion from Grandstaff s kinetic analysis is 
that  the formation of a reduced mineral such as UO? or FejOs need 
not have required the absence of free oxygen in the atmosphere at 
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the time the mineral was formed. Thus, traditional arguments for a 
reducing atmosphere based on reduced minerals are unconvincing. 
At least a mildly oxidizing atmosphere of up to 0.01 PAL is possible 
w i t e x i d i z i n g  U4+. It has long been known that the proper under- 
standing of a thermodynamically favorable reaction is simply a 
reaction that is permitted. It neednot occur. Only by kinetic anaIysis 
can details be obtained of whether a reaction occurred, and at what 
rate. 

Summary of Mineral Data. We have examined in detail the evidence 
from uranium and iron minerals concerning the existence of a reduc- 
ing primitive atmosphere. Because of the uncertainty in the kinetics 
of oxidation of these minerals, it is difficult to conclude with confi- 
dence that there has ever been a time when the earth's atmosphere 
was devoid of free oxygen. Erich Dimroth and Michael Kimberley 
have evaluated minerals besides uranium and iron, and have drawn 
a similar conclusion: 

In general, we find no. evidence in the sedimentary distribution of 
carbon, sulfur, uranium, or iron that a n  oxygen-free atmosphere has 
existed at any time during the span of geological history recorded in 
well-preserved sedimentary rock.g7 

Chapter Summary and Conclusions 

Three relevant questions have been considered in this chapter. 
First, we considered the time available for chemical evolution. It was 
determined on the basis of evidence from molecular fossils and 
microfossils that the origin of life occurred almost instantaneously 
(geologically speaking), just after the earth's crust cooled and stabil- 
ized about 4.0 billion years ago. This leaves little more than 100 
million years (if that) for any chemical evolution to occur. Second, 
the earlyatmosphere of the earth was examined and found not to be 
the strongly reducing atmosphere popularized for the past thirty 
Years. Instead, the consensus of scientists about the early atmo- 
sphere is shifting. At the time of this writing, there is wide agree- 
mentin adopting a more neutral primitive atmosphere consisting of 
COI,  Nz, HzO, and perhaps 1% &. There is a current controversy 
concerning whether the early earth and its atmosphere might actu- 
ally have been oxidizing. Third, we examined the important ques- 
tion of the oxygen content of the early earth. 



94 THE MYSTERY OF LIFE'S ORIGIN 

Three lines of evidence have been evaluated that indicate the 
existence of free oxygenin the earth's primitive atmosphere: (1) data 
showing oxygen-producing life forms in rocks older than 3.5 x 109 
years, (2) data showing oxidized mineral species in rocks older than 
3.5 x 109 years, and (3) caIculations indicating that up to 0.1 PAL of 
O2 could have been produced by photodissociationofwater. Although 
no precise conclusions can be made concerning the levels of oxygen 
in the earth's early atmosphere, these results are quite suggestive. 

The accumulating evidence for a n  oxygenic early earth and 
atmosphere heightens the mystery of life's origin. If this type of 
evidence continues to accumulate, chemical evolution theories may 
have t o  appeal to the random occurrence of fluctuating or localized 
reducing environments on the primitive earth. Such micro-environ- 
ments could have been present (as shown by reduced minerals), but 
were they suitable or maintained long enough. for the formation of 
life? The odds of finding such a suitable niche on the primitiveearth 
for a sufficient length of time are extremely small. 

The monomer experiments reviewed in Chapter 3 largely assumed 
a strongly reducing atmosphere. These experiments covered the 
period from Miller's classic experiment reported in 1953 to the mid- 
1970s. In fact, one can mark the shift t o  a less-reducing atmosphere 
with the Viking Mission to Mars. Although, as Chapter5 hasshown, 
considerable evidence o f  an oxidizing early earth was available 
before 1976, the discovery of an oxidizing Mars void of life served to 
focus attention on the question of the oxygen history of earth. 

As might be expected then, primitive atmosphere experiments will 
need to be reassessed in the light of evidence that the early earth and 
its atmosphere were probably less reducing than first suspected, and 
possibly even oxidizing. There are signs that this important process 
of re-doing experiments with more plausible atmospheres is under- 
way. A few experiments using more neutral to  mildly oxidizing 
atmospheres were mentioned earlier in this chapter. These experi- 
ments have generally yielded products in smaller quantities and less 
diversity than comparable experiments under more reducing condi- 
tions. However, there seems to be no less optimism regarding the 
prospects that chemical evolution was a near-certain occurrence on 
this planet. 



Reassessing the Early Eadh and its Atmosphere 95 

References 

1. R.E. Dickerson, 1978. Sci. Am. 239,70. 
2. uHow Did Life Begin?" Aug, 6,1979, Newsweek, p. 77. 
3. Dickereon, Sci. Am., p. 70. 
4. G. Tilton and R. Steiger, 1985. S c h c e  160,1805; Robert N. Dot& Jr., Roger L 

Batten, and Randall D. Sale, 1981. Evolution of the Earth. New York McGmw- 
Hd1,3rd Ed., p. 157. 

5. S. Fox and K. Dose, 187'2. Mobclclar Evolution and the Origin of Life. San 
Francisco: W.H. Freeman & Co., p. 286. 

6. Ibid., p. 289. 
7. J.W. Schopf and E.S. Barghaom, 1967. Science 256,508. 
8. H. Knoll and E.S. Barghoorn. 1977. Science 198,396. 
9. H.D. Mug and H. Jaeschke-Boyer. 1979. Nature 280,483; C. Ponnamperuma, 

Sept. 24, 1979. Ttme; C. Pomampenrms, SepL 10, 1979. American Chemical 
Society Meeting, Washington, D.C. 

10. J.W. Schopf- June 30,1980. Newsweek, p. 61. 
11. D.R. Lowe. 1980, Nature 284,441; M.B. Waiter, R. Buick, and J3.R Dunlop, 

1980. Nature 284,443. 
12. D. Bridgewakr, J.H. Allaart, J.W. Schopf, C. Klein, M.R. Walk ,  E.S. Barg- 

hoorn, P. Strother, AH. KDoU, and B.E. Goman, 1981. Natuw 289,fil; NigeI 
Henbest, 2981. New Scientist 92,164. 

13. J. Brooks and G. Shaw, 1973. Origin and Development of Living System. 
Landan and New York: Academic Presa, p. 73. 

14. Ibid., p. 78. 
15. Ibid., p. 78. 
16. S.L. NlilIer, 1982. Ln Mineral Deposits and the Evohtion of t b  Biosphere, ds. H. 

Holland and M. Schidlowski. New York Springer-Verlag, p. 167. 
17. S. Awramik, P. Cloud, C. Curtis, R Folinsbee, H. Holland, H. Jenkyna, J .  

Langridge, k Lerman, S. Miller, A. Nissenbaum, d. Veizer, 1982. In M i n e d  
Deposits and the Evolution of the Biosphere, &. H. Holland and M. Scbid- 
lowski, p. 311. 

L8. M. Waldrop, Feb. 19,1979. Ckm.  Eng. News, p. 26; J.B. PolIock and D.C. Black, 
1979- Science 205,56. 

19- P.H. Abelson, 2979. Science 205,l. 
20- D.M. Butler, M.J. Newran, RT. Tolbert, Jr., 1978. Science 201,622. 
22. L. Garmon, 1981. Science News Zl9,72. 
22. J- Oro, 1971. In Proceedings of the Second Conference on Origins of Life, ed. XI. 

hrpuli8. Washington, D.C: The Interdisciplinary Communication Assoc., Inc, 
P. 7. 

23. Fox and Dose, Molecular Emkction a d  Origin of Life, p 40. 
24. R.T. Revelle, 1965. J.  Marine Res. 14,448. 
25. P.H. Abelson, 1966. Proc. Nat. Acad. Sci. U.S. 66,1365. 
28. Brooks and Shaw, Origin and Deuebpmnt of Living Syaten28, p. 77. 



96 THE MYSTERY OF LIFE'S ORIGIN 

27. A.I. Oparjn, 1938. The Origin of Life (trans. by S. Morgulia). New York 
Macmillan. 

28. H.C. Urey, 1952. The Planets. N e w  Haven, Conn.: Yale University Press. 
29. S.L Miller, H.C. Urey, 1959. Science 130,245. 
30. Fox and Dose, Molecder EvoEution and the Origin of Life, p. 43. 
31. H.D. Holland, 1962. In Petrobgic Studies, d s .  kEB.  Engel, K.L. James, and 

B.F. Leonard, Geological Society of America, p. 447. 
32. J.C.G. WaIker, 1977. Evolution of the Atmosphere. New York Macmillan, p. 2X@, 

246. 
33. J.C.G. Walker. 1978. Pure Appl. Geophys. If 6,222. 
34. J.S. Levine, 1982. J. Mol. BvoL 18,161. 
35. B.D. Holland, Hatvard University, Dept. of Geological Sciences, personal cam- 

munication, June 24,1983. 
36. Garmon, Science News, p. 72. 
87. RA. Kerr, 1980. Scimce 210,42. 
38. R.C. Cowen, April, 1981, Technology Review, p. 8. 
39. Waldrop, Chem. Emg. News, p. 26; Pollock and Black, Science, p. 56. 
40. J. Pinto, G.R. Gladstone, and Y.L. Yung, 1980. Science 210,183. 
41. K. Kawamoto and M. Akabosb, 1982. Origins of t i e  12, U3; C. FoLome, A. 

Brittain, and M. Zelko, 1983. Origins of Life 13,49. 
42. W.M. Garrison, D.C. Morrison, J.G. Hamilton, AA. Benson, and M. Calvin, 

1951. Science 114,416. 
43. I.S. Shklovskii and C. Sagan, 1966. Intelligent Life in the Universe. New York: 

Dell, p. 231. 
44. Fox and Dose. Molecular Euolutwn and the Origin of Life, p. 4 4 4 .  
45. aid. ,  p. 44. 
46. Bid. ,  p. 45. 
47. Walker, Evotutwn of the Atmosphere, p. 224. 
48. Kenneth M. Towe, 1978. Nature 274,657. 
49. L.V. Bexkner and L.C. Marshall, 1965. J.  Atmos. ScF 22,225. 
50- R.T. Brinlunann, 1969. J. Geophys. Res. 74,6355. 
61. Ibid., p. 5366. 
62. Walker, Euolution ofthe Atmosphre, p. 224. 
63. L. Van Valen, 1971. Science 171,439. 
64. J.R. Carver, 1981. Nature 292, p. 136. 
65. H.D. HoUand, Hatvard University, Dept. of Geological Sciences, personal com- 

munication, June 24,1983. 
56. J.C.G. Walker, 1978. Pure Appl. Geophys 117,498; J.F. Kasting, S.C. Eu, and 

T.M. Donabue, 1979. J. Geophys. Res. 83,3097; T.B. Vander Wood and M.H. 
Thiemens, 1980. J. Geophys. Res. 85,1605; J.F. Kasting and J.C.G. Walker, 1981. 
J. Geophys. Res. 86,1147. 

67. V.M. Canuto, J.S. Levine, T.B. Augustsson, and C.L. Lmboff, 1982. Nature 296, 
816. 

58. Bid., p. 820. 
59. News Release #30-727 from the Naval Research Labaratory. Washington. D-C-, 

1972 and Preliminary Report Lunar Surface Ultraviolet Carnera/Spectroprsph 
Apollo 16 experiment S-201. 

60. G.R. Carruthers, Naval Research Laboratory, personal communication, Feb. 20, 
1979, and Sept. 28,1981. 

61. G.R. Carmthers, T. Page, R.R. Meier, 1976. J .  Geophys. Res.z1,1665. 



Reassessing the Early Earth and its Atmosphere 97 

62. G.R. Carmthm, p e n o d  communication, Feb. 20,1979. 
63. Berkner and Marshall, J. Atrnos. Sci., p. 225. 
64. J . S .  Levine, MoL Euul., p. 161; Carver, Nature, p. 136; M.L. Ratner and J.C.G. 

Walker, 1972.J. Atmos. Sci. 20,803; A.J. Blake and J.H. Carver, 1977.3. Atrnos. 
Sci. 34,720; E. Hesetvedt, S. Henriksen, and H. Hjartaraon, 2974. Geophysica 
Noruegica 31, 1; J.F. Kasting and T.M. Donahue, 1980. Geophys. Res. 86, 
3255. 

65. Carver, Nature, p. 1364. 
66. Walker, Bvolution of the Atmosphere, p. 263. 
67. J.W. Schopf. U.C.L.A., Dept. of Earth and Planetary Sciences, personal com- 

munication, June 23,1983. 
68. Walker, Evolutionof the Atmosphere, p. 266. 
69. Walker, 1978. Pure Appl. Geophys. 116, p. 230. 
70. F.V. Chukhrov, V.I. Vinogradox, and E.P. Ermilova, 1970. Mineral. Deposita 

(Berl.) 5,209. Quote from page 220. 
71. R. Eichmann, M. Schidlowski, 1975. Trans. Am. Geophys. Union 68,176. 
72. M. Schidlowaki, R. Eichmann, C.E. Junge, 1975. Precambrian h s .  2, 1; M. 

Schidlowski, 1976. In TheEurly History ofthe Earth, ed. B. Windley. New York: 
Wiley and Sons, p. 525. 

73. M. Schidlowski, 1982. In Mineral Deposits and the Evolution of the Biosphere. 
&a. B. Holland and M. Schidlowski, p. 103. 

74. W.S. Broecker, 1970. J. Geophys. Res. 76,3553. 
75. S. Awramik, et al., in Mineral Deposits and the Evolution of the Biosphere, p. 

314. 
76. M.G. Rutten, 1971. The &&in of Zife by  Natural Causes. New York: Elsevier 

Publishing Co., p. 319. 
77. Levine, J .  Mol. Evoi., p. 167. 
78. S.L. Miller and L.E. Orgel, 1974. The Origins of Life on the Earth. Englewood 

Cliffs, N e w  Jersey: Rentice-HalI, p. 119; S.L. Millex, inkfinera1 Deposits and the 
Evolution of the Biosphere, p. 160. 

79. R u t h ,  The Origin of Life by Natural Causes, p. 253. 
80. Bid., p. 282. 
81. Fox and Dose, Molecular Euolution and the Origin of Life, p. 44. 
82. Holland, in Petrologic Studies, p. 447. 
83. Charles F. Davidson, 1965. Proc. Nut. Acad. Sci. USA 53,1194. 
84. Graf K. Krejci, bt.4 in Foxand Dose,Molecular Evolution a d  the Origin of Life, 

p. 44. 
85. J.W. Scbopf, U.C.L.A. Dept. of Earth and Planetary Sciences, pereanaIcommu- 

nication, June 23,1983. 
86. Walker, Euolution of rlre Atmosphere, p. 262. 
87. J.C.G. Walker, 1976. Pure Appl. Geophys. 116,230. 
88. Miller and Orgel, The Origins of Life on Earth, p. 50. 
89. P.R. Simpson and J.F.W. Bowle, 1977. Phil. Trans. R. Soc. Lond. A286.527. 

Referenced in X.M. Towe, 1978. A'ature 274,657. 
90. James Trow, March 16,1978. "Uraniferous Quattz-Pebble Conglomerates and 

their Chemical Relation to CO1 - Deficient Atmosphere Synchronous with Gla- 
ciations a f  Almost Any Age," Dept. of Geology, Michigan StateUniversity,East 
Lansing, Mich. (Also presented at 1977 GSA Annual Meetings, Seattle, Wash.) 

81% Walker. Evolution of the Atmasphere, p. 262. 
92. H.D. Holland, 1975. Comment at aconferenceon TheEarly History oftheEarth 



98 THE MYSTERY OF LIFE'S ORIGIN 

(University of Leicester, England). In. Walker, EuoEution of the Atmosphere, p. 
262. 

93. M. Muir. 1975. Comment at conference on the Early History of Earth (University 
of kcester, England). In Wallrer, Evolution of the Atmosphere, p. 262. 

94. 8.J. Skinner, Oct. 13-15,1975. Invited oral summation of contributions at U.S. 
Geol. Survey Quartz-Pebble workshop, Golden, Colo. 

95. D.E. Grandstaff, 1980. Precambrian Res. 13.1. 
96. Ibid., p. 1. 
97. E. Dimmth and M.M. Kimberley, 1976. Can. J. Earth Sci. 13,1161. 



CHAPTER 6 

and Investigator 
Interference 

Destruction of essential chemicals dominated our discussion of the 
prebiotic soup in Chapter 4. Reexamination of the early earth and 
its atmosphere in Chapter 5 shows it would have been far less 
reducing in character, and less conducive to abiogenic synthesis 
than previously imagined. If the theory of abiogenesisis to have any 
support, then the burden to demonstrate such support rests squarely 
uith the prebiotic simulation experiments. h d  seemingly, reported 
results from simulation experiments suggest that a wide variety of 
important precursor chemicals would have existed in substantial 
concentrations in primitive water basins. Yet this contrasts sharply 
with the view presented in Chapter 4. Why the discrepancy? The 
answer becomes clear upon examining the details of prebiotic simu- 
1 ation experiments. 

We propose in this chapter to  evaluate various kinds of prebiotic 
simulation experiments (Chapter 3) and their associated techniques. 
Each of these techniques will be briefly discussed and some assess- 
ment of their geochemical plausibiIity offered. We provide this to 
point out the need for a criterion for the acceptable role of the inves- 
tiga tor in prebio tic simulation experiments. We will then arrange 
these experimental techniques on a scale o f  increasing geochemical 
implausibility. This ordering necessarily involves questions of 
judgment and may be revised as time goes on. 
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EvaIuation of Various Types of Simulation Experiments and 
Techniques 

Simulation Experiments Using Ultraviolet Light 

The successful synthesis of amino acids and other organic com- 
pounds using ultraviolet light has been reported in laboratory simu- 
lation experiments. These experiments used short-wavelength (i.e., 
< 2000 A) ultraviolet light but excluded the long-wavelength (i.e., 
> 2000 A)! UV which is so effective in des t r~ct ion .~  Although this 
practiceis effective, i t is  dubious as a prebiotic simulation procedure, 
since the full solar spectrum would have irradiated the primitive 
earth. 

Photosensitization 

As we discussed in Chapter 3, photosensitization provides a 
means of using the plentiful longer-wavelength ultraviolet light 
(2000-3000 A) to bring about photochemical reaction of the "pzirni- 
tive" reducing atmospheric gases. Mercury vapor, formaldehyde, 
and hydrogen sulfide gas all have served as photosensitizing 
agents, absorbing energy a n d  transferring it to these primitive 
gases, thus enabling reactions to take place in the longer spectral 
region.3 

A photosensitizer with an appropriate absorption spectrum can 
provide further benefits, too. For example, hydrogen sulfide can 
provide a protective shield against long-wavelength photodestruc- 
tion of amino acids, as well as other biomonomers and essential 
intermediates produced in the atrn~sphere.~ This protective shield 
operates because light in the range 2000-2600 A is absorbed by 
hydrogen sulfide when it is present in sufficient concentration. 
Vulnerable organic molecules which otherwise would absorb below 
2600 A are thus protected.5 Such a process operating in  the primitive 
reducing atmosphere would have promoted the production and 
accumulation of vital precursors. 

It is doubtful, however, that formaldehyde or hydrogen sulfide 
could havereached levels of concentration required to serve as early 
earth yliotosensitizers or to protect organic products from photo- 
decomposition. For as it turns out, formaldehyde and hydrogen 
sulfide are themselves vulnerable to photodestruction, aspreviousl~ 
mentioned, and no suitable shield appears to exist for them. 

Of the two, hydrogen sulfide would be the most attractive candi- 



date to sewe the duaI role of photosensitizer and shield. It would, 
however, have been photolyzed to free sulfur and hydrogen in only 
10,000 years? and there is no sufficient mechanism knowa for 
replenishing hydrogen sulfide. 

The search for a suitable photosensitizer continues, but the field of 
candidates is limited. It must beassumed that suchan agent was one 
of the simple gaseous components of the primitive atmosphere, or a 
derivative from it. Thus mercury vapor could not possibly have 
served generally as a photosensitizer on the early earth, although it 
might have had some localized application for short periods, as an 
effluent gas of vo lcan~es -~  Photosensitization itself is not called into 
question, for photosynthesis uses chlorophyll as a photosensitizer 
enabling plants to utilize sunlight. But the use of this technique as a 
simulation precedure depends on geochemicaIly implausible condi- 
tions. The pivotal question concerns whether system conditions 
necessary for photosensitization and shielding could reasonably 
obtain on an early earth. 

Other Energy Sources: Heat 

Experiments using heat, electrical discharge, and shock waves are 
also subject t o  criticism. Serious questions must be raised about the 
geolo@cal relevanceof the heat experiments. For example, we do not 
find local high-temperature (> 150°C) regions on earth except for 
geologically brief periods of time. Volcanoes, fumaroles, steam 
spouts, etc. have been cited as heat energy sources, but they are 
generally too far apart geographically, and do not last over geologi- 
cally significant times8 Scientists who accept heat as a legitimate 
source have usually argued that protocells at least originated very 
quickly and so brief geologic periods of energy inputs are all that are 
required. A continuous supply of intermediate chemicals was needed, 
however, until photosynthesis developed.9 For this reason, it is 
believed by most scientists that only general sources of energy (e.g., 
ultraviolet light) could have been effective for the origin of life. 

It has also been suggested that wind blowing the primitive gases 
over hot lava (500-1000°C) would subject them to high temperatures 
for brief periods. In the unconfined, natural situation, however, 
sligheIy warmed gases would rise quickly away from the hot lava, 
and thus never approach the temperature needed for reaction.I0 In 
more confined settings, such as pipes o r  Assures in rocks, the objec- 
tion is that any organic molecules formed there would remain in the 
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heat, and such sustained heatingof organic materials wouId destroy 
thern.11 

Lightning 

Electrical discharge experiments have attempted t o  simulate 
lightning on the early earth. The actual lightning leader is much too 
hot (i.e., 20,000°K) for effective synthesis, however, immediately 
destroying any products.12 Much milder electrical discharges, the 
so-called corona discharges from pointed objects, have also been 
simulated in experiments. The energy density used in these experi- 
ments is, however, nine orders of magnitude too great to be called a 
simulation of natural phenomena.13 In more imaginable terms the 
Miller spark experiment adds so much energy that "two days of 
sparking represent an energy input into the system comparable to 
some 40 rniIIion years on the surface of the primitive Earth."14 
Another geologicaIly implausible feature of electricd discharge 
experiments is the fact that they are closed systems containing as 
much as 75% hydrogen.15 (While they are begun with more plausible 
hydrogen concentrations, hydrogen is generated in the reaction and 
not allowed to escape as it would from an open system.) 

Traps 

All prebiotic heat," electrical discharge,'? and ultraviolet lighti8 
(including photosensitization) experiments use traps. naps  alIow 
for greater yields of product from equilibrium reactions in which 
dissolution would otherwise far outweigh synthesis (i.e., Keq<<l).'g 
Traps function by continually removing the small fraction of pro- 
duct formed by the reactions. As products are removed from the zone 
of their formation, additional reaction is continuously required to 
reestablish equilibrium. In this way, reactions can be productively 
prolonged until one of the reactants is finally consumed. 
This technique functions in accordance with Le Chatelier's Prin- 

ciple, which states that when a stress is appIied to a chemical re- 
action at equilibrium, in this case by the trap, the reaction will shift 
in the direction that relieves the stress and reestablishes equili- 
brium. Like the practice of concentrating chemical reactants, this 
technique is a legitimate means of collapsing time to manageable 
ammts .  
This removal process also shields the products from subsequent 

destruction by the energy source which produced them. However, 
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Carl Sagan has aptly commented on this shielding effect in the 
experiments: 

The problem we're discussing i s  a very general one. We use energy sources to 
make organic molecules. It is found that the same energy sources can destroy 
these organic molecules. The organic chemist has an understandable prefer- 
ence for removing the reaction products from the energy source before they are 
desixoyed. But when we talk of the origin of life, I think we should not neglect 
the fact that degradation occurs as well as synthesis, and that the course of 
reaction may be different if the products are not preferentially removed. In 
reconstructing the origin of Life, we have to imagine reasonable scenarios 
which somehow avoid this difficulty. (Emphasis added.)m 

But even a brief scanning of published papers and symposium 
addresses on the topic demonstrates that there is no unanimity 
concerning such "reasonable scenarios." Instead, rebuttals and 
rejoinders to proposed solutions abound. Without reviewing the par- 
ticulars of this dispute we simply note that it has been suggested that 
traps simulate a natural mechanism whereby rain washed these 
vital precursor heat, shock-wave, photo- and electro-products down 
to the ocean, where they were protected from the destructive rays of 
solar ultraviolet. How were these chemicals transported safely to the 
sea? It has been hypothesized that hydrogen sulfide gas, formalde- 
hyde, mercury vapor, or some other photosensitizer was present in 
sufficient quantities in the primitive atmosphere (despite criticisms 
of photosensitizers discussedearlier) to allow substantiaI long wave 
length ultraviolet synthesis. Since long-wavelength UV could pene- 
trate to great atmospheric depths, this shifts the zone of synthesis 
for amino a d s  and other vulnerable organicmolecules closer t.a the 
ocean surface. From there they would not have had far to flee to the 
ocean's pr~tection.~' Heat, electric& discharge, and shock wave syn- 
theses would also have been operative at lower altitudes. Thus 
transport time would already be short for organic compounds pro- 
duced by these sources. If appropriate photosensitizers were present 
to intercept the destructive ultraviolet, as the hypothesis suggests, 
organic compounds synthesized in the atmosphere would be further 
protected, giving them an even greater chance for survival. 

In spite of these factors it is not at all clear that the ocean wouId 
have provided the shielding function of a trap. Laboratory traps are 
not usually exposed to long-wavelength ultraviolet light, which 
would be the case for the ocean, where W light would penetrate 
some tens of meters beneath the surface.22 Furthermore, ocean cur- 
rents periodically surface even the deep water, thus exposing its 
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organic contents to destructive ultraviolet light. Because of this it 
would seem that the ocean would have had much less in common 
with a trap than is usually suggested. 

The Concerto Effect 

Laboratory simulation experiments are usually carried out by 
employing one of various energy sources in isolation. This is a 
legitimate procedure since what is sought is the relative effect of 
each energy source. It is true, too, that the total effect is merely the 
sum of the effects of isolated energy sources. What often gets 
ignored, however, is that not only are the synthetic effects summed, 
but the destructive effects also. As we saw in Chapter 4, theseenergy 
sources act together or in concert in the natural situation, both in 
synthesis and destruction of organic compounds. One energy source 
destroys what another source produces. Destruction predominates! 

Protection from energy sources is not the only concern. Many 
laboratory experiments use carefully selected, highly purified, and 
often concentrated reactants in solutions isolated from other con- 
stituents of the soup mixture. The practice of using concentrated 
chemicals is based on the well-known "law of mass action," which 
simply states that the rate of a chemicaI reaction is proportional to 
the concentration of the reacting substances. In other words, if a 
chemical reaction occurs slowly indilute solution (viz., the primitive 
ocean), it will occur much more rapidly inconcentrated solution(viz., 
the investigator's flask). In this way, investigators seek to compress 
into manageable laboratory time chemical reactions that  normally 
would have taken millions of years.Za The reactions are not thereby 
altered, but only hastened. There is merit to this practice then, even 
if natural concentrating mechanisms were not effective on the early 
earth. Many other features of laboratory simulation techniques, 
however, are suspect when viewed against the backdrop of Chapter 
4. 

Isolated Reactants 

Practically all simulated ocean experiments reported in the scien- 
tific literature have been based on the assumption that if two or three 
chemicals react when isolated from the soup mixture, they will also 
react in  the same way in the presence of diverse chemicals in the 
soup. 
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This assumption is seen in part of a discussion that took place in 
the Proceedings of the First Conference on Origins of Life, heId in 
1967.24 AlexRich asked LesIie Orgel whether he or others had "tried 
what I have called Syntheses in the Whole: that is to  say, you have a 
spark discharge, a handful of sand, and lots of miscellaneous debris, 
and then you look for the production of cytosine, uracil, and so  on. "25 
Orgel responded: "This is the opposik of what we are trying to do. 
We believe you should learn the metics of each step, and when you 
think you understand it adequately, then try to put the thing 
together. We have not really gone to this later stage yet. We can get 
as far as purines quite easily. Sooner or later someone should do a 
giant experiment to try to do all the syntheses simultaneously, but I 
think it would be foolish to start that way."2B 

As we saw in Chapter 3, it is part of a general operating procedure 
to perform lab experiments which give some fair chance of disen- 
tangling the many individual reactions that would occur in  the soup, 
to provide a reasonable way ta discover reaction mechanisms and 
pathways. 
In spite of the fact that the procedure of isolating reactants is 

dmost universaILy used and assumed to be valid, for all practical 
purposes, this assumption is false in the genera1 case. It is false 
because it overlooks the synergism of multiple reactions, the Con- 
certo Effect. A mixture has a characteristic behavior of its own; it is 
not the simple sum of its individual c0mponents.2~ All components 
in a mixture have definite affinities for reacting with each other. 
Consequently, soup mixture reactions do not equal the sum of the 
ilzdiuiduat isolated reactions. This has been seen in a great deal of 
the discussion in Chapter 4 about destructive interactions in the 
soup, and the scavenging mechanisms that "sweep clean" water 
basins of essential organic compounds. To state the case in genera1 
terms, substance A might react with substance B when isolated from 
substances C, D, and E. When all these substances are mixed 
together, however, c o m p e ~ g  reactions can be envisioned which 
assure that virtually no product accumulates from the reaction 
between A and B. Also, the reaction between Aand B may begin asit 
would in isolation, only to be interrupted at some later step. Simula- 
tion experiments have thus produced some products which conceiv- 
ably would never occur in the primitive soup. 

To illustrate, consider whether freon (e.g., dichlorodifluorome- 
thane) ever existed on this planet before a chemist synthesized it in a 
laboratory earlier in this century. It was of course possible, and a few 
molecules conceivably formed sometime in terrestrial history. In the 
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practical sense, however, freon owes its existence to investigator 
intervention-the careful guidance of reactions down a specified 
chemical pathway. 

Furthermore, on a primitive earth many chemicals would have 
been present that are usually absent in primitive atmosphere exper- 
iments. For example, aldehydes including reducing sugars would 
have been present, but these are not identified as products in primi- 
tive atmosphere simulation experiments. As a result, destructive 
interactions with amino acids are obviated and amino acids 
accumulate.* 

This use of selected chemicals in simulation experiments is highly 
artificial, and creates a certain unrealism in our expectations of the 
early earth. In other words, when considering whether the ocean 
could have served as a trap, we must take into account the Concerto 
Effect, according to  which the interaction of matter and energy must 
be considered synergistically. 

Developing a Scale of Geochemical Plausibility 

On the basis of the discussion here and in Chapter 4, weinfer that 
the various simulation experiments can be ranked according to their 
geochemical plausibility (see fig. 6-1). We bemn with the experimen- 
tal reaction system of dilute solutions mixed together for a "synthe- 
sis in the whole" where t h e  Concerto Effect is operative. This should 
form the basement of the scale, indicating the greatest geochemical 
plausibility of the various experiments examined. Next, the use of 
more concentrated solutions where the law of mass action would 
apply by extrapolation is only slightly less plausible than "Synthe- 
sis in the Whole." 

Since i t  is conceivabIe that some as  yet undiscovered mechanism 
worked to maintain hydrogen sulfide concentrations in the atmo- 
sphere, and since that aIone would render photosensitization plau- 
sible, we place photosensitization next on the scale. It is certainly 
more plausible than using traps, for example, which would have 
required several gratuitous factors working simultaneously on the 

-- 

*If amino acids were formedin spark discharge experiments by the Skeckersynthesia 
(Chapter 3), then aldehydes would have been present. Aldehydes would have been 
consumed, however, through reactions with excess HCN. This interpretation is 
consistent with the fact that We major product in these experiments is formic acid, 
probably through the hydrolysis of BCN. The end resdt  js that in spark discharge 
experiments, amino acids can accumulate in the trap precisely because there a r e  no 
aldehydes left to react with them. 
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Special conatraintlr (coriditiond aa in synthesis of insulin 

Specific consfxaints (conditions) as in synthesis of freon or 
nylon 

8) Selected chemicals, isolated from other soup ingredients 

7) Selected wavelengths of UV, heat, isolated from otber energy 
sources 

6) Spark, shock waves, ieolated h m  other energy sourcea " 5) Concentrated solutions where reactions depend on concen- 
Cu 
0 

bated conditions (e.g., HCN polymerization) 

Threshold of ilkgitinaate interference 

t 2) Concentrated solutions where law of mass action is validly 
extrapolated 

+ 1) "Syntbeais in the Wholel': dilute rolutions mixed together 

Figwe 6-1. 
Geochemical plausibility scale for evaluating prebiotic simulation experiments. 
Experimental techniques (conditions) are arranged according to the degree o f  inves- 
tigator interference. At some point along the scale investigator involvement reachesa 
threshold, beyond which investigator interference i s  illegitimate. 

early earth. More implausible still are those experiments which 
depend on conditions of higher concentration of reacting substan- 
ces, e.g., HCN polperization experiments, since there is greater 
question as to the existence of natural concentrating mechanisms. 

Continuing up the scale, we come to spark and shock wave exper- 
iments, each used in isolation from other energy sources. We rank 
these experiments more implausible than those whose success is 
dependent on higher concentration of chemicaIs, because no con- 
ceivable natural means for isolating energy sources is known. Use of 
both heat and selected wavelengths of UV light is more implausible 
still. Not onIy is there the lack of means for isolating them from other 
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energy sources, but greater doubt arises about their geochemical 
plausibility. It may be argued that using energy in spark experi- 
ments several orders of magnitude greater than could have existed 
on the early earth merely "speeds up" the process. No comparable 
argument applies for heat. For example, increasing temperature to 
1000°C not only accelerates reaction rates, but destroys organic 
products. In the case of ultravioIet light, there is no natural filter 
known that would justify use of selected wavelengths (i.e.,< 2000 A) 
of light while excluding the longer wavelengths more destructive to 
some essential organic compounds. 

FinaIly, to indicate greatest geochemical implausibility, we put 
experiments using selected chemicals, isolated from other soup 
ingredients, at the top of the scale. I t  is difficult to tell whether use of 
selected wavelengths of UVis more plausible than the use ofisolated 
chemicaIs. In any case, we believe both are very implausible condi- 
tions. It does seem fairly clear that experiments number 1 and 2 are 
definitely acceptable prebiotic experiments, 3-6 probably unaccept- 
able, and 7 and 8 definitely unacceptable. 

Determining Acceptable Investigator InvoIvement 

When does experimenter interference become illegitimate? As 
basic as this question is to the discussion of simulation experiments, 
it is very seldom mentioned as a problem. (A happy exception is 
Orgel and Lohrmann.28) Even when it is recognized, as with the use 
of high temperature and exotic chemicals, the discussion proceeds 
without any agreed-on criterion about what constitutes a legitimate 
simulation experiment. As a result, the discussion is surrounded by 
controversy. Throughout Chapter 4 we saw data showing that a 
wide discrepancy exists between plausible geochemical conditions 
and the conditions used in prebiotic simulation experiments. It is too 
radical to suggest that such experiments are without value. Their 
true value i s  difficult to assess, however. 

Since all experiments are performed by an experimenter, they 
must involve investigator interuention. Yet experiments must be 
disqualified as prebiotic simulations when a certain class ofinvesti- 
gator illfluenee is  crucial to their success. This is seen by analogy to 
the generally held requirement that  no outside or supernatural 
agency was allowed to enter nature a t  the time of life's origin, was 
crucial to it, and then withdrew from history.29 We can apply this 
principle through a careful extension of the analogy- Intheprepara- 
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tion of a prebiotic simulation experiment, the investigator creates 
the setting, supplies the aqueous medium, the energy, the chemicals, 
and establishes the boundary conditions. This activity produces the 
general background conditions for the experiment, and while it is 
crucial to the success of theexperiment, it is quiklegitirnate because 
it simulates plausible early earth conditions. The interference of the 
investigator becomes crucial in an illegitimate sense, however, 
wherever laboratory conditions are no t  warranted by analogy to 
reliably plausible features of the early earth itself. 

Thus the illegitimate intervention of the investigator is directly 
proportional to the geochemical implausibility of the condition aris- 
ing from experimental design and/or the investigator's procedure, 
theillegitimate interference being greatest when such plausibility is 
missing altogether. 

With thisin mind, it seems reasonable to suggest that permissible 
interference by the investigator would include developing plausible 
design features of the experiment, adjusting the initial reaction 
mixture, beginning the input of free energy to drive the reaction at 
the outset, and performing whatever minimal disturbance to the 
systemis necessary to withdraw portions of the reaction products a t  
various stages for analysis. 

Usually, in laboratory experiments, an experimenter employs a 
host of manipulative interventions in an effort to guide natural 
processes down specific nonrandom chemical pathways. In other 
words i t  is the character ofthe constraint that determines the result. 
In some chemical syntheses, for example, it may be necessary to 
combine reactant sin a particular order, or vary the rates of addition 
in order to control temperature, to adjust pH at a crucial color 
change, to remove products of reaction after ten minutes instead of 
twenty minutes, etc., etc. Such manipulations are the hallmark of 
intelligent, exogenous interference and should not be employed in 
any prebiotic experiment. 

The arrangement of experimental techniques (conditions) in fig. 
6-1 represents a scale or continuum of investigator interference. At 
some point on the scale, a degree of implausibility is reached where 
the experiment can no longer be considered acceptable. Beyond that 
point, there is no analogy between the techniques and reliably pIau- 
sible prebiotic conditions. The experimenter who deviates from 
plausible conditions is like an actor who has forgotten his lines and 
begins to ad-lib. Such techniques constitute illegitimate interfer- 
ence, and cannot be given the same status as those lying within the 
threshold of accept ability. 
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In light of our study, we draw the line of legitimate interference 
between 2 and 3, i.e., between experiments using concentratedchem- 
icals where the Jaw of mass action is validly extrapolated and exper- 
iments using photosensitization. Both the relative ordering and the 
drawing of the line of acceptable interference are tentative. The 
principal purpose in presenting this scale, however, is to emphasize 
how important i t  is that a criterion for experiment acceptability be 
established. 

Summary and Conclusion 

Summarizing the above discussion it is our view that for each of 
the experimental techniques (conditions) listed as being above the 
line of crucial but acceptable interference, the investigator has 
played a highly significant but illemtimate role in experimental 
success. Brooks and Shaw have commented on this after areview of 
abiotic experiments: 

These experiments ... claim abiotic synthesis forwhat has in fact been produced 
and designed by highly intelligent and very much biotic man.3o 

In other words, for each of the unacceptable experimental tech- 
niques, the investigator has established experimental constraints, 
imposing intelligent influence upon a supposedly "prebiotic earth." 
Where this informative intervention of the investigator is ignored, 
the illusion of prebiotic simulation is fostered. This unfortunate 
state of affairs will continue until the community of origin-of-life 
researchers agree on criteria for experiment acceptability. 

If the techniques representing investigator interference are to be 
afforded the status of valid simulation, the burden must remain with 
the investigators to demonstrate their plausibility. This is notbing 
more than the demand of good science. 
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CHAPTER 7 

It is widely held that in the physical sciences the laws of thermo- 
dynamics have had a unifying effect similar to that of the theory of 
evolution in the biological sciences. What is intriguing is that the 
predictions of one seem to contradict the predictions of the other. The 
second law of thermodynamics suggests a progression from order to 
disorder, fiom cornpleldty t o  simplicity, in  the physical universe. Yet 
biologicd evolution involves a hierarchical progression to increas- 
ingly complex forms of living s ys terns, seemingly in contradiction to 
the second Iaw of thermodynamics. Whether this discrepancy 
between the two theoriesis only apparent or real is thequestion to  be 
considered in the next three chapters. The controversy which is 
evident in an article published in the American Scientist1 along 
with the replies it provoked demonstrates the question is still a 
timely one. 

The fist Law of Thermodynamics 

~ e r m o d y n a m i c s  is an exact science which deals with energy. Our 
world seethes with transformations of matter and energy. Be these 
mechanical or chemical, the first law of thermodynamics-the prin- 
ciple of the Conservation of Energy-tells us that the total energy of 
the universe or any isolated part of it will be the same after any such 
transformation as it was before. A major park of the science of 
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thermodynamics is accounting-giving an account of the energy of 
a system that has undergone some sort of transformation. Thus, we 
derive from the first law of thermodynamics that  the change in the 
energy of a system (AE) is equal to the work done on (or by) the 
system (AW) and the heat flow into (or out of ) the system (AQ). 
Mechanical work and energy are interchangeable, i.e., energy may 
be converted into mechanical work as in a steam engine, or mechan- 
ical work can be converted into energy as in the heating of a cannon 
which occurs as its barrel is bored. In mathematical terms (where the 
terms are as previously defined): 

The Second Law of Thermodynamics 

The second law of thermodynamics describes the flow of energy in 
nature in processes which areirreversible. The physical significance 
of the second Iaw of thermodynamics is that the energy flow in such 
processes is always toward a more uniform distribution of the 
energy of the universe. Anyone who has had to pay utility bills for 
long has become aware that too much of the warm air in &a or her 
home during winter escapes to  the outside. This flow of energy from 
the house to the cold outside in winter, or the flow of energy from the 
hot outdoors into the air-conditioned home in the summer, is a pro- 
cess described by the second law of thermodynamics. The burning of 
gasoline, converting energy-"rich" compounds (hydrocarbons) into 
energy-"lean" compounds, carbon dioxide (C01) and water (&O), is 
a second illustration of this principle. 

The concept of entropy (S) gives us a more quantitative way to 
describe the tendency for energy to flow in a parhcular direction. The 
entropy change for a system is definedmathematically as the flow of 
energy divided by the temperature, or 

where A S  is the changein entropy, AQ is tbe heat flow into or out of a 
system, and T is the absolute temperature in degrees Kelvin (K).* 

*For a reversible flow of energy such as occurs under equilibrium conditions, fie 
equabty sign applies. For irreversible energy flow, the inequality applies. 
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A Driving Force 

If we consider heat flow from a warm house to the outdoors on a 
cold winter night, we may apply equation 7-2 as follows: 

where A& is the total entropy change associated with this irreversi- 
ble heat flow, TI is the temperature inside the house, and TI is  the 
temperature outdoors. The negative sign of the first t e rn  notes loss 
of heat from the house, while the positive sign on the second term 
recognizes heat gained by the outdoors. Since it is warmer in the 
house than outdoors (TI > Tr), the total entropy will increase (asr > 
0) as a result of this heat flow. If we turn off the heater in the house, it 
will gradually cool until the temperature approaches that of the 
outdoors, i.e., TI = Tz. When this occurs, the entropy change (AS) 
associated with heat flow (A$) goes to zero. Since there is no further 
driving force for heat flow to the outdoors, it ceases; equilibrium 
conditions have been established. 

As this simple example shows, energy flow occurs in a direction 
that causes the total energy to  be more uniformly distributed. If we 
think about it, we can also see that the entropy increase associated 
with such energy flow is proportiona1 to the driving force for such 
energy flow to occur. The second law of thermodynamics says that 
the entropy of the universe (or any isolated system therein) is 
increasing; i.e., the energy of the universe is becoming more uni- 
formly distributed. 

It is often noted that the second law indicates that nature tends to 
go from order to disorder, from cornpIexit-y to simplicity. If the most 
random arrangement of energy is a uniform distribution, then the 
Present arrangement of the energy in the universe is nonrandom, 
since some matter is very rich in chemical energy, some in thermal 
energy, etc., and other matter is verypoor in these kinds of energy. In 
a similar way,  the arrangements of mass in the universe tend to go 
&om order to disorder due to the random motion on an atomic scale 
Produced by thermal energy. The diffusional processes in the solid, 
liquid, or gaseous states are examples of increasing entropy due to 
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random atomic movements. Thus, increasing entropy in a system 
corresponds to increasingly random arrangements of mass and/or 
energy. 

Entropy and Probability 

There is another way to view entropy. T h e  entropy of a system is a 
measure of the probability of a given arrangement of mass and 
energy withinit. Astatistical thermodynamic approach can be used 
to further quantify the system entropy. High entropy corresponds to 
high probability. As a random arrangement is highly probable, it 
would also be characterized by a large entropy. On the otherhand, a 
highly ordered arrangement, being less probable, would represent a 
lower entropy configuration. The second law would tell us then that 
events which increase the entropy of the system require a change 
from more order t o  less order, or from less-random states to  more 
random states. We will find this concept helpful in Chapter 9 when 
we analyze condensation reactions for DNA and protein. 

Clausius2, who formulated the second law of thermodynamics, 
summarizes the laws of thermodynamics in his famous concise 
statement: "The energy of the universe is constant; the entropy of 
the universe tends toward a maximum." The universe moves from 
its less probable current arrangement (low entropy) toward its most 
probable arrangement in which the energy of the universe will be 
more uniformly distributed. 

Life and the Second Law of Thermodynamics 

How does a11 of this relate to chemical evolution? Since the impor- 
tant macromolecules of living systems (DNA, protein, etc.) are more 
energy rich than their precursors (amino acids, heterocyclic bases, 
phosphates, and sugars), classical thermodynamics would prehct 
that such macromolecules will not spontaneously form. 

Roger Caillois has recently drawn this conclusion in saying, 
"Clausius and Darwin cannot both be right."3 This prediction of 
classical thermodynamics has, however, merely set the stage for 
refined efforts to understand life's origin. Harold Morowitz4 and 
others have suggested that the earthis not anisolated system, since 
it is open to energy flow from the sun. Nevertheless, one cannot 
simpIy dismiss the problem of the orign of organization and com- 
plexity in biological systems by a vague appeal to open-system, 
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non-equiIibriurn thermodynamics. The mechanisms responsible for 
the emergence and maintenance of coherent (organized) states must 
be defined. To clarify the role of mass and energy flow through a 
system as apossible solution to this problem, we will look in turn at 
the thermodynamics of {I) an isolated system, (2) a closed system, 
and (3) an open system. We will then discuss the application of 
open-system thermodynamics to living systems. In Chapter 8 we 
will apply the thermodynamic concepts presented in this chapter to 
the prebiotic synthesis of DNA and protein. In Chapter 9 this theo- 
retical analysis will be used to interpret the various prebiotic syn- 
thesis experiments for DNA and protein, suggesting a physical 
basis for the uniform lack of success in synthesizing these crucid 
components for living cells. 

Isolated Systems 

An isolated system is one in which neither mass nor energy flows 
in or out. To illustrate such a system, think of a perfectly insulated 
thermos bottle (no heat loss) filled initially with hot tea and ice 
cubes. The total energy in this isolated system remains constant but 
the distribution of the energy changes with time. The ice melts and 
the energy becomes more uniformly distributed in the system. The 
initial distribution of energy into hot regions (the tea) and cold 
regions (the ice) is an ordered, nonrandom arrangement of energy, 
one s o t  likely to  be maintained for very long. By our previous defini- 
tion then, we may say that the entropy of the system is initially low 
but gradually increases with time. Furthermore, the second law of 
thermodynamics says the entropy of the system will continue to 
increase until it attains some maximum value, which corresponds to 
the most probable state for the system, usually called equilibrium. 

In summary, isolated systems always maintain constant total 
energy while tending toward maximum entropy, or disorder. In 
mathematical terms 

(isolated system) 
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where AE and aS are the changes in t h e  system energy and system 
entropy respectively, for a time interval At. Clearly the emergence of 
order of any klnd in an isolated system is not possible. The second 
law of thermodynamics says that anisolated aystem always moves 
in the direction of maximum entropy and, therefore, disorder. 

It should be noted that the process just described is irreversible in 
the sense that once the ice is melted, it will not reform in the thermos. 
As a matter of fact, natural decay and the general tendency toward 
greater &order are so universal that the second law of thermo- 
dynamics has been appropriately dubbed "time's arrow."5 

Closed Systems near Equilibrium 

A closed system is one in which the exchange of energy with the 
outside world is permitted but the exchange of mass is not. Along the 
boundary between the closed system and the surroundings, the 
temperature may be different from the system temperature, allowing 
energy flow into or out of the system as it moves towardequilibrium. 
Tf the temperature along the boundary is variable (in position butnot 
time), then energy will flow through the system, maintaining it some 
distance from equilibrium. We will discuss closed systems near 
equilibrium first, followed by a discussion of closed systems removed 
from equilibrium next. 

If we combine the first and second laws as expressed in equations 
7-1 and 7-2 and replace the mechanical work term W by -P AV*, 
where P is pressure and aV is volume change, we obtain 

I 

Algebraic manipulation gives 

where AG = nE 4- PaV - TAS 
The term on the left side o f  the inequality in equation 7-6 is calIed the 
change in the Gibbs free energy (AG). It may be thought of as a 

*Volume expansion (AV > 0) corresponds to the system doing work, and therefore 
losingenergy. Volume contraction (AV < 0) corresponds to work being done on the 
System. 
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thermodynamic potential which describes the tendency of a system 
to change-e-g., the tendency for phase changes, heat conduction, 
etc. to occur. If a reaction occurs spontaneously, it is because it 
brings a decrease in the Gib bs free energy (AG< 0). This requirement 
is equivalent to the requirement that the entropy of the universe 
increase. Thus, like an increase in entropy, a decrease in Gibbs free 
energy simply means that a system and its surroundings are chang- 
ing in such a way that the energy of the universe is becoming more 
uniformly distributed. 

We may summarize then by noting that the second law of thermo- 
dynamics requires 

AG - (cloaed system) 
A t  GO 

where At  indicates the time period during which the Gibbs free 
energy changed. 

The approach to equilibrium is characterized by 

AG - -0 (closed system) 
O t 

The physical significance of equation 7-7 can be understood by 
rewriting equations 7-6 and 7-7 in the following form: 

(7-9) 
At  

or 

and noting that the first term represents the entropy change due to 
processes going on within the system and the second term represents 
the entropy change due to  exchange of mechanical andlor thermal. 
energy with the surroundings. This simply guarantees that the sum 
of the entropy change in the system and the entropy change in the 
surroundings will be greater than zero; i.e., the entropy of the mi- 
verse must increase. For the isolated system, AE + PAV = 0 and 
equation 7-9 reduces to equation 7-4. 

A simple illustration of this principle is seen in phase changes 
such as water transforming into ice. As ice forms, energy (80 c a b  
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ries/gm) is Iiberated to the surrounding. The change in the entropy 
o f  the system as the amorphous water becomes crystaIline ice is 
-0.293 entropy units (eu)/degree Kelvin (K). The entropy change is 
negative because the thermal and c ~ ~ g u r a t i o n *  entropy (or dis- 
order) of water is greater than that of ice, which is a highly ordered 
crystal. Thus, the thermodynamic conditions under which water 
will transform to ice are seen from equation 7-9 to be: 

For condition of T < 273K energy is removed f?om water to pro- 
duce ice, and the aggregate disordering of the surroundings is 
greater than the ordering of the water into ice crystals. This gives a 
net increase in the entropy of the universe, as predicted by the second 
law of thermodynamics. 

It has often been argued by analogy to water crystallizing to ice 
that simple monomers may polymerizeinto complex molecules such 
as protein and DNA. The analogy is clearly inappropriate, however. 
The AE + PAV term (equation 7-9) in the polymerization of impor- 
tant organic molecules is generdly positive (5 to 8 kcal/rnole), indi- 
cating the reaction can never spontaneously occur at or near equili- 
brium.? B y  contrast the AE + PaV term in water changing to ice is a 
negative, -1.44 kcal/mole, indicating the phase change is spontane- 
ous as long as T < 273K, as previously noted. The atomic bonding 
forces draw water moIecules into an orderly crystalline array when 
the thermal agitation (or entropy driving force, T A S) is made 
suf-hziently s m d  by lowering the temperature. Organic monomers 
such as amino acids resist combining at all at any temperature, 
however, much less in some orderly arrangement. 

Morowitzs has estimated the increase in the chemical bonding 
energy as one forms the bacterium Escherichia coli from simple 
precursors to be 0.0095 erg, or an average of 0.27 ev/atom for the 2 x 

*Co~gurational entropy measures randomnessinthe distribution of matterin much 
the same way that thermal entropy measures randomnces in the dimbution of 
energy. 
fZf AE + PAV is positive, the entropy term in eq, 7-9 must be negative due to the 
negative sign which preceeds it. The inequality can only be satisfied by AS being 
suEciently positive, which impliee disordering. 
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atoms in a single bacterial cell. This would be thermodynami- 
cally equivaIent to having water in your bathtub spontaneousIy 
heat up to 360°C, happily a most unlikely event. He goes on to 
estimate the probability of the spontaneous formation of one such 
backium in the entire universe in five billion years under equili- 
brium conditions to be 10-10''. Morowitz summaizes the signifi- 
cance of this result by saying that "if equilibrium processes alone 
were at work, the largest possible fluctuation in the history of the 
universe i s  Likely to have been no longer than a small peptide."T 
Nobel Laureate I. Prigogine et aI., have noted with reference to the 
same problem that: 

The probability that at ordinary temperatures a macroscopic number of mole 
cules is aasembled to give rise to the highly ordered structures and to the 
coordinated functions characterizing living organisms is vanishingly small. 
The idea of spontaneous geneaia of l ife in ita present form is therefore lughly 
improbable, even on the scaIe of billions of years during which prebiotic evolu- 
tion occurred.8 

It seems safe to conclude that systems near equilibrium (whether 
isolated or dosed) can never produce the degree of complexity intrin- 
sic in Living systems. Lnstead, they will move spontaneously toward 
maximizing entropy, or randomness. Even the postulate of long time 
periods does not solve the problem, as "time's arrow" (the second law 
of thermodynamics) points in the wrong direction; i.e., toward equi- 
Iibrium. In this regard, H.F. Blum has observed: 

The second law of  thermodynamics would have been a dominant directing 
Eactor in this case [of chemical evolution]; the reactions involved tending 
always toward equilibrium, that is, toward less free energy, and, in aninclusive 
sense, greater entropy. From this point of view the lavish amount of time 
available should only have provided opportunity for movement in thedirection 
of eqilibrium.Q (Emphasis added.) 

Thus, reversing "time's arrow" is what chemical evoIution is a11 
about, and this will not occur ia isolated or closed systems near 
equilibrium. 
The possibilities are potentidly more promising, however, if one 

considers a system subjected to energy flow which may maintain it 
fax from equilibrium, and its associated disorder. Such a system is 
said to be a constrained system, in contrast to a system at or near 
equilibrium which is unconstrained. The possibilities for orderingin 
such a system will be considered next. 
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Closed Systems Far from Equilibrium 

Energy flow through a system is the equivaIent to doing work 
continuously on the system to  maintain it some distance from equil- 
ibrium. Nicolis and Prigoginelo have suggested that the entropy 
change (AS) in a system for a time interval (At) may be divided into 
two components. 

where AS,isthe entropy flux due to energy flow through the system, 
and ASj is the entropy production inside the system due ta irreversi- 
ble processes such as diffusion, heat conduction, heat production, 
and chemical reactions. We d l  note when we discuss open sys terns 
in the next section that ASE includes t h e  entropy flux due to mass 
flow through the system as weI1.The second law of thermodynamics 
requires 

In an isolated system, AS, = 0 and equations 7-11 and 7-12 give 

Unlike ASi, AS, in a dosed system does not have a definite sign, 
but depends entirely on the boundary constraints imposed on the 
system. The tofaIentropy change in the system can be negative (i.e., 
ordering within system) when 

AS, G 0 and 1 ASe 1 > ASi (7-14) 

Under such conditions a state that wodd  normally be highly 
improbable under equilibrium conditions can be maintained indefi- 
nitely. It would be highly unlikely (i.e., statistically just short of 
impossible) for a disconnected water heater to produce hot water. Yet 
when the gas is connected and the burner lit, the system is con- 
strained by energy flow and hot water is produced and maintained 
indefinitely as long as energy flows through the system. 
An open system offers an additional possibility for ordering-that 

of maintaininga system far from equilibrium viamass flow through 
the system, as will be discussed in the next section. 
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Open Systems 

An open system is one which exchanges both energy and mass 
with the surroundings. It is well illustrated by the familiar internal 
combustion engine. Gasoline and oxygen are passed through the 
system, combusted, and then released as carbon dioxide and water. 
The energy released by this mass flow through the system is con- 
verted into useful work; namely, torque supplied to the wheels of the 
automobile. A coupling mechanism is necessary, however, to allow 
the released energy to be converted into a particular kind of work. In 
an analagous way the dissipative (or disordering) processes (AS$ 
within an open system can be offset by a steady supply of energy to 
provide for ASe type work. Equation 7-11, applied earlier to closed 
systems fax from equilibrium, may also be applied to open systems. 
In this case, the ASe term represents the negative entropy, or organ- 
izing work done on the system as a result of both energy and mass 
flow through t h e  system. This work done to the system can move it 
far from equilibrium, maintaining it there as Iong as the mass 
and/or energy flow are not interrupted. This is an essential charac- 
teristic of Iiving systems as will be seen in what follows. 

Thermodynamics of Living Systems 

Living systems are composed of compIex molecular configura- 
tions whose total bonding energy is less negative than that of their 
chemical precursors(e.g., Morowitz's estimate ofnE = 0.27 ev/a.tom) 
and whose thermal and configurational. entropies are also less than 
that of their chemical precursors. Thus, the Gibbs free energy of 
living systems (see equation 7-6) is quite high relative to the sirnpIe 
compounds from which they are formed. The forma tion and mainten- 
ance of living systems at energy levels well removed from equili- 
brium requires continuous work to  be done on the system, even as 
maintenance of hot water in a water heater requires that continuous 
work be done on the system. Securing this contiauous work requires 
energy and/or mass flow through t h e  system, apart from which the 
system will return to an equilibrium condition (lowest Gibbs free 
energy, see equations 7-7 and 7-8) with the decomposition of complex 
molecules into simple ones, just as the hot water in our water heater 
returns to room temperature once the gas is shut off. 

In Iiving plants, the energy flow through the system is supplied 
~rincipally by solar radiation. In fact, leaves provide relatively large 
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surface areas per unit volume for most plants, allowing them to 
"capture" the necessary solar energy to maintain themselves far 
from equilibrium. This solar energy is converted into the necessary 
useful work (negative ASe in equation 7-11) to maintain the plant in 
its complex, high-energy configuration by a complicated process 
called photosynthesis. Mass, such a s  water and carbon dioxide, also 
flows through plants, providing necessary raw materials, but not 
energy. In collecting and storing useful energy, plants serve the 
entire biological world. 

For animals, energy fl ow through the system is provided by eating 
high energy biomass, either pIant or animal. The breaking down of 
this energy-rich biomass, and the subsequent oxidation of part of it 
(e-g., carbohydrates), provides a continuous source of energy as well 
as raw materials. If plants are deprived of sunlight or animals of 
food, dissipation within the system will surely bring death. Mainte- 
nance of the complex, high-energy condition associated with Me is 
not possible apart from a continuous source of energy. A source of 
energy alone is not sufficient, however, to  explain the origin or 
maintenance of living systems. The additional crucial factor i s  a 
means of converting this energy into the necessary useful work to 
build and maintain complex living systems from the simple bi* 
monomers that constitute their molecular building blocks. 

An automobile with an internal combustion engine, transmission, 
and drive chain provides the necessary mechanism for converting 
the energy in gasoline into comfortable transportation. Without 
such an "energy converter,'' however, obtaining transportation 
from gasoline would be impossible. In a similar way, food would do 
little for a man whose stomach, intestines, liver, or pancreas were 
removed. Without these, he would surely die even though he con- 
tinued to eat. Apart from a mechanism to  couple the available 
energy to the necessary work, highenergy biomass is insufficient to 
sustain a living system far from equilibrium. In the case of living 
systems such a coupling mechanism channels the energy aIong 
specific chemical pathways to accomplish a very specific type of 
work. We therefore conclude that, Dven the availability of energy 
and an appropriate coupling mechanism, the maintenance of a liv- 
ing system far from equilibrium presents no thermodynamic 
problems. 

In mathematical formalism, these concepts may be summarized 
BS follows: 

(1) The second law of thermodynamics requires only that the 
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entropy production due to irreversible processes within the 
system be greater than zero; i.e., 

(2) The maintenance of living systems requires that the energy 
flow through the system be of sufficient magnitude that the 
negative entropy production rate (i.e., useful work rate) that 
results be greater than the rate of dissipation that results from 
irreversible processes going on within the systems; i-e., 

(3) The negative entropy generation must be coupled into the 
system in such a way that the resultant work done is directed 
toward restoration of the system from the disintegration that 
occurs naturally and is described by the second law of ther- 
modynamics; i-e., 

where ASe and AS, refer not only to the magnitude of entropy 
change but also to the specific changesthat occur in the system 
associated with this change in entropy. The coupling must 
produce not just any kind of ordering but the specific kind 
required by the system. 

While the maintenance of living systems is easily rationalized in 
terms of thermodynamics, the origin of such living systems is quite 
another matter. Though the earth is open to energy flow from the 
sun, the means of converting this energy into the necessary work to 
build up living systems from simple precursors remains a t  present 
unspecified (see equation 7-17). The "evolution" from biomonomers 
to fully functioning cells is the issue. Can one make the incredible 
jump in energy and organization from raw material and raw energy, 
apart from some means of directing the energy flow through the 
system? In Chapters 8 and 9 we wilI consider this question, limiting 
our discussion to two small but crucia1 steps in the proposed evolu- 
tionary scheme namely, the formation of protein and DNA from 
their precursors. 

I t  is widely ameed that both protein and DNA are essential for 
living systems and indispensable components of every Living cell 
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t0day.l Yet they are only produced by living cells. Both types of 
molecules are much more energy and information rich than the 
biomonomers from which they form. Can one reasonably predict 
their occurrence given the necessary biomonomers and an energy 
source? Has this been verified experimentally? These questions will 
be considered in Chapters 8 and 9. 
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Thermodynamics 
and the 
Origin of Life 

Peter Molton has defined life as "regions of order which use energy 
to maintain their organization against the disruptive force of 
entropy."l In Chapter 7 it has been shown that energy and/or maea 
flow through a sys tern can constrain it far from equilibrium, resrzltc 
ingin an increase in order. Thus, it is thermodynamically possible to 
develop complex living forms, assuming the energy flow through the 
system can somehow be effectivein organizing the simple chemids 
into the complex arrangements associated with life. 
In existing living systems, the coupling of the energy flow to the 

organizing "work" occurs through the metabolic motor of DNA, 
enzymes, etc. This is analogous t o  an automobile converting the 
chemical energy in gasoline into mechanical torque on the wheels. 
We can give a thermodynamic account of how Me's metaboIic motor 
works. The origin of the metabolic motor (DNA, enzymes, ek.) itself, 
however, is more difficult to explain thermodynamically, since a 
mechanism of coupling the energy flow to the organizing work is 
unknown for prebiological systems. Nicolis and Prigog3ne summar- 
ize the problem in this way; 

Needless to say, these simple remarks cannot suffice to solve the  problem of 
biological order. One would likenot o d y  toeshblishthatthe secondlaw (dS13 
0) is compatible with a decrease in overall entrap y (dS < 01, but also to indicate 
the mechanisms responsible for the emergence md maintenance of coherent 
atates.2 
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Without a doubt, the atoms and molecules which comprise living 
cells individually obey the laws of chemistry and physics, including 
the laws of thermodynamics. The enigma is the origin of so unlikely 
an organization of these atoms and molecules. The electronic com- 
puter provides a striking analogy to the living cell. Each component 
in a computer obeys the laws of electronics and mechanics. The key 
to  the computer's marvel lies, however, in the highly unlikely organ- 
ization of the parts which harness the laws of electronics and 
mechanics. In the computer, this organization was specially arranged 
by the designers and builders and continues to operate (with occa- 
sional frustrating lapses) through the periodic maintenance of ser- 
vice engineers. 

Living systems have even greater organization. The problem 
then, that molecular biologists and theoretical physicists are ad- 
dressing, is how the organization of living systems could have 
arisen spontaneously. Prigogine et al., have noted: 

All theee features bring the scientist a wealth of new problems. Ln the 6 r ~ t  
place, one has systems that have evolved spontaneously to extremely organ- 
ized and complex forms. Coherent behavior is really the characteristic feature 
of biological systern~.~ 

In this chapter we will consider only the probIem of the origin of 
living systems. Specifically, we will discuss the arduous task of 
using simple biomonomers to  construct complex polymers such as 
DNA and protein by means of thermal, electrical, chemical, or solar 
energy. We will first specify the nature and magnitude of the 
"work"* to be done in building DNA and enzymes. In Chapter 9 we 
will describe the various theoretical models which attempt to 
explain how the undirected flow of energy through simple chemicals 
can accomplish the work necessary to produce complex polyxners. 
Then we will r e ~ e w  the experimental studies that have been con- 
ducted to test these models. finally we will summarize the current 
understanding of this subject. 

How can we specify in a more precise way the work to be done by 
energy flow through the system to synthesizeDNAand protein from 
simple biomonomers? Wbile the origin of living systems involves 

*"Work in physics normaIly refers to force times displacement. In this chapter it 
refers in a more general way to the change in Gibbs free energy of the system that 
accompanies the polymerization of monomers inta polymers. 
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more than the genesis of enzymes and DNA, these components are 
essential t.a any system if replication is to occur. I t  is generally 
agreed that natural selection can act only on systems capable of 
replication. This being the case, the formation of a DNAfenzyne 
system by processes other than natural selection is a necessary 
(though not sufficient) part of a naturalistic explanation for the 
origin of life.* 

Order vs. Complexity in the Question of Information 

OnIy recently has it been appreciated that the distinguishing 
feature of living systems is complexity rather than order.4 This 
distinction has come f rom the observation that the essential ingre- 
dients for a replicating system-enzymes and nucleic acids-are dl 
information-bearing molecules. In contrast, consider crystaIs. They 
are very orderly, spatially periodic arrangements of atoms (or moIe- 
cules) but they carry very little information. Nylon is another exam- 
ple of an. orderly, periodic polymer (a polyamide) which carries little 
information. Nucleic acids and protein are aperiodic poIymers, and 
this aperiodicity is what makes them able to carry much more 
information. By definition then, aperiodic structure has order. An 
aperiodic structure has complexity. In terms of information, periodic 
polymers (like nylon) and crystals are analogous to a bookin which 
the same sentence is repeated throughout. The arrangement of "let- 
ters" in the book is highly ordered, but the book contains Iittle 
information since the information presented-the single word or 
sentence-is highly redundant. 

It should be noted that aperiodic polypeptides or polynucleotides 
do not necessarily represent meaningful information or biologically 
useful functions. A random arrangement of letters in a book is 
aperiodic but contains little if any useful information since it is 
devoid of meaning.? Only certain sequences of letters correspond to 
sentences, and only certain sequences of sentences correspond to 
paragraphs, etc. In the same way only certain sequences of amino 
acids in polypeptides and bases along polyrlucIeotide chains corxes- 

*A sufficient explanation for the origin of life would also require a model for the 
formation o f  other critical cellular components, including memhranea, and their 
assembly. 

W.P. Yockey, pereonal communication, 9/29/82. Meaning is extraneous to the 
sequence, arbitrary, and depends on some symbol convention. For example, the word 
"gift," which in English means a present and in German poison, in French is 
meaningless. 
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pond to  useful biological functions. Thus, informational macro- 
molecules may be described as being aperiodic and in a specified 
seq~ence.~ Orgel notes: 

Jiving organisms are distinguished by their specified complexity. Crystals 
such as granite fail to qualify as living because they lack complexity; mixtures 
of random polymers fail to qualib because they lack spe~if icity.~ 

Three sets of letter arrangements show nicely the difference between 
order and complexity in relation to information: 

1. An ordered (periodic) and therefore specified arrangement: 

THE END THE END THE END THEEND* 

Example: Nylon, or a crystal. 

2. A complex (aperiodic) unspecified arrangement: 

AGDCBFE GBCAFED ACEDFBG 

Example: Random polymers (polypeptides). 

3. A complex (aperiodic) specified arrangement 

THIS SEQUENCE OF LETTERS CONTAINS A mSSAGE? 

Example: DNA, protein. 

Yockey7 and Wickens8 develop the same distinction, explaining 
that "order" is a statistical concept referring tm regularity such as 
might characterize a series of digits in a number, or the ions of an 
inorganic crystal. On the other hand, "organization" refers to phys- 
ical systems and the specific set of spatio-temporal and functional 
relationships among their parts. Yockey and Wickens note that 
informational macromolecules have a low degree of order but a high 
degree of specified complexity. In short, the redundant order of 

*Here we use "THE END" even though there is no reason ta suspect that nylon or a 
crystal would cany even this much information. Our point, of course, is that even i£ 
they did, the bit of information would be drowned in a sea of redundancy. 
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crystals cannot give rise to specified compIexity of the kind or mag- 
nitude found in biological organization; attempts to relate the two 
have little future. 

Information and Entropy 

There is a genera1 rela tionship between informa tion and entropy. 
This is fortunate because it allows an analysis to be developed in the 
formalism of classical thermodynamics, giving us a powerful too1 
for calculating the work to be done by energy flow through the 
system to synthesize protein and DNA (if indeed energy flow is 
capable of producing information). The information content in a 
given sequence of units, be they digits in a number, letters in a 
sentence, or amino acids in  a poI ypeptide or protein, depends on the 
minimum number of instructions needed to specify or describe the 
structure. Many instructions are needed ta specify a complex, 
information-bearing structure such as DNA. Only a few instructions 
are needed to specify an ordered structure such as a crystal. In this 
case we have a description of the initial sequence or unit arrange 
ment which is then repeated ad infiniturn according to the packing 
instructions. 

Orgel9 illustrates the concept in the following way. To describe a 
crystal, one would need only to specify the substance to be used and 
the way in which the molecules were to be packed together. A couple 
of sentences wouldsuffice, followed by theinstructions "and keep on 
doing the same," since the packing sequence in a crystal is regdar. 
The description wouId be about as brief as specif~ng a DNA-like 
polynucleotide with a random sequence. Here one would need only to 
specjfy the proportions of the four nucleotides in the final product, 
along with instructions to assemble them randomly. The chemist 
could then make the polymer with the proper composition but with a 
random sequence. 

It would be quite impossible to produce a correspondingly simpIe 
set of instructions that wodd enable a chemist to synthesize the 
DNA of anE. coli bacterium. In this case the seqwnce matters. OnIy 
by specifying the sequence letter-by-letter (about 4,000,000 instrue 
tions) could we tell a chemist what to  make. Our instructions would 
occupy not a few short sentences, but a large book instead! 
BrilIo~in,~OSchrodinger,~ and others12 have developed both qual- 

itative and quantitative relationships between information and 
entropy. Brillouinl3 states that the entsopy of a system is givm by 
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where S is the entropy of the system, kis Boltzmann's constant, and 
corresponds to the number of ways the energy and mass in a 

system may be arranged. 
We will use S r h  and S, to refer to the thermal and configurational 

entropies, respectively. Thermal entropy, Sr i-,, is associated with the 
distribution of energy in the system. Configurational entropy Sc is 
concerned only with the arrangement of mass in the system, and, for 
our purposes, we shall be especially interested in the sequencing of 
amino acids in polypeptides (or proteins) or of nucleotides in poly- 
nucleotides (e-g., DNA). The symbols and flc refer to the number 
of ways energy and mass, respectively, may be arranged in a system. 

Thus we may be more precise by writing 

where Srh = k In flth (8-2b) 

and S,= k h  n, (8-2c) 

Determining Information: From a Random Polymer to an Informed 
Polymer 

If we want to  convert a random polymer into an informational 
molecule, we can determine the increase in information (as defined 
by Brillouin) by finding the difference between the negatives of the 
entropy states for the initial random polymer and the informational 
molecule: 

= kIn n c r -  k l n  &m (8-3~) 

In this equation, I is a measure of the information content of an 
aperiodic (complex) polymer with a specified sequence, Scm repre- 
sents the c o n ~ r a t i o n a l  "coding" entropy of this polymer informed 
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with a given message, and Ser represents the configurational 
entropy of the same polymer for an unspecified or random sequence.* 

Note that  the information in a sequence-specified polymer is maxi- 
mized when the mass in the molecuIe could be arranged in many 
different ways, only one of which communicates the intended mes- 
sage. (There is a large Scr from eq. 8-2c sinm flcr is large, yet Scm = 0' 
from eq. 8-2c since nc, = 1.) The information carried in a crystal is 
small because S, is small (eq. 8-2c) for a crystal. There simply is very 
little potential for information in a crystal because its matter can be 
distributed in so few ways. The random polymer provides an even 
starker contrast. It bears no information because S,,, although large, 
is equal t o  Scm (see eq. 83b). 

In summary, equations 8-2c and 8 3 c  quantify the notion that only 
specified, apeeodic macromolecules are capable of carrying the 
large amounts of information characteristic of living systems. Later 
we will calculate "Rc" for both random and specified polymers so 
that the configurational entropy change required to  go from a ran- 
dom to a specified polymer can be determined. In the next swtion we 
will consider the various components of the total work required in 
the formation of macromolecules such as DNA and protein. 

DNA and Protein Formation: 

Defining the Work 

There are three distinct components of work to be done in assem- 
bling simple biornonomers into a complex (or aperiodic) linear poly- 
mer with a specified sequence as we find in DNA or protein. The 
change in the Gibbs free energy, AG, of the system during polymeri- 
zation defines the total work that must be accomplished by energy 
flow through the system. The change in Gibbs free energy has pre- 
viously been shown to  be 

a G = o H - T A S  (8-4b) 

*Yockey and o f  Wickens define information slightly differently than Brillouin, whose 
definition we use in our analysis. The difference is unimportant insofar as our 
analysis here is concerned. 
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where a decrease in Gibbs free energy for a given chemical reaction 
near equilibrium guarantees an increase in the entropy of the uni- 
verse as demanded by the second law of thermodynamics. 

Now consider the components of the Gibbs free energy {eq. 8-4b) 
where the change in enthalpy (AH) is principally the result of 
changes in the total bonding energy (AE), with the (P AV) term 
assumed to be negligible. We will refer to this enthalpy component 
(AH) as thechemical work. Afurther distinction will be helpful. The 
change in the entropy (AS) that accompanies the polymerization 
reaction may be divided into two distinct components which corres- 
pond to the changes in the thermal energy distribution (Ash)  and 
the mass distribution (ASc), eq. 8-2. So we can rewrite eq. 8-4b as 
follows: 

Gibbs Chemical Thermal Configurational 
free energy work entropy work entropy work 

It will be shown that poIymerization of macromo1ecules results in a 
decrease in the thermal and configurational entropies ( A s h  < 0, 
AS, < 0). These terms effectively increase AG, and thus represent 
additional components of work to be done beyond the chemical work. 

Consider the case of the formation of protein or DNA from bio- 
monomers in a chemical soup. For computational purposes it may be 
thought of as requiring two steps: (I) polymerization to form a chain 
molecule with an aperiodic but near-random sequence,* aI?d (2) re- 
arrangement to  an aperiohc, specified information-bearing sequence. 
The entropy change (AS) associated with the first step is essentially 
all thermal entropy change (ASth), as discussed above. The entropy 
change of the second step is essentially all configurational entropy 
change (ASc). In fact, as previously noted, the change in configura- 
tional entropy (A&) = ASc "coding" as one goes from a random 
arrangement (Scr) to a specified sequence (Scm) in a macromoleculeis 
numerically equal to the negative of the information content of the 
molecule a s  defined by Srillouin (see eq. 8-3a). 
la summary, the formation of complex biological polymers such 

as DNA and protein involves changes in the chemical energy, aH, 
the thermal entropy, ASth, and the configurational entropy, AS,, of 

*Some intersymbol influence arising from differential atomic bonding properties 
makes the distribution of matter not quite random. (H.P. Yockey, 1981. J. Theoret. 
Biol. 91, 13.) 
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the system- Determining the magnitudes of theseindividual changes 
using experimental data and a few caIculations will allow us to 
quantify the magnitude of the required work potentially to be done 
by energy flow through the sys tern in synthesizing macromolecuIes 
such as DNA and protein. 

Qtutntifying the Various Components of Work 

1. Chemical Work 

The polymerization of amino adds to polypeptides (protein) or of 
nucleotides to  polynucleotides (DNA) occurs through condensation 
reactions. One may calculate the enthalpy change in the formatiox1 
of a dipeptide from amino acids to be 5 - 8 kcal/moIe for a variety of 
amino acids, using data compiled by Hutchens.14 Thus ,  chemical 
work must be done on the system to get polymerization to occur. 
M0rowitz1~ has estimated mow generally that the chemical work, or 
average increase in enthalpy, for macromolecule formation in Living 
systemsis 16.4 cal/,gm. Elsewherein the same book he says that the 
average increase in bonding energy in going from simple corn- 
pounds to  an E. colz bacterium is 0.27 ev/atom. One can easily see 
that chemical work must be done on the biomonomers to bring about 
the formation of macromolecules like those that are essential to  
living systems. By contrast, amino acid formation from simple 
reducing atmosphere gases (methane, ammonia, water) has an 
associated enthaIpy change {nH) of -50 kcal/mole to -250 kcaI/ 
mole,16 which means energy is released rather than consumed. This 
explains why amino acids form with relative ease in prebiotic sirnu- 
lation experiments. On the other hand, forming amino acids from 
less-reducing conditions (i.e., carbondioxide, nitrogen, and water) is 
known to be far more difficult experimentally. This is because the 
enthalpy change (AH) is positive, meaning energy is required to 
drive the energetically unfavorable chemical reaction forward. 

2. Thermal Entropy Work 

Wickens17 has noted that polymexizationreactions will reduce the 
number of ways the translational energy may be distributed, while 
generally increasing the possibilities for vibrational and rotational 
energy. A net decrease results i n  the number of ways the thermal 
energy may be distributed, giving a decrease in the thermal entropy 
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according to eq. 8-2b (i.e., ASrh < 0). Quantifying the magnitude of 
this decrease in thermal entropy (ASth) associated with the forma- 
tion of a polypeptide or  a polynucleotide is best accomplished using 
experimental results. 

Morowitzl8 has estimated that the average decrease in thermal 
entropy that occurs during the formation of macromolecules of liv- 
ing systems in 0.218 cal/deg-gm or 65 cal/gm at 298K. Recent work 
by Armstrong e t  al.,19 for nucleotide ~Iigomerization of up ta a pen- 
tamer indicates AH and -T ASth values of 11.8 kcal/mole and 15.6 
kcal/mole respectively, at 294K. Thus the decrease in thermal 
entropy during the polymerization of the macromolecules of Iife 
increases the Gibbs free energyand the work required tomake these 
molecules, i.e., -T ASth > 0. 
3. Configurational Entropy Work 

Finally, we need to  quantify the configurational entropy change 
(AS,> that accompanies the formation of DNA and protein. Here we 
will not get much help from standard experiments in which the 
equilibrium constants are determined for a polymekation reaction 
at various temperatures. Such experiments do not consider whether 
a specific sequence is achieved in the resultant polymers, but only 
the concentrations of randomly sequenced polymers (i.e., pol ypep- 
tides) formed. Consequently, they do not measure the configura- 
tional entropy (ASF) contribution to  the total entropy change (AS). 
However, the magnitude of the configurational entropy change 
associated with sequencing the polymers can be calculated. 
Using the definition for configurational "coding" entropy givenin 

eq. 8-2c, it is quite straightforward to calculate the configurational 
entropy change for a avenpolymer. The number of ways themass of 
the linear system may be arranged (Re) can be calculated using 
statistics. Brillouin20 has  shown that the number of distinct sequen- 
ces one can make using N different symbols and Fenni-Dirac statis- 
tics is given by 

If some of these symbols are redundant (or identical), then the 
number of unique or distinguishable sequences that can be madeis 
reduced to 
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where n~ + n2 + ... f ni= N and i defines the number of distinct 
symbols. For aprotein, it is i = 20, sincea subset of twenty distinctive 
types of amino acids is found in living things, while in DNAitisi =4 
for the subset of four distinctive nucleotides. A typical proteinwould 
have 100 to 300 amino acidsin a specific sequence, or N = 100 to300. 
For DNA of the bacterium 2%. coli, N = 4,000,000. In Appendix 1, 
alternative approaches to calculating Rc are considered and eq. 8-7 is 
shown to be a lower bound to the actual value. 
For a random polypeptide of 100 amino acids, the configurational 

entropy, Scr, may be calculated using eq. 8-2c and eq. 8-7 as follows: 

since Rc, = N ! - loo! + - + 
loo! - 

n,!m! ... n20! 5! 5! .... 5! (5!)'O 

The calculation of equation 8-8 assumes that an equal number of 
each type of amino acid, namely 5, are contained in the polypeptide. 
Since k, or Boltrmann's constant, equals 1.38 x 10-18 ergldeg, and In 
(1.28 x lO"5) = 265, 

If only one specific sequence of amino acids could give the proper 
function, then the configurational entropy for the protein or speci- 
fied, aperiodic polypep~de would be given by 

Determining ASc in Going from a Random Polymer to an Informed 
Polymer 

The change in configurational entropy, ASc, as one goes from a 
random polypeptide of 100 amino acids with an equal number of 
each amino acid type to a polypeptide with a specific message or 
sequence is: 
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The configurationa1 entropy work (-T ASc) at ambient temperatures 
is given by 

-T AS, = -(298K) x (-3.66 x 10-14) erg/deg-pol ypeptide 

X 
4.184 x 107 ergs 

where the protein mass of 10,000 amu was estimated by assuming an 
average amino acid. weight of 100 amu after the removal of the water 
molecule. Determination of the configurational entropy work for a 
protein containing 300 amino acids equally divided among the 
twenty types gives a simiIar resdt of 16.8 caI/gm. 
In like manner the configurational entropy work for a DNA mole- 

cule such as for E. coli bacterium may be cdcdated assuming 4 x lo6 
nucleotides in the chain with 1 x 106 each of the four distinctive 
nucleotides, each distinguished by the type of base attached, and 
each nucleotide assumed to have an average mass of 339 amu. At 
298K: 
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It is interesting to note that, while the work to code the DNA mole 
cule with 4 million nucleotides is much greater than the work 
requiredto code a protein of 100 amino acids(2.26 x lo-' erg/DNA vs. 
1.10 x 10-I' erglprotein), the work per gram t o  oode such molecules is 
actually less in DNA. There are two reasons tor this perhaps unex- 
pected result: first, the nucleotide is more massive than the amino 
acid (339 arnu vs. 100 arnu); and sccond, thc alphabct is more 
limited, with only four usefuI nucleotide "letters" as compared to 
twenty useful amino acid letters. Nevertheless, it is the total work 
that  is important, which means that synthesizing DNA is much 
more difficuIt than synthesizing-protein. 

It should be emphasized that these estimates of the magnitude of 
the configurational entropy work required are conservatively small. 
As a practical matter, our calculations have ignored the cofigura- 
tional entropy workinvolvedin the selection of monomers. Thus, we 
have assumed that only the proper subset of 20 biologically s igns-  
cant amino acids was available in a prebiotic oceanic soup to form a 
biofunctional protein. The same is true of DNA. We have assumed 
that in the soup only the proper subset of 4 nucleotides was present 
and that these nucleotides do not interact with amino acids or other 
soup ingredients. As we discussed in Chapter 4, many varieties of 
amino acids and nucleotides wouId have been present in a red 
ocean-varieties which have been ignored in our calculations of 
configurational entropy work. In addition, the soup would have 
contained many other kinds of molecules which could have reacted 
with amino acids and nucleotides. The problem of using onIy the 
appropriate opticxd isomer has also been ignored. A random chemi- 
cal soup would have contained a 50-50 mixtnre of E- and t-amino 
acids, from which a true protein couId incorporate only the L- 
enantiomer. Similarly, DNA uses exclusively the opticalIy active 
sugar D-deoxyribose. Finally, we have ignored the problem of form- 
ing unnatural links, assuming for the calculations that only a-links 
occurred between amino acids in making polypeptides, and that 
only correct linking at the 3,s'-position of sugar occurred in forming 
pol ynucleotides. A quantification of these problems of specificity 
has recently been made by Yockey.21 

The dud problem of selecting the proper composition of matter 
and then coding or rearranging it into the proper sequence is anal* 
gous to writing a story using letters drawn from a pot containing 
many duplicates of each of the 22 Hebrew consonants and 24 Greek 
and 26 English letters all mixed together. To write in English the 
message 
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HOW DID I GET HERE? 

we must first draw from the pot 2 Hs, 2 Is, 3 Es, 2 Ds, and oneeach of 
the letters W, 0, @, T, and R. Drawing or selecting this specific set of 
letters would be a most unlikely event itself. The work of  selecting 
just these 14 letters would certainly be far greater than arranging 
them in the correct sequence. Our calculations only considered the 
easier step of coding while ignoring the greater problem of selecting 
the correct set of letters to be coded. We thereby greatly underesti- 
mate the actual configurational entropy work to be done. 

In Chapter 6 we developed a scale showing degrees ofinvestigator 
interference in prebiotic simulation experiments. In discussing this 
scale i t  was noted that very often in reported experiments the exper- 
imenter has actually played a crucial but illegitimate role in the 
success of the experiment. It becomes clear at this point tha t  one 
illegitimate role of the investigator i s  that of providing a portion of 
the configurational entropy work, i.e., the "selecting" work portion 
of the total -T AS, work. 

It is sometimes argued tha t  the type of amino acid that is present 
in a protein is critical only at certain positions-active sites-along 
the chain, but not a t  every position. If this is so, i t  means the same 
message (i.e., function) can be produced with more than one 
sequence of amino acids. 

This would reduce the coding work by making the number of 
permissible arrangements ncm in eqs. 8-9 and  8-10 for Scm greater 
than 1. The effect of overlooking this in our calculations, however, 
would benegligible compared to the effect of overloohng the "select- 
ing" work and only considering the "coding" work, as previously 
discussed. So we are led to  the conclusion that our estimateforA& is 
very conservatively low. 

Calculating the Total Work: Polymerization of Biomacromolecules 

It is now possible to estimate the total work required to combine 
biomonomers into the appropriate polymers essential to Living sys- 
tems. This calculation using eq. 8 5  might be thought of as occurring 
in two steps. First, amino acids polymerize into a polypeptide, with 
the chemical and thermal entropy work being accompIished (AH-T 
ASth). Next, the random polymer is rearranged into a specific 
sequence which constitutes doing configurational entropy work 
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(-T AS,). For example, the total work as expressed by the change in 
Gibbs free energy to make a specified sequence is 

where A H  - T  AS:^ may be assumed to be 300 kcal/mole to form a 
random polypeptide of 101 amino acids (100 links). The work to code 
this random polypeptide into a useful sequence so that it may func- 
tion as a protein involves the additional component of -T "cod- 
ing" work, which has been estimated previously to  be 15.9 cal/gm, or 
approximately 159 kcal/mole for our protein of 100 links with a n  
estimated mass of 10,000 amu per mole. Thus, the total, work (ne- 
glecting the "sorting and selecting" work) is approximately 

with the coding work representing 159/459 or 35% of t h e  total work. 
In a similar way, the polymerization of 4 x 106 nnncleotides into a 

random polynucleotide would require approximately 27 x lo6 kcal/ 
mole. The coding of this random polynucleotide into the specified, 
aperiodic sequence of a DNA molecule would require an  additional 
3.2 x lo6 kcal/mole o f  work. Thus, the fraction of the total work that 
is required to code the polymerized DNA is seen to be 8.5%, again 
neglecting the "sorting and selecting" work 

The Impossibility of Protein Fol-ma tion under Equilibrium 
Conditions 

It was noted in Chapter 7 that because macromoIecule formation 
(such as amino acids polymerizing to fom protein) goes uphill ener- 
getically, work must be done on the system via energy flow through 
the system. We can readily see the difficulty in getting poIymeriza- 
tion reactions to occur under equdibrium conditions, i.e., in the 
absence of such an energy flow. 

Under equilibrium conditions the concentration of protein one 
would obtain from a solution of 1 M concentration in each amino 
acid is given by: 

K = 
[protein] x [H20] 

(8-15) 
[glycine] [alanine] ... 
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where K is the equilibrium constant and is calculated by 

An equivalent form is 

We noted earlier that aG = 459 kcal/mole for our protein of 101 
amino acids. The gas constant R = 1.9872 cal/degmole and T is 
assumed to be 298K. Substituting these values into eqs. 8-15 and 8-16 
gives 

protein concentration = 10-333M (8-18) 

This trivial yield emphasizes the futility of protein formation under 
equilibrium conditions. In the next chapter we will consider various 
theoretical models attempting to show how energy flow through the 
system can be useful in doing the work quantified in this chapter for 
the polymerization of DNA and protein. Finally, we will examine 
experimental efforts to accomplish biomacromolecule synthesis. 
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Specifying How 
Work Is To Be Done 

In Chapter 7 we saw that the work necessary to polymerize DNA and 
protein molecules from simple biomonomers could potentially be 
accomplished by energy flow through the system. Still, we know that 
such energy flow is a necessary but not sufficient condition for 
polymerization of the macrdrnolecules of life. Arranging a pile of 
bricks into the configuration of a house requires work. One wodd 
hardly expect to accomplish this work with dynamite, however. Not 
only must energy flow through the system, it must be coupled in 
eome specific way to the work to be done. This being so, we devoted 
Chapter 8 to identifying various components of work in typical 
polymerization reactions. h reviewing those individudwork com- 
ponents, one thing became clear. The coupling of energy flow to the 
specific work requirements in the formation of DNA and protein is 
particuIarly important since the required configurational entropy 
work of coding is substantid. 

Theoretical Models for the Origin of DNA and Protein 

A mere appeal to open system thermodynamics does little good. 
What must be done is to  advance a workable theoretical model of 
how the available energy can be coupled to do the required work. In 
this chapter various theoretical models for the origin of DNA and 
protein will be evaluated. Spedically, we will discuss how each 
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model proposes to couple the available energy to the required work, 
particularly the configurational entropy work of coding. 

Chance 

Before the specified complexity of living systems began t o  be 
appreciated, it was thought that, given enough t h e ,  "chance" 
would explain the origin of living systems. In fact, most kxtbooks 
state that chance is the basic explanation for the origin of life. For 
example, Lehninger in his classic textbook Biochemistry states, 

We now come tothecritical moment in evolution in which the first semblance of 
"life" appeared, through the chance association o f  a number of abiotically 
formed macromoIecular components, to yield a unique system of greatly 
enhanced survival value.= 

More recently the viability of "chance" as a mechanism for the 
origin of life has been severely ~hallenged.~ 

We are now ready to  analyze the "chance" origin of life using the 
approach developed in the last chapter. This view usually assumes 
that energy flow through the system is capable of doing the chemicd 
and the thermal entropy work, while the configurational entropy 
work of both selecting and coding is the fortuitous product of chance. 

To illustrate, assume that we are trying to synthesize a protein 
containing 101 amino acids. In eq. 8-14 we estimated that the total 
free energy increase (AG) or work required to make a random poly- 
peptide from previously selected amino acids was 300 kcd/mole. An 
additional 159 kcal/mole is needed to code the polypeptide into a 
prokin. Since the "chance" model assumes no coupling between 
energy flow and sequencing, the fraction of the polypeptide that has 
the correct sequence may be calculated (eq. 8-16) using equilibrium 
thermodynamics; i.e.. 

[protein concentration] 
(9-1) 

holypeptide concentration] 

*This is essentially theinverseofthe estimate for thenumber of ways one can arrange 
101 amino acids in a sequence (i.e., Un, in eq. 8-7). 
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This ratio gives the fraction of polypeptides tha t  have the right 
sequence to be a protein. 

Eigen3 has estimated the number of polypeptides of molecular 
weight lo4 {the same weight used in our earlier calculations) that 
would be found in a layer I meter thick covering the surface of the 
entire earth. He found it to be lQ41 .  If these polypeptides reformed 
with new sequences at the maximum rate at which chemical reac- 
tions may occur, namely 1014/s, for5 x lo9 years (1.6 x lOI7s) ,  the total 
number of polypeptides that would be formed during the assumed 
history of the earth would be 

Combining the results of eq. 9-1 and 9-2, we find the probability of 
producing one protein of 101 amino acids in five billion years is only 
1/1045. Using somewhat diffel-ent illustrations, Steinrnan4and 
Cairns-Smitl? also come to the conclusion that chance is insuff~cient, 

It is apparent that ''chance" should be abandoned as an accept- 
able model for coding of the macromolecules essential in living 
systems. In fact, i t  has been, except in introductory texts and 
popularizations. 

Neo-Darwinian Natural Selection 

The widespread recognition of the severe improbability that self- 
replicating organisms could have formed from purely random inter- 
actions has led to a great deal of speculation-speculation that some 
organizing principle must have been involved. In the company of 
many others, Crick6 has considered that the neo-Darwinian mecha- 
nism of natural selection might provide the answer. An entity capa- 
ble of self-replication is necessary, however, before natural selection 
can operate. Only then could changes result via mutations and 
environmental pressures whch  might in turn bring about the domi- 
nance of entities with the greatest probabilities of survival and 
reproduction. 
The weakest point in this explanation of life's origin is the great 

complexity of the initial entity which must form, apparently by 
random fluctuations, before natural selection can take over. In 
essence this theory postulates the chance formation of the "meta- 
bolic motor" which will subsequently be capable of channeling 
energy flow through the system. Thus harnessed by coupling 
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through the metabolic motor, the energy flow is imagined to supply 
not only chemical and thermal entropy work, but also the configura- 
tional entropy work of selecting the appropriate chemicals and then 
coding the resultant polymer into an aperiodic, specified, bio- 
functioning polymer. As a minimum, this system must carry in its 
structure the information for its own synthesis, and controf the 
machinery which will fabricate any desired copy. It  is widely agreed 
that such a system requires both protein and nucleic acid.7 This view 
is not unanimous, however. A few have suggested that a short pep- 
tide would be sufficient.8 
One way out  of the problem would be to extend the concept of 

natural selection to the pre-living world of molecules. A number of 
authors have entertained this possibility, although no  reasonable 
explanation has made the suggestion plausibIe. Natural selection i s  
a recognized principle of differential reproduction which presup 
poses the existence of at least two distinct types of self-replicating 
molecules. Dobzhansky appealed to those doing origin-of-life research 
not to tamper with the definition of natural selection when he sa id  

I would Iike kplead with you, simply, please realize you cannot use the words 
"natural selection" loosely. Prebiological natural selection is a contradiction in 
terms? 

Bertalanffy made the point even more cogently: 

Selection, i.e., favored survival of "better" pmursors of life, already presup- 
poses self-maintaining, complex. open systems which may compete; therefore 
selection cmmot accouut for ihe origin of vucb ~ y ~ t e m s . l Q  

Inherent Self-ordering Tendencies in Matter 

Bow could energy flow through the system be sufficiently coupled 
to do the chemical and thermal entropy work to form a nontrivial 
yield of polypeptides (as previously assumed in the "chance" 
model)? One answer has been the suggestion that configurational 
entropy work, especially the coding work, could occur as a conse- 
quence of the self-ordering tendencies in matter. The experimental 
work of Steinman and Cole" in the late Sixties is still widely cited in 
support of this model.12 The polymerization of protein is  hypothe 
sized to be a nonrandom process, the coding of the protein resulting 
from differences in the chemical bonding forces. For example, if 
amino acids A and B react chemically with one another more readily 



148 THE MYSTERY OF LIFE'S OMGIN 

than with amino acids C, D, and E, we should expect to see a greater 
frequency of AB peptide bonds in protein than AC, AD, AE, or BC, 
BD, BE bonds. 

Together with our colleague Randall Kok, we have recently ana- 
lyzed the ten proteins originally analyzed by Steinman and CoIe,'3 
as well as fifteen additional proteins whose structures (except for 
hemoglobin) have been determined since their work was first pub- 
lished in 1967. Our expectation in this study was that one would only 
get agreement between the dipeptide bond frequencies from Stein- 
man and Cole's work and those observed in actual proteins if one 
considered a large number of proteins averaged together. The dis- 
tinctive structures of individual proteins would cause them to vary 
greatly from Steinman and Cole's data, so only when these distinc- 
tives are averaged out could one expect to approach Steinman and 
Cole's dipeptide bond frequency results. The reduced data presented 
in table 9-1 shows that  Steinman and Cole's dipeptidebondfrequen- 
cies do not correlate well with the observed peptide bond frequencies 
for one, ten, or twenty-five proteins. It is a simple matter to make 
such calculations on a n  electronic digital computer. We surmise that 
additional assumptions not stated in their paper were used to 
achieve the better agreements. 

Furthermore, the peptide bond frequencies for the twenty-five pro- 
teins approach a distribution predicted by random statistics rather 
than the dipeptide bond frequency measured by Steinmanand Cole. 
This observation means that  bonding preferences between various 
amino acids play no significant role in coding protein. FinaIly, if 
chemical bonding forces were influential in  amino acid sequencing, 
one would expect to get a single sequence (as in ice crystals) or no 
more than a few sequences, instead ofthe large variety we observein 
living systems. Yockey, with a different analysis, comes to essen- 
tially the same conclusion.'4 

A similar conclusion may be drawn for DNA synthesis. No one to 
date has published data indicating that bonding preferences could 
have had any role in coding the DNA molecules. Chemical bonding 
forces apparently have minimal effect on the sequence of nucleotides 
in  a polynucleotide. 
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Table 9-1. 
Comparison of Steinman and Cole's experimentally determined dipeptide bond fie 
suenciee, and frequencies calculated by Steinman and Cole, and by Kok and Bradley 
from known protein sequences. 

Dipeptide* Values (relative to Gly Gly) 

Gly-Gly 
Gly-Ala 
Ala-Gly 
Ala-Ma 
GI y-Val 
Val-Gly 
Gly-Leu 
Leu-Gb 
Gly-Ile 
ne-Gly 
Gly-Phe 
Phe-Gly 

(Adapted after G. Steinman and M.V. Cole, 1967. Proc. Nut Acad. Sci. US. 68,735). 

*The dipeptides are listed in terms of increasing volume of the side chains of the 
constituent residues. Gly = glycine, M a  = alanine, Val = valine, Leu = leucine, Ile = 
isofeucine and Phe = phenylalanine. Example: Gly-Ala = glycylalanine. 
+Skirunan and Cole's (S/C) aperimendly determined dipeptide bond bquencies 
were normalized and compared to the  calculated frequencies obtained by counting 
actual peptide bond frequencies in ten proteins, assuming all seryl and h n y l  
residues are counted as glycine and all aspartyl andglutamylresidues are counkd a8 
alanine. The ten proteins used were: egg lysozyme, ribonucbase, sheep insulin, whale 
myoglobin, yeast cytochrome c, tobacco mosaic virus, Bcorticotropin, glucagon, 
melanocytestimulat. hormone, and chymotrypsinogen. Because of ambiguity 
regarding sequences used by S/C, all sequences are thwe show in Atlas of Protein 
Sequence and Strwture, 1972. Vol. V (ed. by M.O. Dayhoff). National Biomedical 
&search Foundation, Georgetown University Medical Center, Washinwn, D.C. 
m e  experimentally determined dipeptide frequencies were obtained with aqueoua 
solutions containing 0.01 M each amino acid, 0.125 N RCI, 0.1 M sodium dicyanamjde. 
#Kok and Bradley's (WB)calculataddipeptids frequencies were obtained by counting 
actual peptide bond frequencies for the aame ten proteins with (wa) and without (woa) 
SIC assumptions. The  numbers in brackets are for one protein, enterntoxin B, with 
(wa)and without(w0a) S/C assmptions. The numbersin parentheses are for twenty- 
five proteins with(wa) and without (woa) S/C assumptions-The twenty-five proteins 
are the ten used by S/C and alpha S1 Casein (bovine); azurin (bordeteUa broncbep 
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tica); carboxypeptidase A (bovine); cytochrome b5 (bovine); enterotoxin B; elastam 
(pig); glyceraldehyde %phosphate dehydrogenase (lobster); human growth hormone; 
human hemoglobin beta chain; histone IIBZ(bovine); immunoglobulingamma-chain 
I, V-I(human EU): penicillinase (bacillus lichenifomis 749/c); sheep pro1actin;subti- 
lisin (bacillus amyloliquefaciena); and tryptophan synthehse alpha chain (E-coli 
K-12). Sequences are those shown in Atlas of Protein Sequence and Structure, 1972. 
Vol. V (ed. by M.O. Dayhoffi. Note disagreement between S/C and W B  calculated 
results. Also K/B calculated results are at variance with S/C experimenbl values for 
one, ten or twenty-five proteins, with (wa) ox without (woal S/C assumptions. 

Mineral Catalysis 

Mineral cataIysis is often suggested as being significant in prebio- 
tic evolution. In the experimentaI investigations reported in the 
early 1970s,15 mineral catalysis in poIymerization reactions was 
found to operate by adsorption of biomonomers on the surface or 
between layers of clay. Monomers were effectively concentrated and 
protected from rehydration so that condensation polymerization 
could occur. There does not appear to be any additional effect. In 
considering this catalytic effect of clay, Hulett has advised, "It must 
be remembered that  the surface cannot change the free energyrela- 
tionships between reactants and products, but only the speed with 
which equilibrium is reached."l6 
Is mineral catalysis capable of doing the chemical work and/or 

thermal entropy work? The answer is a qualified no. While it should 
assist in doing the thermal entropy work, it is incapable of doing the 
chemical work since clays do not supply energy. This is why success- 
ful mineral catalysis experiments invariably use energy-rich pre- 
cursors such as aminoacyl adenylates rather than amino acids.17 

Is there a real prospect that mineral catalysis may somehow 
accomplish the configurational entropy work, particularly the cod- 
ing of polypeptides or polynucleotides? Here the answer is clearly no. 
In all experimental work to date, only random polymers have been 
condensed from solutions of selected ingredients. Furthermore, 
there is no theoretical basis for the notion that mineral catalysis 
could impart any significant degree of information content to poly- 
peptides or polynucleotides. As has been noted by Wilder-Srnith,18 
there is really no reason to expect the low-grade order resident on 
minerals to impart any high degree of coding to polymers that 
condense while adsorbed on the mineral's surface. To put it another 
way, one cannot get a complex, aperiodic-sequenced polymer usinga 
very periodic (or crystalline) template. 
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In summary, mineral catalysis must be rejected as a mechanism 
for doing either the chemical or configurational entropy work 
required to polymerize the macromolecules of life. It can only assist 
in polymerizing short, random chains of polymers from selected 
high-energy biomonomers by assisting in doing the thermal entropy 
work. 

Nonlinear, Nonequilibrium Processes 

I. IIya Prigogine 

Prigogine has developed a more general formulation of the laws of 
thermodynamics which includes nonlinear, irreversibIe processes 
such as autocatalytic activity. In his book Self Organization in 
Nonequilibrium Systems (1977)19 co-authored with Nicolis, he sum- 
marizcd this work and its application to the organization and main- 
tenance of highly complex structures in living things. The basic 
thesis in the book is that there are some systems which obey non- 
linear laws-laws that produce two distinct kinds of behavior. hthe 
neighborhood of thermodynamic equilibrium, destruction of order 
prevails (entropy achieves a maximum value consistent with the 
system constraints). If these same systems are driven sufficiently 
far from equilibrium, however, ordering may appear spontaneously. 

Heat flow by convection is an example of this type of behavior. 
Heat conduction in gases normally occurs by the random collision of 
gas molecules. Under certain conditions, however, heat conduction 
may occur by a heat-convection current-the coordinated movement 
of many gas molecules. In a similar way, water flow out of a bathtub 
may occur by xandom movement of  the water molecules under the 
influence of gravity. Under certain conditions, however, this ran- 
dom movement of water down the drain is replaced by the familiar 
soapy swirl-the highly coordinated flow of the vortex. In each case 
random movements of molecules in a fluid are spontaneously 
replaced by a highly ordered behavior. Prigogine et aI.,20 Eigen,21 
and others have suggested that a similar sort of self-organization 
may be intrinsic in organic chemistry and can potentially account 
for the highly complex macromolecules essential for living systems. 

But such analogies have scant relevance to the origin-of-life ques- 
tion. A major reason is thak they fail to distinguish between order 
and complexity. The highly ordered movement of energy through a 
system as in convection or vortices suffers from the same shortcom- 
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ing as the analogies to the static, periodic order of crystals. Regular- 
ity or order cannot serve to store the large amount of information 
required by living systems. A highly irregular, but specified, struc- 
ture is required rather than an ordered structure. This is a serious 
flaw in the analogy offered. There is no apparent connection 
between the kind of spontaneous ordering that occurs from energy 
flow through such systems and the work required to build aperiodic 
information-intensive macromolecules like DNA and protein. Prig- 
ogine et a1.22 suggest that the energy flow through the system 
decreases the system entropy, leading potentially to the highly 
organized structure of DNA and protein. Yet they offer no sugges- 
tion as to  how the decrease in thermal entropy fjrom energy flow 
through the system could be coupled to do the configurational 
entropy work required. 

A second reason for skepticism about the relevance of the models 
deveIoped by Prigogine et al.,23 and others is that ordering produced 
within the system arises through constraints imposed in an implicit 
way at t h e  system boundary. Thus, the system order, and more 
importantly the system complexity, cannot exceed that of the 
environment. 

WaIton24 illustrates this concept in the following way. A container 
of gas placed in contact with a heat source on one side and a heat 
sink on the opposite side is a n  open system. The flow of energy 
through the system from the heat source to the heat sink forms a 
concentration relative to the gas in the cooler region. The order in 
this system is established by the structure: source-intermediate 
systems-sink. If this structure is removed, allowing the heat source 
to come into contact with the heat sink, the system decays back to 
equilibrium. We should note that the information induced in an open 
system doesn't exceed the amount of information built into the struc 
tural environment, which is its source. 
Condensation of nucleotides to give polynucleotides or nucleic 

acids can be brought about with the appropriate apparatus (i-e., 
structure) and supplies of energy and matter. Just as in Walton's 
iIIustration, however, Mora25 has shown that the amount of order 
(not to mention specified complexity) in the final product is no 
greater than the amount of information introduced in the physical 
structure of the experiment or chemical structure of the reactants. 
Non-equilibrium thermodynamics does not account for this struc- 
ture, but assumesit and then shows the kind of organization which it 
produces. The origin and maintenance of the structure are not 
explained, and as Harrison26 correctly notes, this question Zeada 
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back to the origin of structure in the universe. Science offers us no 
satisfactory answer to this problem at present. 

Nicolis and Prig~gine*~ offer their trimolecular model as anexam- 
ple of a chemical system with the required nonlinearity to produce 
self ordering. They are able to demonstrate mathematically that  
within a system that was initially homogeneous, one may subse- 
quently have a periodic, spatial variation of concentration. To 
achieve this low degree of ordering, however, they must require 
boundary conditions that couId only be met at cell walls (i.e., at 
membranes), relative reaction rates that  are atypical of those 
observed in  condensation reactions, a rapid removal of reaction 
products, and a trimolecular reaction (the highly unlikely simul- 
taneous collision of three atoms). Furthermore the trimolecular 
model requires chemical reactions that  are essentially irreversible. 
But condensation reactions for polypeptides or polynucleotides are 
highly reversible unless all water is removed from the system. 
They speculate that the low degree of spatial ordering achieved in 

the simple trimolecular model could potentially be orders of magni- 
tude greater for the more complex reactions one might observe lead- 
ing up to a fully replicafmg cell. The list of boundary constrainb, 
relative reaction rates, etc. would, however, also be orders of magni- 
tude larger. As a matter of fact, one is left with so constraining the 
system at the boundaries that ordering is inevitable from the skuc- 
turing of the environment by the chemist. The fortuitous satisfac- 
tion of a11 of these boundary constraints simultaneousIy would be a 
miracle in ib own right. 

It is possible at present to synthesize a few proteins such as insuIin 
in the laborabory. The chemist supplies not only energy to do the 
chemical and thermal entropy work, however, but also the necessary 
chemical manipulations to accomplish the configurational entropy 
work. Without this, the selection of the proper composition and the 
coding for the right sequence of amino acids would not occur. The 
success of the experiment is fundamentally dependent on the 
chemist. 

Finally, Nicolis and Prigogine have postulated that a system of 
chemical reactions which explicitly shows autocatalytic activiw 
may ultimately be able to circumvent the problems now associated 
with synthesis of prebiotic DNAand protein. Itremains to be demon- 
strated experimentally, however, that these models have any real 
correspondence to prebiotic condensation reactions. At best, these 
models predict higher yields without any mechanism to control 
sequencing. Accordingly, no experimental evidence has been reported 
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to  show how such models could have produced any significant 
degree of coding. No, the models of Prigogine et al., based on non- 
equilibrium thermodynamics, do not at present offer an explanation 
as to how the configurational entropy work is accomplished under 
prebiotic conchtions. The problem of how to couple energy flow 
through the system to do the required configurational entropy work 
remains. 

2. Manfred Eigen 

In his comprehensive application of nonequilibrium thermo- 
dynamics to the evolution of biological systems, Eigen28 has shown 
that selection could produce no evolutionary development in an open 
system unless the system were maintained far from equilibrium. The 
reaction must be autocatalytic but capable of self-replication. He 
develops an argument to show that in order to produce a truly 
self-replicating system the complementary base-pairing instruction 
potential of nucleic acids must be combined with the catalytic cou- 
pling function of proteins. &planz9 has suggested a minimum of 
20-40 functional proteins of 70-100 amino acids each, and a similar 
number of nucleic acids would be required by such a system. Yet as 
has previously been noted, the chance origin of even one protein of 
100 amino acids is essentially zero. 

The shortcoming of this model is the same as for those previously 
discussed; namely, no way is presented to couple the energy flow 
through the system to achieve the configurational entropy work 
required to create a system capable of repIicating itself. 

Periodically we see reversions (perhaps inadvertent ones) to 
chance in the theoretical models advanced to solve the problem. 
Eigen's model illustrates this well. The model he sets forth must 
necessarily arise from chance events and is nearIy as incredible as 
the chance origin of Ufe itself. The fact that generally chance has to 
be invoked many t-imes in the abiotic sequence has been called by 
Brooks and Shaw "a major weakness in the whole chemical evolu- 
tionary theory."30 

Experimental ResuIts in Synthesis of Protein and DNA 

Thus far we have reviewed the various theoretical models pro- 
posed to explain how energy flow through a system might accom- 
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plish the work of synthesizing protein and DNA macromolecuIes, 
but found them wanting. Nevertheless, it is conceivable that exper- 
imental support for a spontaneous orig.ln of life can be found in 
advance of the theoretica1 explanation for how this occurs. What 
then can be said of the experimental efforts to synthesize probin and 
DNA macromolecules? Experimental efforts to this end have been 
enthusiastically pursued for t h e  past thirty years. In this section, we 
will review efforts toward the prebiotic synthesis of both protein and 
DNA, considering the three forms of energy flow most commonly 
thought to have been available on the early earth. These are thermal 
energy (volcanoes), radiant energy (sun), and chemical energy in the 
f o m  of either condensing agents or energy-rich precursors. (Electri- 
cal energy is excluded at this stage of evolution as being too "vio- 
lent," destroying rather than joining the biornonomers.) 

Thermal Synthesis 

SidtleyF0x3~ has pioneered the thermal synthesis of polypeptides, 
naming the products of his synthesis proteinoids. Beginning with 
either an aqueous solution of amino acids or dry ones, he heats his 
material at 200°C* for 6-7 houra. Allinitial solvent water, plus water 
produced during polymerization, is effectively eliminated through 
vaporization. This eIimination of the water makes possible a small 
but significant yield of polypeptides, some with as many as 200 
amino acid units. Heat is introduced into the system by conduction 
and convection and leaves in the form of steam. The reason for the 
succesa of the polypeptide formation is readily seen by examining 
again equations 8-15 and8-16. Note that increasing the temperature 
would increase the product yield through increasing the vaIue of exp 
(-AG/RT). But more important1 y, eliminating the water makes the 
reaction irreversible, giving an enormous increase in yield over that 
observed under equilibrium conditions by the application of the law 
of mass action. 

Thermal syntheses of poIypeptides fail, however, for at least four 
reasons. First, studies using nuclear magnetic resonance (NMR) 
have shown that thermal proteinoids "have scarce resemblance to  
natural peptidic material because P, y ,  and 6 peptide bonds largely 

*Fox has modified this picture in recent years by developing "low temperature" 
syntheses, i.e., 90°-120°C. See S. Fox, 1976.5. Mol. EuoL8,301;andD. Rohlfing, L976. 
Science 193, a. 
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predominate over a-peptide b0nds."*3~ Second, thermal proteinoids 
are composed of approximately equal numbers of L- and D-amino 
acids in contrast to viable proteins with all L-amino acids. Third, 
there is no evidence that proteinoids differ significantly from a 
random sequencet of amino acids, with little orno catalytic activity. 
lMiIIer and Orgel have made the following observation with regard to 
Fox's daim that proteinoids resemble proteins: 

The degree dnonrandomness in thermal polypeptides so far demonstrated ia 
minute compared to nonrandomness dp~oteins.  It is deceptive, then, to sug- 
gest that thermal polypeptides are similar to proteins in their nontandomness.s 

Fourth, the geoIogical conditions indicated are too unreasonabIe to 
be taken seriously. As Folsome has commented, "The central ques- 
tion [concerning Fox's proteinoids] is where did all those pure, dry, 
concentrated, and optically active amino acids come from in the real, 
abiological world?"34 

There is no question that thermal energy flow through the system 
including the removal of water is accomplishing the thermal 
entropy and chemical work required to form a polypeptide (300 kcall 
molein our earlier example). The fact that polypeptides are formed is 
evidence of the work done. It is equally clear that the additional 
configurational entropy work required to convert an aperiodic 
unspecified polypeptide into a specified, aperiodic polypep tide which 
is a functional protein has not been done (159 kcaVmole in our 
earlier example). 

It should be remembered that this 159 kcaI/moIe of configura- 
tional entropy work was calculated assuming the sequencing of the 
amino acids was the only additional work to be done. Yet the exper- 
imental results of Temussi et al.?5 indicate that obtaining all L- 
amino acids from a racemic mixture and getting a-linking between 
the amino acids are quite difficult. This requirement further increases 
the configurational entropy work needed over that estimated fn do 
the coding work (159 kcal/mole). We may estimate themagnitude of 
this increase in the configurational entropy work term by returning 
to  our original calculations (eq. 8-7 and 8-8). 
In our original calculation for a hypothetical protein of 100 amino 

acid units, we assumed the amino acids were equally divided among 

*This quotation efersto peptidelinks involving the fl-carboxyl group of aspartic acid 
the y-carbowl group of glutarnic acid, and the e-amino group of lysine which ar8 
never found in natural proteins. Natural proteins use a-peptide bonds exclusively. 

tIt is noted, however, that Fox has long disputed this. 
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the twenty types. We calculated the number of possible amino acid 
sequences as follows: 

If we note that at each site the probability of havingan L-amino acid 
is 50%, and make the generous assumption* that there is a 50% 
probability that a given link will be of the &-type observed in true 
proteins, then the number of ways the system can be arranged in a 
random chemical reaction is given by 

where 2'00 refers to the number of additional arrangements possible, 
given that  each site could contain a n  L- or D-amino acid, and 299 

assumes the 99 links between the 100 amino acids in general are 
equally divided between thenatural a-links and the unnatural P-, y-, 
or €-links, 
The requirements for a biologically functional protein molecule 

are: (I) all L-amino acids, (2) all a-links, and (3) a specified sequence. 
This being so, the calculation of the configurational entropy of the 
protein molecule using equation 8-8 is unchanged except that  the 
number of ways the system can be arranged, a,,, is increased from 
1.28 x 10115 to 1.0 x l O I 7 5  as shown in equations 9 3  and 9-4. We may 
use theselationships of equations 8-7 and 8-8 but with the number of 
permutations modified as shown here to find a to ta l  configurational 
entropy work. When we do, we get a total configurational entropy 
work of 195 kcal/moIe, of which 159 kcaI/mole is for sequencing and 
36 kcal/mole to attain all t-amino acids and all a-links. Finally, it 
should be recognized that Fox and others who use his approach 
avoid a much larger configurational entropy work term by begin- 
ning with only amino acids, i.e., excluding other organic chemicals 
and thereby eIiminating the "selecting work" which isnot accounted 
for in the 195 kcal/mole calculated above. 

In summary, undirected thermal energy is only able to do the 
chemical and thermal entropy work in polypeptide synthesis, but 
not the coding (or sequencing) portion of the configurational entropy 
work. Protenoids are just globs of random polymers. That a polymer 

*Some studies indicateless than 50%a-links in peptides formed by reacting random 
mixtures of amino acids. (P.A. Temussi, L Paolillo, F.E. Benedetti, and S. Andini, 
1976. J. Mol. Evol. 7,105.) 
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composed exclusively of amino acids {but without exclusively p e p  
tide bonds) was formed is a result of the fact that only amino acids 
were used in the experiment. Thus, the portion of the configurational 
entropy work that was done-the selecting work-wasaccomplished 
not by natural forces but byilleg timate investigator interference. It 
is difficult to imagine how one could ever couple random thermal 
energy flow through the syslem to do the required configurational 
entropy work of selecting and sequencing. Finally, this approach is 
of very questionable geological significance, g v e n  the many fortui- 
tous events that are required, as others have noted. 

Solar Energy 

Direct photochemical (UV) polymerization reactions to  form poly- 
peptides and polynucleotides have occasionally been discussed in 
the literature. The idea is to drive forward the otherwise thermo- 
dynamically unfavorable polymerization reaction by allowing solar 
energy to flow through the aqueous system to do the necessary work. 
It is worthnoting that minor yields of smalI peptides can beexpected 
to form spontaneously, even though the reaction is unfavorable (see 
eq. 8-16), but that greater yields of larger peptides can be expected 
only if energy is somehow coupled to the reaction. Fox and Dose 
have examined the peptide results of Bahadur and Ranganayaki36 
and concluded that UV irradiation did not couple with the reaction. 
They comment, "The authors do not show thatthey have done more 
than accelerate an approach to an unfavorable equilibrium. They 
may merely have reaffirmed the second law of therm~dynarnics."~~ 
Other attempts to form polymers directly under the influence of UV 
light have not been encouraging because of this lack of coupling. 
Neither the chemical nor the thermal entropy work, and definitely 
not any configurational entropy work, has been accomplished using 
solar energy. 

Chemical Energy (Energy-Rich Condensing Agents) 

Through the use of condensing agents, the energetically unfavor- 
able dipeptide reaction (AG, = -t 3000 cal/mole)is made energetically 
favorable (AG3 < 0) by coupling it with a second reaction which is 
sufficiently favorable energetically (aG2 < 0), to offset the energy 
requirement of the dipeptide reaction: 
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dipeptide reaction 
A-OH + H-B * A-B + H10 ~ G I  > 0 (9-5) 

condensing agent reaction 
C t  Hz0 + D 

coupled reaction 
A-OH + H-B -t- C + A-8 -I- D nG3 < 0 (9-7) 

As in thermal proteinoid formation, the free water is removed. How- 
ever, in this case, it is removed by chemical reaction with a suitable 
condensing agent-one which has a sufficient decrease in Gibbs free 
energy to drive the reaction forward (i.e., A G  < 0 and I AG2 I 2 I AGI I 
SO t h a t ~ G ,  +AGI =a% G 0). 

Unfortunately, it has proved difficult to find condensing agents 
for these macromolecule syntheses that could have originated on the 
primitive earth and functioned properly under m3d conditionsin an 
alkaline aqueous environment.38 Meanwhile, other condensing 
agents which are not prebiotically significant (e-g., polymetaphos- 
phates) are used in experiments. The plausible cyanide derivative 
candidates for condensing agents on the early earth hydrolyze read- 
ily in aqueous solutions (see Chapter 4). In the process, they do not 
couple preferentially with the H 2 0  from the condensation- 
dehydration reaction. Condensing agents observed in living sys- 
tems today are produced only by living systems, and thus are not 
prebiotically significant. Moreover, enzyme activity in Iiving sys- 
tems first activates amino acids and then brings about condensation 
of these acfivated species, thus avoiding the problem of indiscrimi- 
nate reaction with water. 

Notice that if we could solve the very significant problems asso- 
ciated with the prebiotic synthesis of polypeptides by using condens- 
ing agents, we would still succeed only in polymerizing random 
polypeptides. Only the chemical and thermal entropy work would be 
accomplished by an appropriate coupling of the condensing agent 
hydrolysis t o  the condensation reaction. There is no reason to 
believe that condensing agents could have any effect on the select- 
ing or sequencing of the amino acids. Thus, condensing agents are 
eliminated as a possible means of doing the configurational enfzopy 
Work of coding a protein or DNA 
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Chemical Energy (Energy-Rich Precursors) 

Because the formation of even random polypeptides &om amino 
acids is so energetically unfavorable (BG = 300 kcal/mole for 100 
amino acids), some investigators have attempted to begin with 
energy-rich precursors such as HCN and form poI ypeptides directly, 
a scheme which is "downhill" energetically, i.e., AG< 0. There are 
advantages to  such an approach; namely, there is no chemical work 
to be done since the bonding energy actually decreases as the energy- 
rich precursors react to form more complex molecules. This decrease 
in bonding energy will drive the reaction forward, effectively doing 
the thermal entropy work as well. The fly in the ointment, however, 
is that the configurational entropy work is enormous in going from 
simplemolecules (e.g., HCN)directly to complexpo1ymersin a single 
step (without forming intermediate biomonomers). 

The stepwise scheme of experiments is to react gases such as 
methane, ammonia, and carbon dioxide to form amino acids and 
other compounds and then to react these to form polymers in a 
subsequent experiment. In these experiments the very considerable 
selecting-work component of the configurational entropy work is 
essentially done by the investigator who separates, purifies, and 
concentrates the amino acids before attempting to polymerize them. 
Matthews39 and co-workers, however, have undertaken experiments 
where this intermediate step is missing and the investigator has no 
opportunity to contribute even obliquely to the success of the exper- 
iment by assisting in doing the selecting part of the configurational 
entropy work. In such experiments-undoubted1 y more plausible as 
true prebiotic simulations-the probability of success is, however, 
further reduced from the already small probabilities previously 
mentioned. Using HCN as an energy-rich precursor, and ammonia 
as a catalyst, Matthews and Moser40 have claimed direct synthesis 
of a large variety of chemicals under anhydrous conditions. After 
treating the polymer with water, even peptides are said ta be among 
the products obtained. But as Ferris et al.,Ql have shown, the HCN 
polymer does not reIease amino acids upon treatment with proteo- 
lyhc (protein splitting) enzymes; nor does it give a positive biuret 
reaction (color test for peptides). In short, it is very hard to reconcile 
these results with a peptidic structure. 

Ferris42 and matt hew^^^ have agreed that direct synthesis of poly- 
peptides has not yet been demonstrated. While some peptide bonds 
may form directly, it would be quite surprising to find them in 
significant numbers. Since HCN gives rise to other organic corn 
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pounds, and various kinds of links are possibIe, the formation of 
polypeptides with exclusive1 y @-links is most unlikely. Furthermore, 
no sequencing would be expected from this reaction, which is driven 
forward and "guided" only by chemical energy. 

While we do not believe Matthews or others will be successful in 
demonstrating a single step synthesis of polypeptides from HCN, 
this approach docs involve the least investigator interference, and 
thus, represents a very plausible prebiotic simulation experiment. 
The approach of Fox and others, which involves reacting gases to 
form many organic compounds, separating out amino acids, purify- 
ing, and finally polymerizing them, is more successful because it 
involves a greater measure of investigator interference. The select- 
ing portion of the configurational entropy work is being supplied by 
the scientist. Matthew's lack of demonstrable success in producing 
polypeptides is a predictable indication of the enormity of f i e  prob- 
lem of prebiotic synthesis when it  is not overcome by illegitimate 
investigator interference. 

Mineral Catalysis 

A novel synthesis of polypeptides has been reported44 which 
employs mineral catalysis. An aqueous solution of energy-rich 
aminoacyl adenylates (rather than amino acids) is used in the pres- 
ence of certain layered clays such as those known as montmorillo- 
nites. Large amounts of theenergy-rich reactants areadsorbed both 
on the surface and between the layers of clay. The catalytic effect of 
the clay may result primarily from the removal of reactants from the 
solution by adsorption between the layers of clay. This technique 
has resdted in polypeptides of up to 60 units or more. Although 
polymerization definitely o m r s  in these reactions, the energy-rich 
aminoacyl adenylate (fig. 9-1) is of very doubtful prebiotic signifi- 
cance per the discussion of competing reactions in Chapter 4. Furth- 
ermore, the use of clay with free amino acids will not give a success- 
ful synthesis of polypeptides. The energy-rich aminoacy1 adenylates 
lower their chemical or bonding energy as they polymerize, driving 
the reaction forward, and effectively doing the thermal entropy work 
as well. The role of the clay is to concentrate the reactants and 
Possibly to  catalyze the reactions. Once again, we are left with no 
apparent means to couplethe energy flow, in this case in the form of 
~rebiotically questionable enexgy-rich precursors, to the configura- 
tional entropy work of selecting and sequencing required in the 
formation of specified aperiodic polypeptides, or proteins. 
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'Figure 9-1 - 
Aminoacyl adenylate. 

Summary of Experimental Results on Prebiotic Synthesis of Protein 

In summary, we have seen that it is possibIe to  do the thermal 
entropy work and chemical work necessary to form random polypep- 
tides, e.g., Fox's proteinoids. In no case, though, has anyone been 
successful in doing the additional codguratiorxaI entropy work of 
coding necessary to convert random polypeptides into proteins. Vir- 
tually no mechanism with any promise for coupling the random flow 
of energy through the system to do this very specific work has come 
to light. The prebiotic plausibility of the successful synthesis of 
polypeptides must be questioned because of the considerable config- 
urational entropy work of selecting done by the investigator prior to 
the polymer aynthesis. Surely no suggestion is forthcoming that the 
right composition of just the subset of amino acids found in living 
things was "selected" by natural means, or that this subset consists 
only of 19-amino acids. This is precisely why a Iarge measure of the 
credit in forming proteinoids must go to Fox and others rather than 
nature. 

Summary of Experimental Results on Prebiotic Synthesis of DNA 

The prebiotic synthesis of DNA has proved to  be even more diffi- 
cult than that of protein. The problems that beset protein synthesis 
apply with greater force to DNA synthesis. Energy flow through the 
system may cause the nucleotides to chemically react and form a 
polymer chain, but it is very to get them to attach them- 
selves together in a specified way. For example, 3'-5' links on the 
sugar are necessary for the DNA to form a helical structure (see fig. 
9-2). Yet 2'5' links predominate in most prebiotic simulation experi- 
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Figure 9-2. 
A section from a DNA chain showing the sequence AGCT. 

rnent~.~5'I%e sequencing of the bases in DNA is also crucial, as is the 
amino acid sequence in proteins. Both of these requirements are 
problems in doing the configurational entropy work. It is one thing 
toget molecules to chemically react; it is quite another to  get them to 
link up in the right arrangement. To date, researchers have only 
succeeded in making oligonucleotide8, or relatively short chains of 
nucleotides, with neither consistent 3'6' links nor specific base 
Sequencing. 



164 THE MYSTERY OFLIFE'SORIGIN 

Miller and Orgel summarized their chapter on prebiotic condensa- 
tion reactions by saying: 

This chapter has probably been confusing to the reader. We believe th+t is 
because of  the limited promess that has been made in the study of prebiotic 
condensation. Many interesting scraps of information are available, but no 
correct pathways have yet been di~covered.~" 

The situation is much the same today. 

Summary Discussion of Experimental Results 

There is an impressive contrast between the considerable success 
in synthesizing amino acids and the consistent faiIure to  synthesize 
protein and DNA. We believe the reason is the large differencein the 
magnitude of the configurational entropy work required. Amino 
acids are qui te  simple compared to protein, and one might reason- 
ably expect to get some yieId of amino acids, even where the chemi- 
cal reactions that occur do so in  a rather random fashion. The same 
approach will obiriously be far less successful in reproducing com- 
plex protein and DNA molecules where the configurational entropy 
work term is a nontrivial port; on of the whole. Coupling the energy 
flow through the system to do the chemical and thermal entropy 
work is much easier than doing the configurational entropy work. 
The uniform failure in literally thousands of experimental attempts 
t o  synthesize protein or DNA under even questionable prebioiic 
conditions is a monument to the difficulty in achieving a high degree 
of information con tent, or specified complexity from the undirected 
flow of energy through a system. 

We must not forget that the total work to create a Iiving system 
goes far beyond the work to create DNAand protein discussed in this 
chapter. As we stated before, a minimum of 20-40 proteins as well as 
DNA and RNA are required to make even a simple replicating sys- 
tem. The lack of known energy-coupling means to do the configura- 
tional entropy work required to make DNA and protein is many 
times more crucial in making a living system. As a result, appeals to 
chance for this most difficult problem still appear i n  the literature in 
spite of the fact that calculations give staggeringly low probabili- 
ties, even on the scale of 5 billion years. Either the work-especially 
the organizational work-was coupled to the flow of energy in some 
way not yet understood, or else it: truly was a miracle. 



Specifying How Work Is To Be Done 165 

Summary of Thermodynamics Discussion 

Throughout Chapters 7-9 we have analyzed the problems of com- 
plexity and the origin of life from a thermodynamic point of view. 
Our reason for doing this is the common notion in the scientific 
literature today on the origin oflZe that an open system with energy 
and mass flow is apriori a sufficient explanation for the complexity 
of life. We have examined the validity of such an open and con- 
strained system. We found it to be a reasonable expIanation for 
doing the chemical and thermal entropy work, but clearly inade- 
quate to account for the configurational entropy work of coding (not 
to  mention the sorting and selecting work). We have noted the need 
for some sort of coupling mechanism. Without it, there is no way to 
convert the negative entropy associated with energy flow into nega- 
tive entropy associated with configurational entropy and the cor- 
responding information. Is it reasonable to believe such a "hidden" 
coupling mechanism will be found in the future that can play this 
crucial role of a template, metaboljc motor, etc., directing the flow of 
energy in such a way as t o  create new information? 
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CHAPTER 10 

Protocells 

A summary of the overaIl theory of biochemical evolution was given 
in Chapter 2. Stage 4 of biochemical evolution is the development of 
protocells, presented in figure 2-1. Protocells represent the link 
between the synthesis of macromolecules and the appearance of the 
first living cells. That is, they bridge the gap between the nonliving 
and the living. It is usually agreed in evolutionary theory that the 
bridge over this gap is the least understood aspect of the origin of life. 
William Day has samrnmhed the bridging in the following way: 

In some manner the macromolecules that had condensed from the building 
blocks managed to  associate and pass over the threshold to become life. They 
assembled inta a coordinated arrangement that looked like and functioned as a 
cell. This wasaquantum jumpin theevents Ieadingta the formation oflifeand 
has, of course, becauseof its spectacular feature, received particular attention.' 

Types of Protoceils 

The great chasm in our knowledge of the moIeculeto-cell transi- 
tion means we are free to  specdate in many directions, It i s  not 
surprising then to see a wide variety of candidates for protocell 
systems. Some of these are: 
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I. microspheres (Fox and Dosez), 
2. coacervates (Oparina), 
3. "j eewanu" (Bahadu?), 
4. N&CN microsphemles (Labadie et aL5), 
5. "suIphobesV (Hemera" or '$lasmogeny" (Herrera7), 
6. N&SCN-HCHO microstructures (Smith et al.81, 
7. organic microstructures (Fulsome et a1 .O), 

8. melanoidin and aldocyanoin microspheres (Kenyon and Nis- 
senbarnlo), and 

9. Iipid vesicles (Deamer and Oro,Z1 StillweU12). 

In 1976, Kenyon and Nissenbaumla listed the protocells known at 
that time (numbers 1-7) and then commented: 

Although each of the proposed model systeme exhibits some r u d i m e n w  
properties o f  chemicalevolutionary interest, it muat beemphasized that a verg 
large gap separates the most complex model systeme from the simplest wn- 
bmporary living cells. Moreover, the geochemical plausibility of many of these 
"protocell" models is open ta serious questioa14 

Geochemical Plausi biIity 

Kenyon and Nissenbaum's comment is especially appropriate in 
view of the evidence cited in the previous chapters. In Chapter 4 we 
saw that the essential precursor chemicals would probably have 
been vastly diminished in their concentrations. This conclusion is 
particularly relevant to  the production of protocells, for in all the 
nine systems proposed above, the organic chernicds must e i s t  in 
fairly concentrated solutions. That is, the protocell systems pro- 
posed are essentially encapsulating mechanisms, and therefore 
substantial quantities of macromoleculesrnust have existed in close 
proximity to  be enclosed in some primitive membrane. The existence 
of sufficient concentrations is doubtful, and the lack of geological 
evidence for a chemical soup or organic ponds supports this pessi- 
mistic picture. 

The use of high concentrations of selected organic chemicals in the 
laboratory production of prolocells versus the great1.y diminished 
concentra~ons expected in the ancient geological setting prompted 
Kenyon and Nissenbaum to comment that "...the geochemical 
plausibility of many of these 'protocell' models is open to serious 
que~tion."~5 Several examples will illustrate the implausibility con- 
cerning concentrations necessary to form protocells. 
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FoIsome'B points out that Foxused 15 grams totaI weight of amino 
acids in 375 ml of artificial seawater to produce proteinoid micro- 
spheres. Therefore, the amino acid concentration would be approxi- 
mately 0.4 M. Calculations regarding formation rates, concentra- 
tion rates, and thermal and photochemical decomposition rates 
point to an abundance of amino acids in seawater of no more than 
about 10-?M(see Chapter4). Thus Fox's synthesisuses axnolarratio 
of amino acids to salts that is "10 million times less in the geologi- 
cally plausible world."l7 

In more recent experiments, Fox has used concentrations of 6.0 mg 
of proteinoid per ml of reaction solution.18 This synthesis would 
resuIt in proteinoid concentrations of approximately 10-3 M, which 
corresponds to amino acid concentrations of approximately 0.05 M, 
a figure that is still more than ten thousand times too high to be 
plausible. 

Deamer and Oro state that vesicles of single chain amphiphiles 
",.,require relatively high concentrations [in the millimolar range] of 
substrate in order to be formed."lg According to Day, "coacervation 
can take place in extremely dilute soIutions-in concentrations as 
Iow as 0.001 percent ..."20 As coacervates are usually formed from 
reIatively high molecdar weight compounds (i.e., gum arabic and 
histone) the molar concentration is also extremely low. The corres- 
ponding concentration of the component amino acids would be 
approximately loT4 M for a 0.001 percent solution. According to 
Folsome, however, "To make coacervates in the laboratory requires 
quite high concentrations of polymers."21 That is, when compared to 
the primeval ponds of "dilute soup of small organic molecules," 
Folsome says that a "concentration gap" must be crossed to arrive at 
the concentration of polymers necessary for coacervation to occur.22 

T h e  concentrations of amino acids discussed above are typical. for 
the various proposed protocell models. Although the range in con- 
centrations is extremely wide (from 1 to lC4 M), a11 organic mole- 
cules must exist in fairly concentrated solutions relative to geologi- 
cally plausible concentrations. 
h light of the necessary requirements and the conclusions of the 

previous chapters, it is difficult toimagine that all the correct chemi- 
cals or circumstances to form protocells e ~ s t e d  on the early earth. 
Even if the chemicals did occur, large quantities of configurational 
entropy work wodd have to be supplied to form biopolymers and 
then to organize these into a functional cell. As shownin Chapters 8 
and 9, unless some hitherto unknown principle operated the avail- 
ability of such work would have been negligible. 
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Groups of Protocella 

Historically, the two best-known protocelI models are the coacer- 
vates of Oparin and the proteinoid microspheres of Fox. Lately, 
Folsome's microstructures and Stillwell's Iipid vesiclea have also 
received considerable attention. These models will, therefore, be 
discussed in more detail. 

Stillwe1123 has recently divided the types of protocell models into 
three groups: 

1. Inorganic spheres (Herrera,24 1942; Smith et 1968; Gros- 
senbacher and Knight,26 1965). 

2. Phase-separated polyanions and cations, e.g. deewanu (Ba- 
h a d ~ r , 2 ~  1972; Bahadur,28 1973), coacervates (O~arin ,2~ 1968), 
proteinoid microspheres (Fox and Dose,30 1972), and most 
recently, melanoidin (Kenyon and Nissenbaum,3' 1976). 

3. Lipid vesicles (Goldacre,32 1958; Hargreaves and Demer,33 
1978). 

Stillwell's classification emphasizes the similarity of many of the 
proposed protoceIl models. Therefore, although we will not discuss 
a11 the models in detail, comments concerning one particular model 
will typically apply to the whole group. Stillwell's groupings are also 
relevant, as the following discussions emphasize the actual forma- 
tion mechanisms of coacervates, microspheres, lipid vesicles, and 
organic microstructures. By understanding the actual forma tion 
processes, the protocell. models can be more thoroughly evaluated 
and the relation among and within groups perceived. The following 
discussions will focus on groups 2 and 3, as the vast majority of 
experimental research has been performed on these types of proto- 
cell systems. 

Coacervates 

Coacervates were first noticed by H.Q. Bungenberg de dong in 
1932.34 When nucleic acids, proteins, and other molecules are put 
into water under certain conditions, spherical droplets 2-670 microns 
in diameter form. These droplets have higher concentrations of pro- 
teins and nucIeic acids (compared to the water) and are called coac- 
ervates. Oparin realized that coacervates were a potential method to 
get proteins and nucIeic acids together in a concenkated form. 



Proteins and nucleic acids have both hydrophilic and hydro- 
phobic parts. Proteins and nucleic acids can also be positively or 
negatively charged in solution (the charge depending on the pH}. 
The proteins are attracted ta the water as are the nucleic acids. If 
ions (of Na', C1-, etc.) are added to the solution, they also attract 
water to themselves. This afdraction of water to the ions is usually 
stronger than the proteins' attraction to the water. Therefore, the 
water is stripped from the proteins and nucIeic acids, making them 
Jess soluble. The opposite charges of the nucleic acids and proteins 
plus the lateral cohesion forces attract the nucleic acids and proteins 
together to  form coacervates. This is why Stillwell groups coacer- 
vates as "phase separated" polyanions and cations.3jThis process is 
sometimes called "salting out" because a salt (Na', C1-, etc.) is 
added. The process is based on physical, attractive, and repulsive 
forces. 

Some of the siiilarities between coacervates and cells noted by 
Oparin" and others are their tendency to form spherical structures, 
their boundaries, and their ability t o  absorb selectively. Coacervates 
are not self-organizing units, however, and they do not contain the 
structural regularities or selective metabolic processes found in liv- 
ing cells. No matter how largea list of cell-like properties is amassed, 
the coacervates are simpIy the result of pbysicaI forces of attrac- 
tion," and their resemblence to compIex living cells is only super- 
ficial. We must note, too, that coacewates are formed under very 

"By physical forces of attraction, we are refening to the weak interactive forces 
listed below: 

1. Hydrogen bonding. 
2. One dipole attracts another dipole (dipole-dipole forces are weak el* 

trosbtic attractions). 
3. Lateral forces ofcohesion (weak forces between likemolecules which probably 

consist of Van der Waals forces). 
4. Hydrophilicity and hydrophobicity (result o f  previous three forces). 

m e s e  physical forces of attraction are contrasted with forces that form chemical 
bond= 

1. Sharing of electrons (covalent bonding). 
2. Transfer of electrons (ionic bonda). 
3. Metallic bonding. 

Chemical forces are much stronger than physical ones and usually require a chemi- 
cal reaction to break and form new bonds. The physical forcea. however, do not 
require any chemical reaction to take place for them to form. 
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defined conditions of pH, temperature, and ionic strength. They are 
readily dissolved with dilution, pH change, or heat, and are easily 
broken up by agitation. In fact, this instability is cited by Fox et al.?7 
and Fox and Dose36 as evidence that coacervates could have played 
no major role as intermediate protocells. Coacervates probably 
would not have existed any length of time in the primitive environ- 
ment. 
Wilder Smith, in his evaluation of coacewates' ability to absorb 

molecules and increase their mass, states: 

The vital point for us in this whole matter is whether, by means of coacervate 
formation, we hare found any parallel or even insight into biological cell 
fonnation, or into the mechanism by which cells increase their mass. That is, 
whether coacervate formation gives us insight into abiogenesis or into cell 
metabolism resulting in growth. It is  our view that there is absolutely no 
parallel in the formation of coacervates and protocella. We risk this rather 
categorica1 statement on the grounds that there is no evidence that salting-out 
processes could ever produce anything resembling the inner structure of the 
h e  biological cell. For the true biological cell i s  always, in our experience, so 
structured and complex that it may be classed as almost one large code in its 
sequences and specificity. On theoretical grounda alone we do not see any 
possibility d such structures arising by mere saltingsut mechaniams.ag 

He goes on to conclude that: 

It is obvious that coacervate mass increase does not occur by mehbdic  pro- 
cesses but by purely physical absorption .... In reality, any fundamental like- 
nesses between even the simplest l iving cells and coacemks are conspicuous 
by their absence.'* 

T h e  above discussion by Wilder Smith focused on the ability of 
coacervates to absorb molecules and increase their mass (growth). 
In the following section, many cell-like properties attributed to pro- 
teinoid microspheres will be examined in detail. As shall be observed, 
many of Wilder Smith's comments above could also apply to  protei- 
noid rnicrospheres. 

Microspheres 

Microspheres form when solutions of prot.einoids cool. A "remark- 
able" list of cell-like properties has been assembled by Fox and 
Dose," and Fox et al.,42 (provided in table 10-1) and most recently 
by Fox and Nakashima.43 Some microspheres are shown in figure 
10-1. 



Table 10-1. 
proteinoid microparticles possess many properties similar to contemporary cells. 

Stability (to standing, centrifugation, sectioning) 
Microscopic size 
Variability in shape but uniform in size 
Numerousness 
Stainability 
Producibility as gram-positive or gram-negative 
Osmotic type of property in atomic solutions 
Ultrashcture (electron microscope) 
Double-layered boundary 
Selective passage of molecules through boundary 
Catalytic activities 
Patterns of association 
Propagation by "budding" and fission 
Growth by accretion 
Motility 
Selective inclusion of polynucleotides with basic proteinoids 
@articles are composed of nucleoproteinoid not pxoteiaoid) 

From S.W. Fox, K. Harada, G. Krampitz, and G. MueUer, June 22,1970. Chern. Eitg. 
News, p. 90.) 

. . 
, . -  

* .  
. , .. - L .A. - - 

figure 10-1. 
O~tica l  micrograph of protenoid microspberes. Microspheres formed when an amino 
acid polymer (proteinoid) was boiled in water. The proteinoid resulted from pyrocon- 
densation of dry amino acids. (Fmm S. W. Fox and K. Dose, MolecLllar EuolrstiDn a d  
the Origin of l i f e ,  revised ed., p. 214.) 
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Because of the many similar propehes between microspheres and 
contemporary cells, microspheres were confidently called protocells, 
the link between the living and nonliving in evolution. Similar struc- 
tures were given the names plasmogeny44 (plasma of life) and Jee- 
wanu4 (Sanskrit for "particles of life"). 

Essentially, microspheres result when small "protein-like" sub- 
stances (proteinoids) are placed in water. As previousIy stated, pro- 
teinoids have both hydrophilic and hydrophobic parts. When the 
concentration of the proteinoids is increased, the lateral forces of 
cohesion between the proteinoids bring them together into a spheri- 
cal particle (technically called an association colloid). These parti- 
cles can also form micelles, structural aggregates in which the 
hydrophilic part of the protein extends outward into the water and 
the hydrophobic park inward. 

Kenyon and Steinman also emphasize the role of micelles: 

Large molecules with both polar and nonpolar regions have the ability to form 
micelles in aqueous solutions. This phenomenon results from the nonpolar 
regions of several such molecules coming close enough together to mutually 
exclude much of the water in their immediate vicinity. At the same time the 
polar ends face outwards to the aqueous environment4" 

Likewise, microspheres are simply proteinoids attracted together 
(by physical forces) into a somewhat ordered spherical structure. 
Here too, the structure is due to the attraction of the hydrophilic 
parts of the proteinoids to water and of the hydrophobic parts to each 
other. 

We will examine in detail some of the "cell-like" properties of 
rnicrospheres. Fox et al., state that "microparticles possess in large 
degree the rate enhancing activities of the polymer of which they are 
composed."47 These are microspheres' "catalytic activities" listed in 
table 10-1. If the protein by itself has a catalytic property, it seems 
very logical that the protein would retain that property when putin a 
micelle. The catalytic activity of the microsphere is not due to any 
special structure that the microsphere possesses. The increase in 
reaction rate observed in microspheres is very small by comparison 
to the rate increase seen in true enzymes (where rate increase factors 
are in the billions-lo9). Furthermore, much of the rateincrease seen 
in proteinoids is due to the amino acids themselves, not the 
proteinoid. 

Another "cell-like" property cited is the selective passage of cer- 
tain molecules. Fox et al., explain that "Polymers that are similar in 



composition to those inside the microspheres can selectively diffuse 
through the b~undary."~a It is to be expected that similar molecules 
(the hydrophobic ones) would be incorporated into the miceUe by the 
physical forces of attraction present. 

Microspheres also "grow by accretion"49 (see figure 10-1). This, 
however, is the attraction of like molecules to the rnicelle by simple 
physical forces. The process of microsphere "growth" has little if 
any similarity to the process by which contemporary cells grow. 
True cells grow through a metabolic process involving many chemi- 
cal reactions. In microspheres no chemical reactions are taking 
place, only accumulation through physical forces of attraction. 

"Propagation by b~dding"5~ (see figure 10-1) also has no connec- 
tion to  the present day cell process of reproduction, which requires 
enzymes, DNA, energy, and many reactions coupled together pre- 
cisely. By contrast, the "budding" illustrated in microspheres is 
merely a breahng up of the microsphere due to heat or pH changes. 

Oparin further criticizes microspheres by saying, 

Fox's microspheres, since they are obtained thermally, do not present very 
promising results from this view [i.e., evolving to include metabolic processes]. 
Their structure is static. This ... creates difficultiee when it comes to converting 
them into dynamic systems which could be used for mvdeling the evolution of 
metabolism.51 

Miller and Orgel also criticize Fox's statements relating micro- 
spheres to living cells. They state that the microsphere's bilayer 
membranes '"..are not "biologicai-like' membranes since they do not 
contain lipids or carry out any of the functions of biological mem- 
branes."52 They conclude, "It seems unlikely ... that the division of 
microspheres is related to the origin of cell division."53 
One of the most important aspects of any cell is its chemical 

composition. As mentioned in Chapter 9, proteinoids (from which 
microspheres are formed) contain many nonbiological features. In 
fact, Temussi refers to proteinoids as "the preferential formation of 
unnatural peptide bonds."5* 

Folsome criticizes rnicrospheres in that they possess a "grossly 
thick" boundary layer that more closely resembles a nearly imperme- 
able cell wall or spore coat than a cell me.mbxane.55 

In the presentday cell, there are thousands of different chemical 
reactions taking m lace. Not even one chemical reaction takes place in 
microspheres, only mechanical and physical processes due to simple 
attractive forces. We question listing these purely physical forces a0 
resemblances to true cell processes. In truth, they have scant rela- 
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tion to actual processes in living cells. Actually, microspheres pos- 
sess only outward likenesses and nothing of the inward structure 
and function of a true cell. They contain no information content, no 
energy utilizing system, no enzymes, no nucleic acid, no genetic 
code, and no replication system. They contain only a mixture of 
polymers of amino acids, the so-calIed proteinoids. Microspheres 
cannot be said to be living in any sense of the word, and it is 
questionable whether they should even be given the  name "proto- 
cell." They are merely an aggregation of polymers, and do not help to 
bridge the gag between life and non-life. 

Also mentioned previously are the unlikely geological conditions 
that would be necessary to  form microspheres. The requirement of 
implausible conditions has been emphasized by Miller and Urep6 
and Miller and Orge1.57 In reference to Fox's method of microsphere 
preparation, Folsome asks, "The central question is where did all 
these pure, dry, concentrated, and optically active amino acids come 
from in the real, abiological world?"58 

William Day reflects similar views concerning microspheres, 
coacervates, and Jeewanu when he states, "There have been similar 
efforts to create models of the primal eel1 where a greater regard was 
given to the gross morphology than chemical functionality."59 But, 
says Day, "No matter how you look at it, this is  scientific non- 
sense."60 finally, Day concludes: 

These p s e u d ~ e i l d a r  models, like clay, soap bubbles, ox any other inanimate 
objects, have neither the mechanism nor the potential of becoming anything 
beyond what they are .... Butthe most serious fault of modelefom particles held 
together by ionic forces is that they would have been continually periled with 
dissolution. Coacervates are no.toriously unstable and microspheres exist only 
in saturated 8olutions. Their existence in Archean lakes or oceans would have 
been sborklived.61 

In his critique of microspheres and coacervates, Folsome empha- 
sizes that  these models "...suffer from the same practical problems of 
the concentration gap."62That is, the formation of microspheres and 
coacervates requires quite high concentrations of polymers not pres- 
ent  in the primeval ponds. Folsome goes on to say, "Hypotheticaily, 
there are ways to circumvent the concentration gap, but all appear to 
be more wishful thinking than plausible facets of reaEty."6= 

Overall, it appears that coacewates, microspheres, and all the 
"phase-separated polyanion and cation" models of group 2 have 
serious deficiencies that disqualify them as protocell systems. That 
is, they cannot be considered forerunners to the modern cell. 
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Lipid Vesicles 

The interest in lipids stems from their functionality in modem 
membranes. Here they have a primary role, and it is not surprising 
they should be used in developing protocell systems. Bangham and 

originally demonstrated that phospholipid molecules will 
self-assemble into closed vesicles. Phospholipids are fatty acid 
derivatives of glycero-phosphoric acid. The hydrocarbon chain of 
the fatty acid is hydrophobic, whereas the phosphate end of the 
molecule is hydro p hilic. Therefore, the phospholipids align them- 
selves when surrounded by water to form spherical shapes. If a 
single layer of phospholipid molecules forms, a micelle results. If a 
bimolecular layer creates a sphere, the particle is a liposome or 
vesicle. 

Simple fatty acids with hydrocarbon chains of eight or more car- 
bons can also form structured vesicles or micelles, depending on the 
pH of the solution.B5 Compared ia liposomes, however, the structures 
are relatively unstable, and quite sensitive to ionic environment and 
temperature. They also require relatively high concentrations (in the 
millimo3ar range) in order to form.66 Contemporary phospholipids 
can form vesicles at lower concentration, and are not so sensitive to 
the environment. Such vesicles have been criticized as being com- 
posed of highly evolved phospholipids.e7 Stillwell68 states that 
phospholipids were probably not present in the early ocean, while 
Deamer and Or069 claim that phospholipids can be formed under 
plausible prebiotic conditions. In the opinion of the authors, how- 
ever, several nongeological (i.e., implausible) chemicd components 
have been used in the synthesis. In particular, soluble phosphate 
compounds were used as reactants. It is doubtful., however, that 
soluble phosphate concentration exceeded 10-6 M in the primitive 
ocean, due to precipitation by calcium and magnesium salts. The 
fatty acids needed for phospholipid formation would also predict- 
ably have been in short supply in the oceanic soup, having precip-i- 
takd with calcium and magnesium salts. (See Chapter 4) 

The synthesis of complex lipids, such as the phospholipids, proba- 
bly also suffered from the concentration gap discussed earlier. The 
precursors of the complex lipids include fatty acids, glycerol, and 
glycerol phosphate.70 These compounds, if they existed at all in the 
prebiotic soup, would have been present in dilute concentrations, 
since they would have been subject tomany competing reactions. In 
view of this, the formation of more complex Lipids necessary for 
stable vesicles is dubious. 
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Note that in StillweIl's7~ review of lipid membranes in protocells, 
he criticizes microspheres and coacervates as being too "leaky" to be 
protocells. That is, the molecules encapsulated in the structure can 
easily leak through the boundary. Interestingly, the Lipid vesicIes 
may be too "tight." They do not readily transport molecules through 
their membrane. Contemporary cells contain both lipids and pre  
teins in their membranes, enabling a complex selective transport 
mechanism to operate. Several transport mechanisms have been 
proposed for the vesicle pro to cell^.^^ The facilitated diffusion of 
molecules through the boundary may be one of the few function-like 
properties of vesicles. Nevertheless, the mechanisms are nownere 
comparable to those in contemporary cells. In summary, the vesicle 
protocells bear only superficial resemblance to true cells. 

Organic Microstructures 

Folsome's has been the main proponent of the organic mime 
structure protocell system. Microstructures are formed during 
Miller-Urey electrical discharge experiments. They resemble (mor- 
phologically) microfossils found in ancient rocks and are thought to 
consist of cross-linked kerogenous polymer structures. 

Fox has criticized Folsome's experiments as being nongeo- 
logical-'"thouout terrestrial counterpart."74 firtherrnore, Fox states 
that the alleged potential of microstructures as a protocell mode1 is 
poor1y supported because the microstructures have not demon- 
strated any cellular function. The microstructures are also basically 
uncharacterized and not shown to  contain polymers. 

Fox's criticisms appear valid. A strength of Fol-some's structures 
which must be acknowledged, however, is that they do not require 
the usual stepwise approach. That is, the organic m i ~ r o s ~ c t u r e s  
form directly in spark discharge simulation experiments. This is in 
contrast to the formation of most protocell models, which require 
intermediate steps. For example, coacervates are formed from rela- 
tively high molecular weight polymers such as histones and gum 
arabic, and microspheres are formed from pure amino adds. In view 
of the discussioninchapter 5 ,  however, concerningthe composition 
of the primitive earth and atmosphere, the geological plausibility of 
Folsome's Kghly reducing, closed-flask experiments should be ques- 
tioned. The limited evidence (firsborder kinetics and self-assembly) 
given by Folsome in support of the organic microstructure's bio- 
genicity suffers from the same problems as other proposed protocd 
systems. That is, purely physical and morphologcal properties are 
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being dressed up to resemble present-day ceIlular processes when no 
true functional similarity eJdsts. In fact, the morphology of organic 
microstructures is very diverse and sometimes irregular. Present- 
day cells are typically spherical with smooth, regular boundaries. 
Organic microstructures possess few, if any, properties of present- 
day cells and must therefore be questioned as forerunners of true 
celIs. 

Conclusion 

In light of the conclusions from the previous chapters (especially 
Chapters 4,5,8, and 9), it seems doubtful that the macromolecules 
necessary for living cells existed on the early earth. Even if the 
molecules were present in substantial quantities, the encapsulating 
protocell systems reviewed in this chapkr appear to be highly tenu- 
ous as true protocells. In most cases, the only resemblance that the 
proposed models have to contemporary cells is their size and mor- 
phology (spherical shapes). 

CeIluIarfunctions claimed for the protocell system are the result of 
simple physical forces. Similarities to presentday cell processes are 
superficial. In a11 cases, the protocelI systems are only conglomera- 
tions of organic molecules that provide no genuine steps to bridge 
the gap between living and nonliving. Furthermore, most protocells 
are highly unstable and were formed under nongeological condi- 
tions. In summary, the assessment of Green and Goldberger is still 
appropriate: 

... the macramolecule-toe11 transition is a jump of fantastic dimensions .... The 
available facts do not provide a basis for postulating that cells arose on this 
planet76 
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CHAPTER 11 

Summary 
and con Elusion 

Chemical evolution is broadly regarded as a highly plausible scena- 
rio for imagining how life on earth might have begun. It has received 
support from many competent theorists and experimenklists. Ideas 
of chemical evolution have been modified and refined considerably 
through their capableefforts. Many of the findings of these workexs, 
however, have not supported the scenario of chemical evolution. In 
fact, what has emerged over the last three d e c a d e s ~ s  we have 
shown in the present critical analysis, is an alternative scenario 
which is characterized by destruction, and not the synthesis of life. 
This alternative scheme envisions a primitive earth with an oxid- 

izing atmosphere. A growing body of evidence supports the view 
that  substantial quantities of molecular oxygen existed very earlyin 
earth history before life appeared. If the early atmosphere was 
strongly oxidizing, as we find on Mars today, then no chemical 
evolution ever occuned. Even if the primitive atmosphere was reduc- 
ing or only mildly oxidizing, then degradative processes predomi- 
nated over synthesis. Furthermore, macromolecule polymerization 
would be subjected to countless competing reactions. Small steady- 
state concentrations (no greater than 10-7M for amino acids, for 
example) of essential precursor chemicals would fill the e h h ' s  
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water basins. Because of such small concentrations the rates of 
chemicaI evolution in the ocean were never more than negligible. 
This follows from the law of mass action. .The same law also predicts 
that any concentrating mechanisms (such as freezing or evaporat- 
iag ponds) would merely have served to accelerate both destructive 
and synthetic processes already going on at slower xates in the dilute 
seas. In the end there would have been no discernible chemical 
evolutionary benefit from these small concentrating ponds. An idea 
of how dilute in biomonomers these seas must have been comes from 
the fact that the prebiotic chemical soup, presumably a world-wide 
phenomenon, left no known trace in the geological record. 

Since monomer concentrations were so  low, polymerizations by 
spontaneous means were made all the more difficult. The primary 
difficuIty was not  lack of suitable energy sources. Rather it was both 
a lack of sufficientenergy mobilizing means to harness the energy to 
the specific task of building biopolymers and a lack of means to 
generate the proper sequence of, say, amino acids in a polypeptide to 
get biological function. We have identified this latter problem as one 
of doing the configurational entropy work. Here the difficulty is 
fundamental. It applies equally to discarded, present, and possible 
future models of chemical evolution. We believe the problem is anala- 
gous to that  of the medieval alchemist who was commissioned to 
change copper into gold. Energy flow through a system can do 
chemical work and produce an otherwise improbable distribution of 
energy in the system (e-g., a water heater). Thermal entropy, how- 
ever, seems to  be physically independent from the information con- 
tent of living systems which we have analyzed and called configura- 
tional entropy. As was pointed out, Yockey has noted that  negative 
thermodynamic entropy (thermal) has nothing to do with informa- 
i on, and no amount ofenergy flow through the system and negative 
thermal entropy generation can produce even a small amount  of 
information. You can't get gold out of copper, apples out  of oranges, 
or information out ofnegative thermal entropy. There does not seem 
to be any physical basis for the widespread assumption implicit in 
the idea that  a n  open system is a sufficient explanation for the 
complexity of life. As we have previously noted, there is neither a 
.t!leoretical nor an experimental basis for this hypothesis. There is no 
hint  in our experience of any mechanistic means of supplying the 
necessary configurational entropy work. Enzymes and human intel- 
ligence, however, do it routinely. 

Actually the configurational entropy work is of two types. The job 
of  selecting or sorting the appropriate chemical composition out of a 
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random soup mixture we have referred to as the "selecting" work. 
The task of arranging these selected monomers in the proper 
sequence in a polymer for biological function is  the "coding" work. 
The early earth conditions appear to offer no intrinsic means of 
supplying either of these indispensable components of the configu- 
rational entropy work necessary to make themacromolecules of life. 

It is this unmet configurational entropy work requirement which 
is the central problem in developing essential macromolecules such 
as DNA and protein, much less the complex cellular structures. 

So-called protocells have been produced in the laboratory in an 
attempt to bridge the nonliving and the living. Such structures do 
have the crude resemblance to true cells but none of the internal 
cellular machinery, such as enzymes, DNA, or phospholipid cell 
membranes. The few "cell" functions manifested by protocell sys- 
tems typically arise from simple physical forces. Any similarity to 
true cellular processes is highly superficial. 

The usual irrterpretation of chemical evolution derives a great deal 
of apparent plausibility from reports of laboratory prebiotic simula- 
tion experiments. In fact most of these experiments are probably 
invalid. Unlike other established experimental disciplines, "prebio- 
tic chemistry" has no generally accepted criterion for what consti- 
tutes a valid prebiotic simulation experiment. Consequently, many 
incredible experiments have been published as "simulation" ex- 
periments. 

As a meager step toward remedying this situation, we have offered 
a tentative definition of a valid prebiotic simulation experiment. 
Based on the widely held view that  lifc was not the result of the 
crucial involvement of the supernatural, we have carefully extended 
this to show that a valid prebiotic simulation experiment must not 
have crucial investigator interference in any illegitimate sense. By 
definition there are numerous legitimate activities of the investiga- 
tor. Simply stated, an  investigator may appropriately adjust condi- 
tions of the experiment that are deemed analogous to the primitive 
earth situation. But such conditions must be plausible. 

To help evaluate the degree of interference by the investigator, we 
devised a scale on which we placed the various common experimen- 
tal procedures. To the degree a lab experiment deviates frnm plausi- 
ble early earth conditions, t o  that degree it  is an illegitimate interfer- 
ence by the experimenter. This view assumes that we need to take 
into account only probable conditions. With thehelp of this scalewe 
have judged conditions of most simulation experiments to be 
implausible, and therefore excluded them a s  legitimate simulation 
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experiments. This is a severe judgement. But it should be recognized 
that part of the deep suspicion that has surrounded prebioticchemis- 
try from its beginning has been over precisely this matter that 
ill-defined experimental criteria have been used. As one scoffer was 
heard to remark in a scientific meeting, "In prebiotic chemistry 
anything counts." It is up to the investigators in this field to come to 
grips with the problem of what is a valid simulation experiment, and 
what is not. 
One characteristic feature of the above critique needs to be 

emphasized. We have not simply picked out a number of details 
within chemical evolution theory that are weak, or without adequate 
explanation for the moment. For the most part this critique is based 
on crucial weaknesses intrinsic to the theory itself. Often it is con- 
tended that criticism focuses on present ignorance. "Give us more 
time to  solve the problems," is the plea. After all, the pursuit of 
abiogenesis is young as a scientific enterprise. It will be claimed that 
many of these problems are mere state-of-the-art gaps. And, surely, 
some of them are. Notice, however, that the sharp edge of this cr i -  
tique is not what we do not know, but what wedo know. Many facts 
have come to light in the past three decades of experimental inquiry 
into life's beginning. With each passing year thecriticism has gotten 
stronger. The advance of science itself is what is challenging the 
notion that life arose oa earth by spontaneous (in a thermodynamic 
sense) chemical reactions. 

Over the years a slowly emerging line or boundary has appeared 
which shows observationally the limits of what can be expected 
from matter and energy left to themselves, and what can be accom- 
plished only through what Michae; Polanyi has called "a pro- 
foundly informative interventi~n."~ When it is acknowledged that 
most so-called prebiotic simulation experiments actually owe their 
success to the crucial but illegitimate role of the investigator, a new 
and fresh phase of the experimenbl approach t o  life's origin can 
then be entered. Until then however, theliterature of chemical evolu- 
tion wiIl probably continue to be dominated by reports of experi- 
ments in which the investigator, like a metabolizing MaxweU 
Demon, wiIl have performed work on the system through intelligent, 
exogenous inikrvention. Such work establishes experimental boun- 
dary conditions, and imposes intelligent influence/controI over a 
supposedly "prebiotic" earth. As long as this informative interfer- 
ence of the investigator is ignored, the illusion of prebiotic simula- 
tion will be fostered. We would predict that this practice will prove to 
be a barrier to solving the mystery of life's origin. 
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Conclusion 

A major conclusion to be drawn from this work is that the un- 
directed flow of energy through a primordial atmosphere and ocean 
is at present a woefully inadequate expIanation for the increhble 
c o m p I e x i ~  associated with even simple living systems, andis prob- 
ably wrong, 
Many will find this critique "interesting" but will not draw the 

same conc~usions we have. Why will many predictably persist in 
thdr acceptance of some version of chemical evolution? Quite 
simply, because chemical evolution has not been falsified. One 
would be irrational to adhere to  a falsified hypothesis. We have only 
presented a case that chemical evolution is highly implausible. By 
the nature of the case that is all one can do. In a strict, technical 
sense, chemical evolution cannot be falsified because it is not falsifi- 
able. Chemical evolution is a speculative reconstruction of a unique 
past event, and cannot therefore be tested against recurring nature. 
As Pirie remarked, "Now we have little expectation of being able to 
conclude a discussion with the statement 'This is how life did arise'; 
the best we can hope for is 'This is one of the ways Xife could have 
arisen.' "2 

Some will immediately conclude that if Pirie is right, then chemi- 
cal evolution is not science and it should be consigned to the rubbish 
heap. This seems to have been the conclusion of Mora when he said, 
"...how life originated, 1 am afraid that, since Pastew, this question 
is not within the scientific dornain."3 

But this conclusion is too hasty. It must be realized, as we p~intsd 
out in Chapter 1, that the speculative nature of chemicd evolution 
does not mean that i t  is without value. In forensic medicine, a spe- 
culative scenario in the hands of a skillful Iawyer can be used to 
persuade a jury of the guilt or innocence of a defendant. So it is with 
chemical evolution scenarios. 
In the persuading process there is aIways the risk that partid 

truth will be viewed as the whole truth and mislead a jury. To 
minimize the risks of convicting the innocent and freeing the guilty, 
the court in the U.S.A. uses an adversarial approach, which means 
the jury gets to hear likely scenarios from attorneys for both prosecu- 
tion and defense. In addition, attorneys from both sides can cross- 
examine witnesses. When a jury weighs the evidence, it is hoped the 
evidence in hand is a fair sampling so that justice is served. For a 
jury to render a guilty verdict for a capital offense the case must be 
established beyond reasonable doubt. 
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To be sure, the case for the origin of life via chemical evolution as 
usually presented sounds plausible, and has been accepted very 
widely, if not generally, by the scientific community. Furthermore, 
popularizations have carried the case to millions in a persuasive 
manner. Because of the fact that chemical evolution cannot befalsi- 
fied, however, its apparent plausibility can easily be exaggerated 
beyond its true status as speculation and be regarded instead as 
knowledge. 

Perhaps this is always a danger with speculative approaches, but 
it would seem to  beparticulary likely here since the substantial case 
questioning the plausibility of chemical evolution has been all but 
muted. Our chapters, we believe, have shown that reasonable doubt 
exists concerning whether simple chemicals on a primitive earth did 
spontaneously evolve (or organize themselves) into the first life. We 
leave it to  the jury to decide. 

"That's the worst of circumstantial evidence. The prosecuting attamey has at 
his command all the facilities of organizedinvestigatjon. He uncovers facts. Re 
selects only those which, in his opinion, are significant. Once he's come to the 
conclusion the defendant i s  guilty, the only facts he considers significant are 
those which point to the guilt of the defendant. That's why circumstantial 
evidence ie such aliar. Facts themselves are meaningless. It's only the interpre- 
tation we give thosefacts which counts." 

" P e w  Mason"--Erle Stanley Cardner* 
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Epilogue 

In the introductory chapter we stated our hope that criticism of 
current theories of the origin of life would prove t o  be a first step 
toward a more satisfactory theory of origins. No consideration, how- 
ever, was given to alternatives. So, in this epilogue we will consider 
five alternative views which have been mentioned in the literature 
on the origin of life. These are: 

I. New natural laws 
2. Panspermia 
3. Directed Panspermia 
4.  Special Creation by a creator within the cosmos 
5.  Special Creation by a Creator beyond the cosmos 

We foresee that the major theories of origins for the future are listed 
here. Before considering these, however, let us  enumerate some not- 
able results from our analysis of origin of llfe research. Anysatisfac- 
tory alternative should account for these factors: 

1. There is accumulating evidence for an oxidizing early earth 
and atmosphere. 

2. Destructive processes would have predominated over syn- 
thesis in the atmosphere and ocean in the prebiotic world. 

3. Thereis continued shortening of the timeinterval (now< 170 
my) between earth's cooling and the first appearance of life. 

4. Geochemical analysis shows the composition of Precam- 
brian deposits is short of nitrogen. 



5. There is an observational limit or boundary between what 
has been accomplished in the laboratory by natural processes 
left to themselves and what is done through investigator 
interference. 

6. In our experience onIy biotic processes (enzymes, DNA, etc.) 
and investigator interference couple energy flow to the task of 
constructing binspecific macromolecules. 

7. True living cells are extraordinarily compIex, we11 orches- 
trated dynamic structures containing enzymes, DNA, phos- 
pholipids, carbohydrates, etc., to which so-called protocells 
bear only a superficial resemblance. 

New Natural Lawe* 

We have seen the failure, perhaps the impotence of presently 
known fundamental physical and chemical laws to explain the 
origin of bioIogica1 structures. This has given renewed inspiration to 
the idea that new principles of physics must be discovered to ade- 
quately explain this phenomenon. Elsasserl has argued that classes 
of living structures are too small to be subject to the statistical 
averaging procedures of physics, suggesting that new natural laws 
must be identified instead. Recall from Chapter 1 that this was also 
the suggestion of Murray Eden at the Wistar Institute Symposium. 
Xn the same vein Garstens2 postulated that the application of statis- 
tical mechanics to biological systems requiresa new set of auxiliary 
assumptions different from those traditionally used in physics. 
Mora3 concurs that new laws are essentiaI, pointing out that i t  is 
impossible to reconcile statistical and thennodynamic constraints 
with the formation of living systems. 
Using the quantum mechanical method, Wigner4 calculated the 

probability of a living organism interacting with nutrients to pro- 
duce another identical organism, assuming that this interaction is 
governed by a random symmetric HamiItonian matrix. This is the 
same assumption employed by von Neumann5 to prove that the 
Second Law of Thermodynamics is a consequence of quantum 
mechanics. On counting up the number o f  equations describing the 
interactions, Wigner found they greatly exceeded the number of 
unknowns which described the final state of the nutrient plus two 

*This sectiondraws heavily on the theoreticalanalysis of John C. Waltanin an article 
entitled "Organization and the origin of life," in Origins, v01.4, no. 1,1977,16-35. 
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organisms. Wigner's analysis showed a zero probability that there 
would be any state of the nutrient which would allow multiplication 
of the organism. He says: "It would be a miracle" and would imply 
the interaction of the organism with the nutrient had been deliber- 
ately "taiIored" so as to make the lesser number of unknowns satisfy 
the greater number of equations.6 Of course the interaction between 
living systems and nutrients is not random, but directed by the DNA 
molecule. Prebiotic systems, on the other hand, have no such 
endowment, and are subject to the problem of randomness alluded to 
by Wigner. 

Landsberg7 also used quantum mechanics to examine the ques- 
tion of spontaneous generation and reproduction of organisms. He 
found that by broadening Wigner's analysis to  include nonequili- 
brium systems, the probabilities were greater thanzero, though still 
very small. Based on the work of Wigner and Landsberg, we may 
conclude that quantum mechanics does not forbid the origin of life, 
but does suggest that life could not arise as a result o f  random 
interactions encountered in inanimate matter. The implication is 
that some hitherto little understood "principle of organization" 
must be responsible for the necessary '5istructed" interaction of 
chemicals leading to  the formation of living systems. This conclu- 
sion drawn from quantum mechanics is in agreement with the ear- 
lier observation from thermodynamics (Chapter 8) that a coupling of 
the energy flow through the system to the required work, especially 
configurational entropy work, is essential for the formation of life. 

Polanyis has emphasized that the mechanism and design in living 
organisms is irreducible to the laws of inanimate matter. He notes 
that the laws of chemistry and physics are expressed rnathemati- 
cally in terms of differential equations. The existence of living sys- 
temsmay only be understood, however, in the fixing of the boundary 
conditions that determine the form which both the equations and 
nature take. He leaves unanswered the question of how the "fifing" 
of the boundary conditions occurred, implying again the need for 
new laws. 
In a similar way, Longuet-Higginsg affirms that physics and 

chemistry are conceptually inadequate as a theoretical framework 
for biology, and recommends more serious consideration of biologi- 
cal problems in terms of design, construction, and function. 
The need for new laws is further underscored in the paradox seen 

by Schrodingerlo in 1944. In inanimate matter, regular, orderly 
behavior is a lways  the averaged result of the collective behavior of a 
large number of molecules acted on by particular constraints. In 



living systems, however, orderly behavior appears to result from the 
activity of single molecules or very small collections of molecules, in 
spite of the fact that fundamental physical laws lead us to believe 
that single molecules should behave in a random manner. Patteen 
and Bohm*z both have discussed this problem but have found no 
satisfactory solution. Bohm stresses that it is virtually certain that 
fundamental theory will not  explain even the accurate transmission 
of genetic information, much less its origin. He further notes the 
ironic twist that just when physics and chemistry are abandoning 
mechanistic interpretations for probabilistic ones, biology is adopt- 
ing them. 
In sukmary, those who suggest new natural laws donot show it is 

reasonable to believe energy flow through a system would be coupled 
to accomplish the required work to produce the first protein, DNA, 
and ultimately, the first living cell. They simply point out that new 
organizing principles are needed as present ones axe clearly inade- 
quate. The mere need of new laws is a legitimate reason for seeking 
them, but only evidence can legtimately establish and sustain 
them. Intelligent contrivances harness a portion of the energy flow 
for work in the human world. Mow some energy converting/coupling 
means might arise without intelligence in the inorganic world before 
life is difficult to say. 

Panspermia 

Panspennia is the classical extraterrestrial view which originated 
after Pasteur's disproof of spontaneous generation in the 19th cen- 
tury, and was popularized earlier in this century by S. Arrhenius.13 
According to this view, a life spore was driven to earth from some- 
where else in the cosmos by electromagnetic radiation pressure. The 
idea is sometimes caIled radiopanspermia. 

Axrhenius calculated that if a particle were in the size range of 
0.13 microns it could escape solar gravity and be pushed along in 
space by the pressure of light waves. Although Panspermia was an 
ingenious idea, it failed to account for three significant factors: 

1. Panspermia did not really answer the question of origins; it 
merely pushed the problem to some other planet or place in 
the cosmos. 

2. Panspermia offered no way to protect life spores from the 
lethal effects of intense radiation in space. 
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3. Panspermia offered no mechanism for safe entry through the 
earth's atmosphere. Arrhenius calculated that any life spore 
larger than 1 micron in diameter would burn up on entry. 
Most plant and animal cells, however, are in the range of 
10-40 microns in  diameter. 

These problems were seen as severe and most people dismissed 
Panspermia as nonviable. Any flickering interest in Panspermia 
seemed to fade in the mid-Fifties with the emergence of the modern 
view of terrestrial abiogenesis. 

Revived Interest in Panspermia 

More recently, however, major objections to CerrestriaI chemical 
evolution scenarios, surveyed in the main body cf the book, have 
caused some to reconsider Panspermia, even though it does not 
purport to be an account of life's origin. Why persist in looking to the 
earth for the answer t o  life's origin, especially since the evidence 
questioning terrestrial chemical evolution is quite substantial? As 
Brooks and Shaw noted, "We must be interested in t h e  truths of 
matters and must not modify truths so that we can conveniently 
express our origins in ways which for some reason or other give us 
maximum  ati is faction."^^ 

??red Hoyle and N.C. Wickrarnasinghel5 have revived interest in 
Panspermia. They have offered calculations showing that particles 
up to 60 microns in size (which includes most living cells) could reach 
the earth, make "soft" land,ings, and neither burn up on entry in the 
atmosphere nor be obliterated on impact. 

The problem of preserving life in space might not be as severe as 
Arrhenius thought. Through radioastronomy, organic molecules 
have been discovered in space, including some that are usually 
considered as precursors to life (e.g., formaldehyde, methanol), sug- 
gesting that some method of preservation is operative. Apparently 
these moIecules are protected by thin layers of graphite dust a few 
tenths of arnicron thick, which provide a shield from the destructive 
rays of ultraviolet light. 

Added to  this is the suggestive discovery of amino acids inmeteor- 
ites, including some that are important in proteins. The Murckson 
meteorite, which fell in Australiain 1969, contained dl-mino acids,* 

*More recent reports challenge this inkrpretation.SeeMichae1 H. En-1 and Barthe 
lomew Nagy, 1982. Nature 296,837. 
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includingsome proteinous ones. The presence of dl-amino acids was 
considered proof of extraterrestrial origin, and evidence that the 
meteorite was free of contamination from earth life. This is signid 
cant because the meteorite fell on a sheep farm, where remaining 
uncontaminated would be no trifling feat! 

Perhaps more signscant is  the discovery of amino acids in 
another meteorite said to be 3.83 billion years old in the deep freeze of 
Antarctica. It was hailed as proof the amino acids were of extrater- 
restrial origin. According to Cyril Ponnamperuma, who conducted 
much of the investigation: 

The processes of chemical evolution appear to be common in the solar system 
... Nobody has foundlifebeyond theearth, but all of the evidence weare finding 
s e e m  to point in that direction. X am certain that it i s  there.'O 

In spite of the optimism of Ponnamperuma and others, the relevance 
of these molecules from (and in) space is far from clear. Perhaps a 
story will put the issue in perspective. It is said that a little boy asked 
his mother whether i t  was true that we come from dust and a t  death 
we return to dust. After an affirmative reply from his mother the boy 
exclaimed, "Well, somebody is under my bed, but I can't tell if he's 
coming or going!" Only by a mistaken presupposition did the boy 
infer "somebody" from the presence of dust under his bed. The 
situation of the molecules in space seemsremarkably parallel to this 
story, Clearly what is guiding some scientists to infer life in space 
from the mere presence of organic molecules is their hypothesis that 
life is rather common in the cosmos, being merely a stage in the 
development of matter. What else could have informed Ponnampe- 
ruma when he said concerning the possibility of life in space, "I am 
certain that it is there?" But surely the question is whether this 
hypothesis is correct; it is not an axiom for making a deduction. 

We cannot disagree that there is need for an alternative to chemi- 
cal evoJution. In recognition of the fact that Panspermia offers no 
theory of origins, it must implicitly assume chemical evoIution on 
some other locale in the cosmos, where conditions are more favor- 
able than on earth. Many of the objections raised concerning terres- 
trialchemical evolution must, however, apply to other planets by the 
principle of uniformity. In any setting it comes down to the fact that 
natural forces acting alone must be capable of supplying the neces- 
sary configurational entropy work of building the protein, DNA, 
etc., and then assembling the cell. We know by experience that 
intelligent investigators can synthesize proteins and build genes. 
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We still have no evidence it can be done by unassisted abiotic means. 
If one takes the view that only the organic materials from which to 

assemble life, and not life itself, came horn space, then the next step 
must be faced. The assembly of life under these circumshnces must 
occur in spite of the destructive forcesdiscussed in Chapter 4. Space- 
incident organic rnoZecules do little to solve the mystery of life's 
origin. As was pointed out in Chapter 4, two great concerns in order 
to have proper conditions for assernbIy of life are: (1) a source of 
precursor moIecuIes and (2) protection of these till assembly occurs. 

In spite of the problems with Pfanspermia, the number of scientists 
ready to defend it i s  growing. 

Directed Panspermia 

Also to be considered is an enterprising variation of Panspermia 
called Directed Panspermia.17 Suggested by Francis Crickand Les- 
lie Orgel, this hypothesis purports that life spores were sent to earth 
in some kind of rocket ship by extraterrestrial intelligence (ETT), 
most Likely from some other galaxy. Speculations have been nurner- 
ous. Perhaps ETI purposefully sent life spores to earth to make it a 
"wilderness area or zoo,"'8 or perhaps a cosmic dump sik.Jg It is even 
possibIe life spores were left here inadvertently "on some ancient 
astronautPs boot."20 
Like Panspermia, few scientists have considered Directed Pan- 

spermia worthy of pursuit. According to A. Dauvillier (who wrote 
prior to Directed Panspermia, but whose words are still appropriate), 

T h e  doctrine of cosmic Panspermia can only be conceived if one accepts the 
idea of t h e  carriage of livegerms by foreign astronauts. This, to all intentsand 
purposes, i s  a facile hypothesis, a subterfuge which seeks to avoid the funda- 
mental problem of the origin of life.21 

Most scientists probably agree with Dauvillier, that the notion of 
Panspermia directed by ETI is fantasy. There is some limited cir- 
cumstantial evidence, however, that enhances its appeal over Pan- 
spermia. Like Panspermia, this view notes that there are some sig- 
nificant problems with terrestrial chemical evolution, such as the 
accumulating evidence for an oxidizing early atmosphere in con- 
trast to the expected reducing condition. As Crick has mentioned, if 
it were really true that the primitive atmosphere contained a signifi- 
cant amount of oxygen, it would be chfficult to hagme chemical 
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evolution. In such a case, reasons Crick, "it wouldsupport theidea of 
Directed Pan~permia . ' ' ~~  

A fact that has enamored Crick is Chat in the fossil record, the 
earliest organisms appear suddenly without any evidence of a pre- 
biotic soup or simple  precursor^.^^ For Crick this too is good evidence 
for Directed Panspermia. There is no compelling evidence that Crick 
and others can cite for this view, however. In fact the evidence cited 
above for Directed Panspermia would aIso apply to Panspermia. Itis 
not surprising then t o  hear Crick lament, "Every time I wxitea paper 
on the origin of life, I swear I will never write another one, because 
there is too much speculation running afhr too few fac ts..."24 

An additional form of "evidence" that is often used to support 
ideas about the existence of ETI in the cosmos is the Green Bank- 
Drake equation.25 This equation gives the vaIue of M, the number of 
advanced civilizations which are presently (presumabIy) communi- 
cating in the galaxy, to Be 

where R is the rate of star formation; f,, the probability that  a star 
will have planets; n,, the number of planets per star with environ- 
ments favorable to life; f ~ ,  the probability that life wiIl develop; fj, the 
probability that intelligent life will develop; f,, the probability that 
intelligent beings attempt interstellar communication; f d ,  the prob- 
ability that  such beings desire to  communicate; and L, the lifetime of 
a civilization after it  reaches the interstellar communication stage. 

Various estimates have been reached using the Green Bank-Drake 
equation. They range from N = 1 (even this value is assigned on the 
nearly universal assumption that spontaneous chemical evohtion 
occurred once) to 108 or more. The wide spectrum of numbers cited in 
the literature for N reflects the room for individual subjectivity by 
those doing the estimating. Many enthusiasts consider it reasonable 
to conclude that perhaps a million advanced societies inhabit the 
cosmos. Several federally-funded projects such as Project OZMA, 
have been undertaken to search for extra-terrestrial intelligence 
(SETZ). There is a growing body of literature critical of the ETI 
concept, however. For example, Frank fipler has thoroughly exam- 
ined the arguments for ETI, and notes, "the problem with the Drake 
equation is that only fp, and to a lesser degree ne, are subject to 
exgerimenhl determination."*6 Even when assigning to each term 
the value usually given in discussions of interstellar communities, 
the conclusion is reached that "we are a10ne."~~ 
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Directed Panspermia, like Panspermia itself, fails to give an 
account of the origin of life. It merely assumes that spontaneous 
generation must have occurred in some favored environment sorne- 
where in the cosmos. Directed Panspermia is primarily a suggested 
mechanism to get life safely to earth. Surely intelligent beings could 
design an appropriate spaceship. 

In spite of the lack of any real evidence, there appears to be 
growing interest in ETX among some scientists. 

Special Creation by a Creator Within the Cosmos 

Hoyle and Wickramasinghe28 have developed anovel and creative 
argument, which we shall present in some detail. As will be seen, the 
view of intelligence creating biological specificity comes in not one, 
but two types: (1) a creating intelligence within the cosmos, and(2)a 
creating intelligence beyond the cosmos. In arguing for the former, 
Hoyle and Wickramasinghe contend that Darwinism has failed to 
account for the origin of life and the development of terrestrial 
biology. 

No matter how large the environment one considers, life cannot have had a 
random beginning ... there are about two thousand enzymes, and the chance of 
obtaining them all, in a random trial is only one part in (1020)200* = 1Od0~0O*, an 
outrageously small probability that could not be faced even if the whole uni- 
verse mnaisted of organic soup. 

If one is not prejudiced either by social beliefs or by a scientific training into 
the conviction that life originated on the Earth, this simple calculation wipes 
the idea entire1 y out of court ... the enormous information content of even the 
simplest living systems ... cannot in our view be generated by what are often 
called "na tura1" processes, as for instance through meteorologica~ and chemi- 
cal processes occurring at the surface of a lifeless planet .... For life to have 
originated on the Earth it would be necessary that quite explicit instruction 
should have been provided for its assembly .... There is no way in which we can 
expect to avoid theneed for infomation, no way inwhich wecan simply get by 
with a bigger and better organic soup, as weourselves hoped might be possible 
a year or two ago.39 

The logic so far is that the customary notion of life originating by 
chemical evoIution in an organic chemical soup is too improbable. 
The information content of livingcellsis too great to expect i t  to have 
arrived by "natural" means. 
An adequslte theory of origins requires an information source 

capable of generating chemical complexity. RoyJe and Wickrama- 
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singhe argue that the evidence is overwhelming that intelligence 
provided the information and produced life. 

Thecorrectposition we thinkis ... anintelligence, which designed the biocherni- 
calsand gave rise to the origin of carbonaceous life .... Given an atlasshowing 
the amino acid sequences of all the enzymes, human biochemists could con- 
struct them with complete accuracy, thereby demonstrating the enormous 
superiority of intelligence allied to knowledge over blind random processes .... 
Any theory with a probability of being correct that is larger than one part in 
1 0 d O ? O D O  must be judged superior to random shuffling. The theory that life was 
assembled by an intelligence has, we believe, a probability vastly higher than 
one part in 1O4***0O of being the conect explanation of the many curious facts 
discussed in pxeceeding chapters .... Paley likened the precision of the living 
world to a beautifully made watch. He then argued that, just aaa watch owes its 
origin to a watchmaker, the world o f  Nature mast owe its origin to a Creator, 
God .... The speculations of The Origin of Species turned out to be wrong.... It is 
ironic that the scientific facts throw Darwin out, but leave William Paley, a 
figure of fun to thescientific world for more than a century, still in the tourna- 
ment withachance of being the ultimate winner .... lndeed. such a theory is so 
obvious that one wonders why it i s  not widely accepted as being self-evident. 
The reasons are psychological rather than scientific.30 

To be sure, such a creative view entails purpose, apoint which Hoyle 
and Wickramasinghe address. 

The revulsion which biologists feel to the thought that purpose might have a 
place in the structure of biology i s  therefore revulsion to the concept that 
biology might have a connection to an intelligence hgher than our 0wn.~1 

By this time surely every schoolboy has figured out that Hoyle and 
Wickramasinghe are offering to  the world the traditional view of 
Special Creation. But every schoolboy would be wrong! HoyIe and 
Wickramasinghe deny the creator is the traditional supernatural 
God. They envision a creator within the total. cosmos. They contend 
that a flaw in logic kept generations of scientists from seeing the 
truth that intelligence is the authentic source of the information in 
the biological world. 

The whole of the special creation theory was thought to be wrong and there was 
a general revulsion among scientists against it. In effect, because the details 
were seen to be incorrect, the fundamental idea that life was created by an 
intelligence.was also rejected. ... If we define "creation" to mean arrival a t  the 
Earth from outside, the unit o f  creation in our picture is the gene, not the 
working assembly of genes that we call a species.32 

The novelty of this suggestion is that is seems to  solve the major 
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problem of the origin of life that both Panspermias merely skirted. A 
real origin is suggested, primarily of genes but also of some bacterial 
cells. The implication is that the mechanism of Panspermia can be 
used to safely transport these genes to earth without having t o  resort 
to anything as elaborate as a spaceship. Since genes or gene frag- 
ments would be within t h e  size range of 0.13 microns, light waves 
could easily move them across the solar system. Furthermore, they 
could be protected fmmintense radiation in space by a thin sheath of 
graphite. Finally, they would be well within the 60 microns limit for 
safe entry into our atmosphere without burning up. 

Not only would such a process as this operate at the beginning, 
Hoyle and Wickramasinghe suggest it is a continuous process 
through history even to this day. 

In our view the arrival a t  the Earth of living cells, and o f  fragments of [created] 
genetic material more generally, is a continuing ongoing process that directs 
the main feature o f  biological evolution. It is this prwess which does the job 
that is usually attributed to Ilaminism.3a 

In addition to the origin of life, Hoyle and Wickramasinghe account 
for the whole of biology by these falling genes. The gaps in the fossil 
record are real; there never were transitional forms, because the 
genetic information necessary for the jumps in species came contin- 
uously to earth by cosmic means. 

If the cosmic intelhgence responsible for the creation of genes and 
bacteria is not God, then who or what is it? 

'The advantage of looking to the whole universe is rather that it offers a 
staggering range of possibilities which are not avaiIable here on the Earth. For 
one thing i t  offers the possibility o f  high intelligence within the universe thatia 
not God. It  offers many levels of intelligence rising upwardsfrorn ourselves .... 
To be consistent logically, we have to say that the intelligence which assembled 
the enzymes did not itself contain them. This is tantamount to arguing that 
carbonaceous life was invented by a noncarbonaceous intelligence, which by 
no means need be God, however.3' 

What other kind of high intelligence is also free of enzymes? The 
answer offered is aphilosophical entity. In order to solve the prob- 
lem of the origin of life, Royle and Wickramasinghe seem to have 
relied an Hindu philosophy for their views. A similar view was 
expressed by Plotinus," the father of neo-Platonism. In both views 

*See Plotinus, Enmads, tram. by Stephen M a c h n a ,  1966. London: Faber and 
Faber. 



the  creator is part of the universe, being subordinate to the ultimate 
reality (Brahman, or the One which is beyond the universe, and 
unknowable). 

Hoyle and Wickramasinghe speculak further that theintelligence 
may not have simply remained in the outer Tenons of the cosmos, 
but may have in fact become incarnate on earth in a sort of "inva- 
sion from space." 

We come now to what for us is a strong argument for the existence of an overt 
plan of planetary invasion ... we have so far been unable toexterminatea single 
insect species. 
Not even one species among miUions!~5 

And what do we learn from this curious fact? 

T h e  situation points clearly to one of two possibilities. Either we are dealing 
with an overt  plan invented by a n  inklligence considerably higher than our 
own, ... or the insects have already experienced selection pressureagainst intel- 
ligences o f  at least our level jn many other environments elsewhere in the 

The moment of truth finally arrives when we learn the identity of the 
superintelligence. Hoyle and Wickramasinghe ask, "Could the 
insects themselves be the intelligence higher than our own?"37 If 
anyone wonders why we are so long discovering their true identity, 
Hoyle and Wickramasinghe suggest it is because they do not wish to 
be known. 

f erhaps concealment i s  an essential tactic. Perhaps the intelligence is static 
because it understands the dictum of sagacious tam-yess: "When your case is 
going well, say nothing."s$ 

We suspect that few will find Hoyle and Wickramasinghe's hypothe- 
sis of falling genes acceptable as a genuine contribution of science. 
Although their criticism of chemical evolution is cogent, the novel 
notion of cosmically created genes falling to the earth does not 
realistically take into account the fate of genes once they reach the 
earth (Chapter 4) nor heed the fact that genes need a proper cellular 
context in which to work, nor allow that the configurational entropy 
work requirement applies to cell assembly too. 

Genes are complex segments of DNA. As wesaw in Chapter4, they 
are extremely vulnerable to a host of chemicals that surely would 
have been present under reducing conditions. On the other hand, 
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oxidizing conditions would have been even worse for gene survival. 
Genes are wonderful templates for building enzymes, but without a 
cellular host endowed *th the appropriate enzymes they are power- 
less to do synthesis. One could perhaps so contrive the surrounding 
milieu in a laboratory setting that cellular conditions are mimicked 
to bring about replication and enzyme building. Such a possibility is 
extremely doubtful in the prebiotic world-even one rained upon by 
cosmic genes from above. 

Special Creation by a Creator Beyond the Cosmos 

In agreement with views of abiogenesis, and the foregoing view of 
Hoyle and Wickramasinghe, Special Creation by a Creator beyond 
the cosmos holds there was once a time in the past when matter was 
in a simple arrangement, inert and lifeless. Then at a later time 
matter was in the state of biological specificity sufficient for bearing 
and sustaining life. Special Creation (whether from within the cos- 
mos or beyond it) differs from abiogenesis in holding that thesource 
which produced life was intelligent. 

Throughout history. many writers have attempted to describe the 
work of the Creator. What they all seem to hold in commonis theidea 
that an intelligent Creator informed inert* matter by shapingit as a 
potter fashions clay. Some representations are quite anthropornor- 
phic, others less so. But there is considerable agreement that some- 
how an active intellect produced Iife. 

In 1967 J.D. Bernal, a leading developer of the chemical evolution 
scenario, issued a challenge to divine creationists. fie said: 

Now that we are embarking on a serious scientific discussion on the origin of 
life, it is time ... we were furnished with a more precise, complete and self- 
consistent account of  the spiritual or divine origin of life than any that have 
been produced as an alternative to the mechanistic one. Such an argument, 
.,.should provide us with a clearer path to further scientific advance, even if it 
does not reach the end.39 (Emphasis added.) 

We do not believe there has been any significant response to Bernal's 
challenge that would "provide us with a clearer path to further 
scientific advance." In fact, what follows should be viewed as only 
introductory to that end. 

*It must be acknowledged that the idea of inert matter did not anive in its modem 
understanding untii the scientific revolution of the 16th and 17th centuries. This 
matters little, however, with reference to first life. For as noted in Chapter 2, the 
Church considered spontaneoue generation only as a secondary origin. 
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?That Concerns Scientists About Creation? 

(I) Creation involves the supernatural. It is common knowledge 
that the claim that an active intellect informed nature has been on 
uneasy terms with the mainstream of science. To anyone trained in 
science, the reason is no mystery. It involves the supernatural. The 
objection is expressed well by the recognized science writer, J.W.N. 
Sullivan. Upon his death Sullivan was described by Time magazine 
as "one of the world's four or five most brilliant interpreters of 
physics t o  the world of common men."40 He showed the concern most 
scientisk have in considering a theistic explanation of the origin of 
life. Sullivan said (in 1933, but atill cogent today): 

T h e  beginning of the evolutionary procesa raises a question which is aa yet 
unanswerable. What was the origin of life on this planet? Until fairly recent 
times there was a pretty general belief in the occurrence of "spontaneoua 
generation." ... But careful experiments, notably those of Pasteur, showed that 
this concIusion was due to imperfect observation, and it became an accepted 
doctrine that life never arises except from life. So far a8 actual evidence goes, 
thie i a  still the only possible conclusion. But since it is e comLwion h t  seems 
to lead back to somest~pernatural creative act, it is a conclusion that scientific 
men f i d  very difficult of a c c e p t ~ t l c e . ~ ~  (Emphasis added.) 

Soitis the supernatural that concernamany scientists. But what is it 
about the supernatural that troubles them? Why is creation difficult 
to accept? 

(2) Creation entails discontinuity. A major concern of many 
scientists is that to allow supernatural involvement is l;o introduce 
discontinuity into science. Continuing to quote Sullivan: 

It carries with it what are felt to be, in the present mental climate, undesirable 
philoeophic implications, and it is opposed to the scientific desire for conti- 
nuity.,lt introduces an umccountabIe break in the chain of causation, and 
therefore cannot be admitted aa part of science unless it is quite impossible to 
reject it. For that reason most scientific men prefer b believe that life arose, in 
accordance with the laws of physics and chemistry.42 {Emphasis added.) 

Here is the vision of nature as a seamless web of causal connections, 
an idea dominant in science for more than 250 years. As Einstein 
wrote, "The scientist is possessed by the sense of universal causa- 
ti~a."~a And, of coarse, creation would be a discontinuity. Hans 
Gaffron also expressed this concern in his address to the Darwin 
Centemiel Celebration in 1959. Regarding chemical evolution Gaf- 
fron sai& 
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{it] is a nice theory, but no shred of evidence, no single fact whatever, forces us 
to believeit. What exists is only thescientist's wishnot toadmit adiscontimity 
in nature and not to  assume a creative act forever beyond ~ornprebension.~' 
(Emphasis added.) 

Notice, however, that  in the above quotations of Sullivan, Einstein, 
and Gaffion there is only a desire, sense,preference, and wish that 
nature be continuous. This is important to understand because the 
wish went unfulfdled. The great quantum revolution has banished 
the notion of continuity as a necessity in science. According to de 
Broglie, one of the pioneers of the new physics, "on the day when 
quanta, surreptitiously, were introduced the vast and grandiose edi- 
fice of classical physics founditself shaken to its very foundation."45 
In addition advances in astronomy, as chronicled by Robert Jas- 
trow:= have made it clear there was also a discontinuity at the 
beginning of the world. In fact there seems to be no good reason to 
suppose an original discontinuity would undermine a scientific 
understanding of the functioning of the world. For science in this 
sense is not concerned with the origin but with the operation of the 
world. It is clear from these developments in science that disconti- 
nuity is not the whole reason that creation is difficdt for many 
scientists to accept. 

(3) Creation might destroy the scientific quest for knowledge. Even 
thowh the structure of science and scientists themselves have su-  
vived the news that at bottom reality is discontinuous, there is no 
less suspicion that; creation would stifle the quest for knowledge. But 
wodd creation necessarily destroy the scientific quest and hence 
bring an end to science? 

In giving answer to this question it will be necessary to briefly 
consider the nature of science. 

Operation Science and the God Hypothesis 

It is widely appreciated that from its beginning modern science 
has been concerned with finding and describing orderly pattern in 
the recurring events of nature. To do this a welldefined method is 
used. Data are gathered through observation and experimentation. 
As data are gathered, theories are proposed to explain the behavior 
or operation of the phenomena investigated. According to wide 
usage, a valid theory of science must pass a three-fold tesk4' 

1) Its ability to explain what has been observed. 
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2) Its ability to explain what has not yet been observed. 
3) Its ability to be tested by further experimentation andto be mdifiedas required 

by the gathering of new dab. 

Notice, however, that this approach to testing theories only works if 
there is some pattern of recurring events against which theories can 
be checked and falsified if they are faIse. Through repeated observa- 
tion attention is focused on a class of events, each of which is similar. 
The equations describing the behavior of the class would be applica- 
bleto any of its individual members. Let us  say, for example, we have 
a theory about earth orbiting the sun and we propose to test it by 
predicting a solar eclipse. Although a particular eclipse would be the 
focus of the experiment, the result wodd apply to solar edipses as a 
general class. Because there are recurring patterns of celestial 
movements we can test the theory. Such theories are operation theo- 
ries. That ia, they refer to the ongoing operation of the universe. We 
shaU call the domain of operation theories operation science for 
these theories are concerned with the recuwing phenomena of 
nature. Examples of operation science include the recurring motion 
of planets about the sun, the swinging of a pendulum, the parabolic 
trajectory of a cannonball, a single cell turning by stagesinto a fully 
formed organism, the recurrent cubic structure of table salt crystal- 
lizing out of water solution and the migration of a Monarch but- 
terfly. These and many other phenomena have been accounted for in 
the language of operation science. Because of its familiarity and 
long, successful history, it is surely what most people think of when 
they think about science. 

Here in operation science the appeal to God is quite illegitimate, 
since by definition God's supernatural action would be willed at His 
pleasure and not in a recurring manner. Yet it is true that on numer- 
ous occasions throughout the history of science there have been 
those who have appealed to the God-hypothesis to "solve" some 
knotty problem of the ongoing operation of the universe instead of 
grappling with it and searching for natural causes to explain it. 

Basically the idea of the God hypothesis is thatwhenever there is a 
gap in our knowledge, w e m  God in as a "bit-player,"so to speak, to 
f i U  the gap. This view is known fittingly as the God-of-thegaps. 
There is legitirnak concern about this means of solving problems in 
operation science. 

A classic example of this approach to scientific problem-solving is 
seen in -the life of the great Isaac Newton, who appealed to the 
God-hypothesis to account for certain anomalies in the heavens. 
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(Note that an anomaly was defined by reference to  Newton's own 
view of things.) Later, Laplace accounted for such discrepancies ina 
perfectly lawful manner. This was an important but painful lesson 
for scientists to learn. The illustration is sharpened by the story of 
the French Emperor Napoleon who asked Laplace where God fit in 
his equations, t o  which Laplace responded, "Sire, I have no need of 
that hyp~thesis."~Wthough some have misunderstood LapIace's 
reply in this instance as being anti-God, it was quite appropriate. 

Origin Science 

On the other hand an understanding of the universeincIudessome 
singular events, such as origins. Unlike the recurrent operation of 
the universe, origins cannot be repeated for experimenta1 test. The 
beginning of life, for example, just won't repeat itself so we can test 
our theories. In the customary language of science, theories of ori- 
gins (origin science) cannot be falsified by empirical test if they are 
false, as can theories of operation science. 

How then are origins investigated? The method of approach is 
appropriately modified to deal with unre peabbIe singuIar events. 
The investigation of origins may be compared to sleuthing an 
unwitnessed murder, as discussed in Chapter 11. Such scenarios of 
reconstruction may be deemed plausible or implausible. Hypotheses 
of origin science, however, are not empirically testable or falssable 
since the datum needed for experimental test (namely, the origin) is 
unavailable. h contrast to operation science where the focus is on a 
class of many events, origin science is concerned with a particular 
event, i-e., a class of one. 

When Galilee's ideas on acceleration (operation science) were 
presented, observers were not limited to mere plausibility. They 
could actually empirically falsify the claims of Galileo had they been 
false. Indeed Pasteur's falsification of spontaneous generation was 
possible only becauseit was said to recur in the domain of operation 
science. Appropriate testing against nature falsified the notion of 
spontaneous generation. The best we can ever hope to achieve with 
wrong ideas about origins is to  render them implausible. By the 
nature of the case, true falsification is out of the question. 

In spite of this fundamental difference between ori&n science and 
operation science, there is today very little recognition of it, and an 
almost universal convention of excluding the divine $.om origin 
science as well as from operation science. This has occurred without 
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any careful prior analysis of the problem to  see if the excIusion is 
valid in the case of origin science. It seems to have been merely 
assumed. 
An exampIe of this exclusion by assumption instead of valid 

argument comes from this statement by Orgel: 

i b y  'living" system must comeintoexistence either as a consequenceof a long 
evolutionary process or a miracle .... Since, as scientists, we must not postulate 
miracles we must suppose that the appearance of "life" is necessarily preceded 
by a period of evol~tion.~" 

We agree with OrgeI that miracles must not be posited for operation 
science." We disagree with Orgel however, and others, when i t  is 
merely assumed that the exclusion of the divine from origin science 
is valid. This has not been demonstrated. 

There are significant and far-ranging consequences in the faiIure 
to perceive the legitimate distinction between origin science and 
operation science. Without the distinction we inevitably lump origin 
and operation questions together as if answers to both are sought in 
the same manner and can be equally known. Then, following the 
accepted practice of omitting appeals to divine action in recurrent 
nature, we extend it to origin questions too. The blurring of these two 
categories partially explains the widely held view that  a divine 
origin of life must not be admitted into the scientific discussion, lest 
it undermine the motive to inquire and thus imperil the scientific 
enterprise. This is what Preston Cloud meant when he noted, "The 
most serious threat of creationism is that, if successfu1,itwould stifle 
inquiry."50 One can also see the same concern echoed by Stansfield: 

... the creationist can easily explain any phenomenon by simply saying "God 
didit." This approach, though jt may be perfectly correct in an absolute sense, 
does not foster further inquiry and is therefore intellectually emaaculated.51 

Ths perception of a threat to scientific inquiry and the possible end 
of science are legitimate concerns, But we question whether the 
God-hypothesis in origin science would necessarily have this disas- 
trous effect. Just a little ref7 ection on the history of science brings out 
the ironyin the current state of affairs. For there is a rather impres- 
sive reason todoubt that science (i.e., operation science) would suffer 
much by positing Special Creation by a Creator beyond the cosmos. . - 

*For a critical evaluation o f  the long-standing tendency to reject miracles in modem 
thought, see Norman L. Geisler, 1982. Miracles and Modern Thought. GrandRapids, 
~ i c G a n :  Zondervan Publishing House, Chps. 1-8. 
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On the contrary, it turns out that this very idea of creation played a 
significant sole in the origin of modern science. Speaking with one 
voice on this point are such diverse authors as Alfred N. White- 
head,52 Melvin Calvin,53 Michael B. Foster,j4 R. Hooykaas,55 Loren 
Eisley,56 C.F. von Weizsacker,S7 Stanley Jaki,58 J. Robert Oppen- 
heirner,59 and Langdon Gilkey.60 For example, Eisley said the birth 
of modern science. was due to: 

The sheer act offaith that the universepossessed order andcould beinterpreted 
by rational minds .... The philosophy of experimental science ... began its discov- 
eries and made use of its method in the faith, not the knowledge, that it was 
dealing with 8 rational universecontrolled by a Creator who did not act upon 
whim nor interfere with the forces He had sot in operation. The experimental 
method succeeded beyond man's wildest dreams but the faith that brought it 
into being owes aornethingbthe Christian conception of thenature of God. Xtis 
surely one of the curious paradoxes of history that science, which profeasion- 
ally has little to do with faith, owesitsoriginsto an act of faiththatthe universe 
can be rationally interpreted, and that science today i s  sustained by that 
assurnption.6' (Emphasis added.) 

Notice that  while Eisley does not identify the distinction between 
operation science and origin science, the distinction is implicit in his 
explanation that a great deal of good science was done by early 
modern scientists who allowed at least a few discontinuities, i.e., the 
origin of matter, universe, life. 

It would be quite ironic if the very idea of creation which provided 
much of the energy and impetus to launch modem natural science 
(and did so without, noticeable lethsrgy) should lead to the demise of 
this same science. In our view, as long as one acknowledges and 
abides by the abovedistinction between originscience and operation 
science, there is no necessary reason that Special Creation would 
have the disastrous effects predicted for it. One must be careful, 
however, to follow the tradition of early modem scientists and dis- 
allow any divine intervention in operation science. 

Why then is Special Creation so summarily dismissed by nearly 
all writers, especially since it is typically listed as a theoretical 
alternative for the origin of life? Our analysis suggests that failure to 
properly distinguish origin science and operation science has led 
many to dismiss creation. Also we believe another factor is involved, 
and is worthy of discussing in some detail. To be sure, the matter of 
discontinuity, and the possible demise of science discussed above are 
part of the reason. But we should not ignore our own humanness, 
and the role of metaphysical thinking in the origin of life question. 
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Metaphysics and The Origin of Life 

I.Iilde Hein, in her book On the N a  ture and Origin of Life, says that 
"a metaphysical position ... makes a claim about reality which is 
somehow prior to or more fundamental than our scientific or 
common-sense ob~ervations."~2 How we happen to come by these 
metaphysical positions is of no concern to us here. However, as Kein 
continues, 

once it is adopted, it will shape, rather than be shaped by, our scientific and 
common-sense observations. This is to say that, on the whole ourmetaphyaical 
commitment has priority over our scientific and common-sense beliefs such 
that, if challenged, they will yield to it rather than the reverse.63 

It might appear that if metaphysical views have such control over 
us, the best approach would be simply to look at  reality straight-cn 
without any metaphysical lens a t  all. This, however, is not an option 
that is open to us. The grand old days of positivism, when people 
actually thought this possible, are over. 

Scientific developments earlier in this century, 1particularIy in the 
area of relativity and quantum physics, have shown presupposition- 
less science to be a myth. The powerful writings of Polanyi,64 
Popper," Kuhn,G6 To~lrnin,"~ and others have strictly shown that 
because of the role of the observer (e.g., actually disturbing the object 
during the act of observing) it is chfficuit for objective reality to be 
objectively known. 

Old myths die hard, however. Although news of these advances in 
science and philosophy earlier in the century are filtering through 
society, their effect i n  some quarters is minimal and there are dan- 
gerous consequences as a result. As David Bohm has written: 

It seems clear that everybody has got some kind of metaphysics, even i f  he 
thinks he hasn't got any. Indeed, the practical "hard-headedl'individual who 
"only goes by whathe sees"generally has a very dangerous kind of metaphys- 
ics, i.e., the kind of which he is unaware .... Such metaphysics i s  dangerous 
because, in it, assumptions and inferences are being mistaken for directly 
observed facts, with the result that they are effectively riveted in an almost 
unchangeable way i n to  the structure of 

BoAm then adds some practical advice: 

Oneof the best ways of a person becoming aware of his own tacit metaphysical 
assumptions is to be confronted by several other kinds. His first reaction i s  
often of violent disturbance, as views that axe very dear are questioned or 
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thrown to theground. Nevertheless, ifhewill "stay with it,"ratherthanescape 
into angerand unjustified rejection of contrary ideas. he Rill discover thatthis 
disturbance is very beneficial. For now he becomes aware of the assumptive 
character of a great many previously unquestioned features of his own 
thinking.69 

We believe Bohm is quite right. It is in the interest of science to 
have the metaphysical assumptions out on the table. Just what are 
the fundamenta1 metaphysical aIternatives in the question of the 
origin of life? Historically, they have been called theism and natu- 
ralism, For simplicity, we will note that theism affirms a fundamen- 
tal distinction between the Creator and the creature, while natural- 
ism denies this absolute distinction and defines all of reality in terms 
of what theists see as some aspect of the created world.* 

The origin perspective of metaphysical naturalism is spontaneous 
generation (abiogenesis), and of theism'f it is Special Creation. It 
follows from what Bohm has said that a great deal of practicaI 
self-awareness of our individual views would probably emerge if we 
allowed ourse1ves to  be confronted with both theism and naturalism 
in the area of origins. Very often the debate between theism and 
naturalism is cast as a conflict between religion (i.e., the supernatu- 
ral) and science. However, a s  Ian Barbour has pointed out this is a 
mistake. It is "a conflict between two metaphysical interpretations 
of the nature of reality and the significance of human life."70 

Metaphysical Commitment us. Unreason 

If metaphysical positions have such a controlling influence as 
Hein has indicated, this raises a practical question. In the face of 
contradictory e~dence, when is one to be praised for metaphysical 
commitment, and chided fox unreasonable faith? The answer one 
gives to this question depends in large measure on the metaphysical 
stance already adopted. To ilIustrate, consider George Wald's dis- 
cussion of how biologists responded after Pasteux's refutation of 
spontaneous generation. Says Wald: 

*Western naturalism has typically defined theworldinmaterial terms whileEastem 
naturalism has emphasized the spiritual. What marks out both of these great tradi- 
tions as naturalistic is that both deny an absolute Creator whois really distinct from 
creation, even though, as we saw with the view of Hoyle and Wickramasinghe, a 
creator within the universe has sometimes been posited. 
TDistinctions within theism are beyond the scope of the present work. 
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We tell this story [of Pasteur's experiments] to beginning students of biology as 
though i t  repmnts a triumph of xeason over mysticism. In fact it is very 
nearly the opposite. The reasonable view was to beiievein spontaneous genera- 
tion; the only alternative, to believe in a single, primary act of supernatural 
creation. There is no third p~sition.'~ 

ald is saying that there are times when i t  is clearly unreasonable to 
llow the evidence where it leads, When? Those times when follow- 
.g the evidence would lead one to the supernatural. Tbis  is an 
:ample of metaphysical commitment to  naturalism in the face of 
~ntradictory evidence. Clair E. F o ~ ~ o r n e ~ ~  represents another ex- 
nple of commitment to metaphysical naturalism in spite of con- 
adictory evidence. Folsome critiqued the abiogenesis that Wald 
3d upheld. Folsome pointed out the extreme dilution of the primi- 
ve soup, the scarcity of organic nitrogen in the early sediments, 
~d the grave deficiencies in the concentration mechanism proposed 
r the primitive water basins. He then noted: "Every time we exam- 
.e the specifics of the theories presented by Oparin and Bernal, 
irrent information seems to contradict them."7a Does Folsome then 
itertain doubt as to the plausibility of the Oparin-Bernal hypothe 
s? No. 
This also is apparently a time when it would be unreasonable to 
llow the evidence where it Leads. Instead, Folsome expresses his 
rmmitment, "yet, in the main, they were right [in postulating that 
,me sort of chemical evolution had occurred] ... their models were 
rong, but the central theme they pursued seems even more right 
3w than before."74 (Emphasis added.) 
Of course, creationists also manifest a similar commitment to 
ieism, even if like Wald and Folsorne they remain silent about their 
.etaphysical stance. We have not bothered to document this for 
~eism, since it is generally acknowledged. 

3ecial Creation and the Evidence 

Special Creation by a Creator beyond the cosmos envisions a 
:epared earth with oxidizing conditions, an earth ready to receive 
Fe. It is suggestive then that there has been accumulating evidence 
Ir an oxidizing early earth and atmosphere. If the early earth were 
:aIly oxidizing it would not only support creation, it would also be 
fficult to even imagine chemical evolution. Similarly, the short 
me interval (< 170 my) between earth's cooling and the earliest 
Jidence of life supports the notion of creation. And, of course, if life 



210 THEMYSTERY OFUFE'SORXGXN 

were really created it would account for there h i n g  so little nitrogen 
in Precambrian sediments (there never was a prebiotic soup). In 
addition, Special Creation accords well with the observed boundary 
between whathaa been done in the laboratory by abiotic means and 
what has been done only through interference by the expezimenhr. 
If an intelligent Creator produced the first life, then it may well be 
true that this observed boundary in the laboratory is real, and wil l  
persist independent of experimental progress or new discoveries 
about natural processes. Also an intelligent Creator could conceiva- 
bl y accomplish the quite considerable configurational entropy work 
necessary to build informational macromolecules and construct true 
cds. As Fong has said: 

Thequestion of the ultimatesourceof information is not trivial. In fact it is the 
basic and central philosophical and theoretical problem. The essence of the 
theory of Divine Creation is that the ultimate source of information has a 
separate, independent existence beyond and before the material system, this 
being the main point of the Jobannine PrologueTfi 

I t  is doubffuI that any would deny that an intelligent Creator could 
conceivably prepare earth with oxidizing conditions and create life. 
And, of course, the data hscussed above are consistent (and compati- 
ble) with this view of Special Creation. What we would like to know, 
of course, is whether an inklligent Creator did create life. The ques- 
tion, unfortunately, i s  beyond the power of science to answer. 
Another question which can be answered, however, is whether such 
a view as Special Creation is plausible. 

Plausibility and Creation 

On severaI occasions we have indicated that hypotheses of origin 
science may be evaluated in terms of their plausibility, but faIshica- 
tion, the language of operation science, will not appIy. Wow then 
does one determine whether an origin science scenario is plausible? 
The principles of causality and uniformity are used. Cause means 
that necessary and sufficient condition that alone can explain the 
occurrence of a given event. By the principle of uniformity is meant 
that the kinds of causes we observe producing certain effects today 
can be counted on to have produced similar effects in the past. We 
can go back into t h e  past with some measure of plausibility only by 
assuming the kind of cause needed to produce that kind of effect in 
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the present was also needed to produce it in the past. In other words, 
"the present is a key to the past." 

As we saw, this is how scientists have arrived at the reconstructed 
scenario of a prebiotic earth. What rnakes views of abiogenesis legit- 
imate as origin science then is the assumed legitimacy of cause- 
effect reasoning and the principle of uniformity. 
The dilemma for chemical evolution, however, has been failure to 

identify any contemporary example of specified complexity (as dis- 
tinct from order, see Chapter 8) arising by abiotic causes. What is 
needed is to identify in the present an abiotic cause of specified 
complexity. This would then provide a basis for extrapolatingits use 
into the past as a conceivable abiotic cause for supplyingthe config- 
uration entropy work in the synthesis of primitive DNA, protein, 
and cells. The failure to identify such a contemporary abiotic cause 
of specified complexity is yet another way to support our conclusion 
that chemical evolution is an. implausible hypothesis. 
But does creation employ cause-effect and the principle of uniform- 

ity? Yes. In fact,it appeals to them as the only way we can plausibly 
reconstruct the past. Consider, for example, the matter of accounting 
for the informationd molecule, DNA We have observational evi- 
dencein the present thatintelligent investigators can (and do) build 
contrivances to channel energy down nonrandom chemical path- 
ways to  bring about some complex chemical synthesis, even gene 
building. May not the principle of uniformity ihen be used in a 
broader frame of consideration to suggest that DNA bad an intelli- 
gent cause at the beginning? Usually the answer given is no. But 
theoretically, at least, it would seem the answer should be yes in 
order to avoid the charge that the deck is stacked in favor of 
naturalism. 

We know that in numerous cases certain effects aIways have 
intelligent causes, such as dictionaries, sculptures, machines and 
paintings. We reason by analogy that similar effects also have ink1- 
ligent causes. For example, after looking up to see "BUY FORD" 
spelled out in smoke across the sky we infer the presence of a &ywrit- 
er even if we heard o r  saw no airplane. We would similarly conclude 
the presence of intelligent activity were we t o  come upon an 
elephant-shaped topiary in a cedar forest. 
In like manner an inteIligible communication via radio signal 

from some distant. galaxy would be widely hailed as evidence of an 
intelligent source. Why then doesn't the message sequence on the 
DNAmolecule also constituteprima facie evidence for an intelligent 
source? After all, DNA information is not just  analogous to  a mes- 
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sage sequence such as Morse code, it is such a message sequence.76 
The so-called Shannon information laws apply equally to the 
genetic code and to the Morse code. True, our knowledge of intelli- 
gence has been restricted to biology-based advanced organisms, but 
it is currently argued by some that intelligence exists in complex 
non-biological computer circuitry. If our minds are capable of 
imagining intelligence freed from biology in this sense, then why not 
in the sense of an intelligent being before biological life existed?" 

We believe that if this question is considered, it will be seen that 
most often it is answered in the negative simply because it is thought 
to be inappropriate to bring a Creator into science. 

TLe above discussion is not meant as a scientific proof of a Crea- 
tor, but is merely a line of reasoning to show that Special Creation by 
a Creator beyond the cosmos is a plausible view of origin science. 

Metaphysical Tolerance: A Discipline for Progress 

To be sure, there are sensitive issues involved when we begin to 
explore the metaphysical questions surrounding the origin of life. 
However, there is no easy way to resoIve these issues. The only sure 
path is difficult. It demands the discipline required to temporarily 
table our personal tastes and preferences and humble ourselves in 
order to give serious consideration to how the data can be viewed 
from the other metaphysical position. We must do so recognizing 
that the truth of origins surelyremains the truth regardless of which 
metaphysical position we individually adopt. As Melvin Calvin has 
observed, "The true student will seek evidence to establish fact 
rather than confirm his own concept of truth, for truth exists 
whether it is discovered or n0t."~8 The difficulty in pursuing these 
metaphysical matters is that scientists on the whole have seen so 
Little value in this pursuit. After the birth of modern science in the 
17th century it became an accepted procedure by the end of the 19th 
century t o  separate science and metaphysics into isolated, thought- 
fight compartments. This seemed t o  work well in practice, for after 
science got started the practitioners of science could function with- 
out even being aware of the metaphysical basis on which they oper- 
ated. The modern scientific tradition has largely developed within 
the area we have called operation science, with its emphasis on 
recurring phenomena and testable hypotheses. Because of the iner- 
tia of heritage, the practice of science continued with only a few 
practicing scientists apparently aware of its metaphysical basis. As 



Epilogue 213 

result, now that we need to negotiate metaphysical terrain for 
:oper understanding of origin science, few in science are equipped 
ith the requisite skills. We believe this i s  a major reason creation in 
le area of origin science is viewed with such deep suspicion by 
,any and simply dismissed. 
When weare asked t o  consider "far out" or "strange" ideas such as 

pecial Creation, as were the authors just a few years ago, typically 
leresponse isexactly thatmentioned by Bohm as cited earlier. "Ris 
.rst reaction is often of violent disturbance." This was our reaction, 
10. However, as Bohm goes on to say, if one is willing to "stick with 
he inquiry rather than escape into anger or unjustified rejection of 
ontrary ideas ... he becomes aware of the assumptive character of a 
peat many previously unquestioned features of his own thinking." 
The process as Bohm described it can sometimes be painful (it was 

o one of the authors) but the quest for truth has never been easy, and 
la8 on more than a few occasions been known to make one 
mpopular. 

To be sure, no t  everyone who goes into the matter will reach the 
creationist conclusion that we have. Even so, in the words of Davis 
and Solomon, as expressed in their book World of Biology: 

We cannot imagine that the cause of truth is served by keeping unpopular or 
minority ideas under wraps.,. Speciow. arguments can be exposed only by 
examining them. Nothing is so unscientific as the inquisition mentality that 
served, aa it thought, thetruth, by seeking to suppreas or concealdissent rather 
than by grappling with itb79 

As with the court trial. by jury analogy discussed in Chap&r 11, we 
believe both sidesso of the origins issue (i.e., representatives of both 
metaphysical categories) must be considered, precisely because 
there is no way t o  test origins ideas in origin science against recur- 
ring phenomena (origins by definition do not recur). The issue will be 
decided on t h e  basis of plausibility, not falsifiability. There is good 
historical precedent for this approach. Charles Darwin in his intro- 
duction to  The Origin of Species said: 

For 1 am well aware that scarcely a single point is  discussed in this volume on 
which facts cannot be adduced, often apparently leading to conclusions 
directly opposite to those at which I havearrived. A fair result can beobtained 
only by fully stating and bahiitncieg the facts and armments on both sioles of 
each question, and tbia is here impossible.sl (Emphasis added.) 

Presenting origin science ideas from both metaphysical categories- 
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theism and naturalism-in addition to giving an opportunity to  
choose the most plausible view from the total theoretical spectrum, 
will also help u s  become aware of: 

- our own position and why we hold it  
- the weaknesses and disadvantages of our position 
- the need for tolerance of others' positions and 
- the limitations of science. 

Our purpose in this epilogue has been to shed light on the issues 
and ta avoid heat as much as possible. Only the reader can judge 
how successful we have been. If there is but one thing our acquain- 
tance with the history of science has taught us, it is that unless some 
progress is made in recognizing the role of metaphysical thinking 
and properly using it, the orimns debate will simply rage on, much as 
i t  has in the past, with representatives of each side of the dispute 
failing to hear or understand the other. Consequently, such scien- 
tists who go along blithely oblivious to the role of metaphysical 
thinking will simply act as if data really are observed and compre- 
hended as neutral fact. Hopefully the lion of positivism has madeits 
last roar and we can learn from advances in philosophy and science 
since the time of Darwin. If we can learn from our mistakes, we may 
expect more productive interchanges in the future- Toward that end 
we reach. 
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APPENDIX 1. 

An Alternative 
Calculation of the 
Total Work of 
Protein firmation 

In Chapter 8 the number of unique or distinguishable polymer 
sequences, flc, was calculated using eq. 8-7. A.n alternative but equi- 
valent approach presented by Brillouinl and Yockey2 i s  to  consider 
the number of different symbols that might be incorporated into 
each position, with the total number of sequences being the product 
of the number of symbols times the number of positions in the 
sequence. The result then is 

where typical vaIues for i and N have previously been given (Chapter 
8). 

This relationship requires the assumption that each of the i sym- 
bols is equally probable. A similar relationship can be derived which 
allows for symbols of different rather than equal probabilitya3 The 
number of sequences predicted by eq. App. 1-1 will always be larger 
than that predicted by eq. 8-7, since it allows for many different sets 
of nl -I- nz f n,. . . + ni = N rather than a given set of ni values which one 
couldsubstitute in eq. 8-7. In fact, it can be shown that if one were to  
evaluate eq. 8-7 for each possible set of n! t- nz t nl ... + ni = N values 
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and sum these results, the total would be identical to that given 
directly by eq. App. 1-1. 

Consider a hypothetical protein of 100 amino acids of 20 types (N = 
100, i = 20) and assume that anequal numberof each of the 20, i.e., 5, 
are present in this protein. Using eq. 8-7 we may calculate the 
number of distinctive sequencesfor this set of amino acids to be 1-28 
x 10115. If we allow the number of each type of amino acid to assume 
any valuein the range of 0-100, aslong as the sum 20ni = 100 (i= 1) is 
retained, additional distinctive sequences are possible. The 1.28 x 
10LL5 sequences possible for nl = nz = ... 1120 = 5 would be added to 
additional distinctive sequences-for example, for nl = 3, nz = 7, ns = 
n4...nto = 5, and all other possible combinations of ni. The sum of all 
these distinctive sequences is calculated using eq. App. 1-1 which 
gives 

Yockey' has done a more rigorous analysjs for cytochrome c, a 
protein found in different animals (with somewhat different struc- 
tures for each cytochrome c, we might add). He modifies eq. 8-7 to 
allow for an unequal probability of occurrence of each amino acid, 
based on observed frequencies of appearance in actual proteins. He 
calculates the number of distinctive sequences of 101 amino acids to 
be 1.8 x 1012" a number which is bracketed by our two previous 
estimates of 1.28 x loll5 using eq. 8-7 and 1.26 x lO"O using eq. App. 
1-1. We may be sure that eq. 8-7 gives a lower bound to thenumber of 
distinctive sequences observed in  a given polypeptide, given that it 
restricts consideration to the set on ni values observed in the 
specified-sequence polypeptide, or protein. Therefore, eq. 8-7 will be 
used throughout the remainder of this book as a lower bound esti- 
mate of nc. 

References for Appendix I 

1. L. Brjllouin, 1951. J. Appl. Phys. 22,338. 
2. Hubert P. Yockey. 1977. J. Theoret. Biol. 67,377. 
3. C. Shannon, 1948, Mathematical Theory of Communications. Urbana: The Uni- 

versity of Illinois Press. 
4. Yockey, J. Theoret. BioL 67,345. 



Selected Readings 

Bernal, J.D., The Originoflife, WeidenfeldandNicholson, London, 2967. 
Blum, H.F., Time's Arrow and Evolution, Harper and Row Publishers 

Inc., New York, 1962. 
Brooks, J. andShaw, G., Origin andDeuelopmentofLiuing Systems, Aca- 
demic Press, New York, 1973. 

Day, William, Genesis on Planet Earth, House of Talos Publishers, East 
Lansing, Michigan, 1979. 

Folsome, C.E., The Origin ofLife, W.H. Freeman andcompany, SanFran- 
cisco, 1979. 

Fox, S.W. and Dose, K., Molecular Euolution and the Origins of Life, 
Marcel DeWrer, 1977. 

Kenyon, D.H. and Steinmen, G., Biochemical Predestination, McGraw- 
Hill Co., New York, 1969. 

Miller, S.L. and Orgel, L. The Origins ofLifeonEarth, Prentice-Hall, Inc., 
Englewood Cliffs, New Jersey, 19 74. 

Ponnamperuma, C., The Origins of Life, Dutton, New York, 1972. 
Rutten, M.G., The Origin of Life, Elsevier Publishing Co., Amsterdam, 
1971. 

Smith, A.E. Wilder, The Creation of l i f e ,  Harold Shaw Publishers, 
Wheaton, Illinois, 1970. 



Abelson, P.R., 74 
Abiogenesis, U, 12,13,14, 22,99,69 

time for, 72 
Adsorption, 16,57,150 
Aldehydes 

reactions in primitive soup, 5L,55 
role in synthesis of sugars, 24 
role in synthesis of amino acids, 35 

Amino acids 
catalytic effect of, 174 
concentration in primitive soup, 58,60, 
61 

containing sulfur, 24,28 
destruction by chemical interaction, 
51,52, 55,56,60,65 

destruction by energy sources, 43,47, 
58,103 

from electrical discharge experiments, 
23, 24 

from heat experiments, 27,28,29 
from high energy chemicals, 35 
from shock waves, 33 
from ultraviolet experiments, 30 
hydrolysis, 56 
in primitive soup, 52 
racemic mixture, 52 
rate of formation vs rate of destruction, 
61 

thermodynamics, 135 
Amino acid polymerization, 52,60,155ff 
Amino acid synthesis 

in simulated ocean experiments, 35 
on the primitive Earth, 14,45 
using electric discharges, 23,24 
using thermal energy, 27 
using ultraviolet light, 15,30 
yields and identification methods in, 
29n 

Aminoacyl adenylates, 161 
Ammonia, 75,76,160 

in primitive atmosphere, 15,46 
in simulation experiments, 22,23,24 
Phoblysis or; 43 

Apollo 16,44,80 
Armstrong, D.W., 136 
Arrhenius, S.. 191 
Atmosphere, 69,73,74,75,76,77,78 

Earth, 77 
Jupiter, 73 
Mars, 73,94 
oxidizing, U 
reducing, 14 
simulated, 22 
Saturn, 73 
Venus, 73 

Bahadur, K., 158 
Bangham, A., 177 
Barbour, I., 208 
Bastian, Henry, 13.14 
Berkner, L.V., 78,81 
Bernal, J.D., 14,61,200,209 



222 THE MYSTERY OF LIFE'S ORIGIN 

Bertalanry, L., 147 
Bwchernical Predeslindion, 4, 17 
Biomonomers, l4 ,22 
Biuret Reaction, 160 
Bohm. D., 191,207,208 
Boltzmann Constant. 132,137 
Bonding energy, 134,135 
Boynton, C.D., 28 
Blurn, K.F., 121 
Brillouin, L., 131,132,134,136 
Brinkmann, R.T., 79 
Broecker, W.S., 85 
Brooks, J., 46,57,72,110,154,192 

Caillois, Roger, 116 
Cairns-Smith, A.D., 146 
Calvin, M., 76,206,212 
Carbon, 70.71,74,76 

carbon dioxide 
in a primitive atmosphere, 15,74, 
160 
in prebiotic experiments, 23 

carbon monoxide. 23,29,W 
Carruthers, G.R., 44,80.81 
Carver, J.H., 79,81 
Catalytic activity, 154 

in minerals. 161 
in proteinoids, 156 

Cells, 72 
contemporary, 174 
information content, 196 
origin of, 16 

Chance. 2.3,4.5,245 
Chang, S., 76 
Chemical evolution. 5,7,8,69.70,72, 

76, 77, 93,116, 154 
defined, 2 
experiments, their plausibility, 182 
scenario, 15 
theory, 2 ,5 ,6 ,8 ,9 ,14 ,  15,38,42,69 

Chemical soup. 43.55.58 
Chemical work, 134,135 
Chukhrov, F.V, 85 
Circumstantial evidence, 7 
Claussius, R,, 116 
Clay minerals, 14, 38.57,161 
catalytic effect, 16,28 
particles, 16 
promoting polymerization. 16 

Cloud, P., 205 
Coacewates, 169, 170,171,172,176,178 
"Coding", 184 
Cole, M., 147, 148 
Complexity, 1,2,16.43,115,121.129,130, 

131,132,133 
Concentration mechanism, 104,107 

evaporating. 16,62,65 

freezing, 64 
ConcerCo effect, 47,57,104,105.106 
Condensation reactions. 14,51.52,135 
Condensing agents, 49 

role of. 49. 50.158 
~onsehaGon of energy, Principle of 
the, 113 

Cosmos, composition of, 195 
Coupling mechanism, 123, L24,164,165 
Creation plausibility, 210 
Crick, Francis, 1,2,146,194,195 
Crust of the Earth. 93 
Crystals 

order and information, 129,131 
Cyanate, 33, 37 
Cyanoacetylene. 33,37,49 

in pyrimidine synthesis, 37 
Cyanamide, 49 
Cyanogen, 49 

Darwin, Charles, 12,213 
Origin ofspecies, 12 

Darwinian evolution, 2,146 
Dauviller, A., 194 
Davis, P.W., 213 
Davidson. C.F., 89 
Day, W., 167,169,176 
Dehydration-Condensation 

reactions, 51,52,60 
Destructive interactions 

in atmosphere, 43,47,J00-104 
in ocean, 48-57,65,66,105 

Deamer, D.W., 169,177 
Deoxyribose, 24,38 
Dickerson, R.E., 69 
Dicyauamide, 49 
Dilution processes, 42,43,57 
Dimroth, E., 93 
Dipeptide, 135, 158 
Directed chance, 4 ,6  
DNA, 1,4,24, 116.117,120.125.127-129, 

130,132-134,137-139,141,142,175 
Dobzhansky, T, 147 
Dose, K., 58,74,77,89,158,172,173 
Drake, E, 195 
Early earth, 14,18,19,20,22,24,69, 

101 
Earth, 70.76.77 

atmosphere, 69,74,77,188 
primitive, 74, 94 

nonoxidizing, 78 
reducing, 69.75,94 

secondary, 74 
conditions of early, 18 
contemporary, 73 
crust, 93 
Cormation, 71, 73,74 



Index 223 

prebiotic, 18 
primitive, 14, 69,74,75, 159 

volcanic activity, 74 
surface, 145 
temperature 73 

inside Garth, 77,78 
surface, 15,73, 74 

E. Coil bacterium, 120,132,135, 137, 
138 

Eden, Murray> 3 
Eichmann, R., 85 
Eigen, M., 146,151, 154 
Einstein. A., 201,202 
Eisley, L., 206 
Electric discharge 

convenience, 24,47 
efficiency, 24 
energy in chemical evolution 

studies, 20 
experiments, 22.23,24.58, 102,178 
role in chemical evolution, 16 
use in amino acid synthesis, 16 

Eleclro~~ t e a ~ r ~ ,  24 
Elsasser, W.M., 289 
Energy, 144 
conversion, 124,125 
in chemical. evolution studies, 183 
from the Sun, 78,155 
rotational, 135 
thermal, 155 
vibrational, 135 

Energy ofa system. 114 
Energy Flow, 116-118,122-125,127, 

128,131,141,142 
Energy sources 

relative magnitude of each 
electrical discharge, 20 
heat, 24 
lighting. 25 
shockwaves, 33,47 
ultraviolet, 30 

Enthalpy,'l34, 135 
Entropy, 114ff 

and probability, 116 
configurational, 120, 132, 133.134. 

137,158,183 
definition, 114 
thermal, 132, 134-136.158,383 

Equilibrium, 102,118,121,122,141,142 
definition, 117 
far from, 122,123,124,127 

Evaporation rnechanbm, 62 
Experiments 

electrical discharge, 22,23.24,102, 
178 

beat, 24, 25, 101 
prebiotic simulation, 8,18,76,99& 

shock wave, 33,99 
ultraviolet, 29, 100 

Experimental test, 8 
Extraterrestrial intelligence (ETI), 194 

Falsifiability, 5, 186,203 
R t ty  acids, 177 

reaction in the soup, 56 
FBI. 7 
~ e A i - ~ i r a c  statistics, 136 
Ferris, J P., 160 
Fischer-'X'ropsch synthesis, 28,29 
Folsome, C., 156,169, 170, 175,178,209 
Fong, P., 210 
Forensic medicine. 7 
Forensic science, 7 
Formaldehyde, 33,76 

as a photosensitizing agent, 100 
destruction on early earth, 43 
in primitive soap, 15, 51,55 
in sugar synthesis, 24,30,38 

Formate, 43 
Formic acid, 48 
Fossils, micm and molecular, in ancient 

sediments, 70, 71 
Foster, M., 206 
Fox, Sidney W., 25, 28,74,77,89, 156, 

157, 158,161, 162, 169, 170, 172, 
174,176,178 

Free energy, 118ff 
Freezing mechanism, 64 
fimaroles, 62, 101 

Gaffron, H., 201,202 
Carstens, M.A., 189 
Cibbs free energy, 118.119,123,133, 

134, 136 
Gilkey, L., 206 
Geochemjcal plausibility, 99,101,106. 

108, 168C 
scale of l06ff 

Geological plausibility, 19, 102, 169, 176, 
178 

~ o l d b e r ~ e r ,  R., 179 
GmndstaK, D.E., 92 
Green, O., 179 
Greenhouse e&t. 45 
Grifith, E.J., 56 
Haeckei, Emst, 13 
Holdonc, J.B.S., 14 
Harada, K., 27,28 
Harrison, E.R., 152 
HCN 

concentration in primitive soup, 48,64, 
65 

role in synthesis of amino acids, 35 
role in chemical evolution, 48,49 



224 THE MYSTERY OF LIFE'S ORIGIN 

synthesis of, 24, 30 
hydrolysis. 48 
polymerization, 48, 64, 107 

Heat See also Thermal energy 
destruction of organic compounds by, 

45,101-102 
role in  chemical evolution. 20, 101 
use in amino acid synthesis, 27 
volcanic, 24, 101 

Heat resistant spores, 13 
Heat flow, 114 
Hein, H., 207 
Bemoglabins, 148 
Hetermyclic bases, 

adenine synthesis by beating hydrogen 
cyanide, 37 

cytosine synthesis, 37 
guanine synthesis, 37 
reactions of, 51, 55 
synthesis by electron beam, 24 
synthesis by radiations, 37 
thymine synthesis, 37 

Heterngenesis, 11, 12 
High e n e r a  compounds, 20,33 
Holland, H.D., 75,80,89,92 
Hooykaas, R., 206 
Horne, R., 177 
Hoyle, I?., 192, 196, 197,198,199, 200 
Kulett, R.R., 150 
Hutchens, J.O., 135 
Huxley, Thomas, 13 
Hydrocarbons, 70, 71 

in sediments, 57 
synthesis on the primitive earth, 43, 
57 

synthesis using electric discharges, 23 
synthesis usittg t lierrnal energy, 29 

Hydrogen, 74,76 
in primitive atmosphere, 15,75 
in  simulation experiments, 22,23,24, 

29 
Hydrogen cyanide See also HCN 

in primitive soup, 15,65 
intermediate in  the formation of amino 

acids, 65 
polymerization, 65 
role in amino acid synthesis, 24 
synthesis, 24 

Hydrogen sulfide 
as a photosensitizing agent, 100 
in photosensitization experiments, 

LOO-101,103,106 
in prebiotic experiments, 23,24,28, 
100 

pho&lysis of, 44 
protective shield, 100 

Hydrolysis 

af amino acids, 56 
or polypeptides, 56 

Implausibility, 8 
Implausible scenario, 8 
Information, 4, 70, '74, 1298 

and entropy, 131 
determining, 132 

Informational macromolecu~e, 130, 132 
Intelligent activity, 8 
Investigator interference (intervention), 

99ff, 140 
criterion for accephble, 99, 108E 184 

Ionic strength, 172 
Iron, 75 

oxides, 89 
Isolated reactants, 104 
Isotopes, role in  chemical wolution, 85 
Saki, S., 206 
Jastrow, R., 202 
Jeewanu, 174. 176 
Jong, H., 170 
Jupiter, 5.73 
Jury, 7 
Kaplan, R.W., 154 
Kenyon, D., 168,174 
Keosian, John, 38 
Kimberley, M., 93 
Klein, Harold P., 5 
Kok, R., 148 
Rrejci, G.K., 89 
Kuhn, T., 207 
Laboratory simulation experiment, 19, 

29,99ff, 184 
Landsberg, P.T., 190 
Laplace, S.. 204 
Lam, 16,25,101 
Jhwless, KG., 28 
Lawyer, 7 
Law of mass action, 65,104,106,110 
LeCbatelier's Principle, 102 
Lehninger, A.L., 145 
~ e m m o i ,  Richard, 39 
Life. 70.72. 76 - .  . 

first emergence, 70 
origin, 71, 72, 73,86,93, 145.146 

Lightning, 25,46,47, 101 
Lipid vesicles, 170, 177, 178 
Eiposome, 177 
Living systems, organic compounds, 189 
Longquet-Niggins, C., 190 
Macromolecules, 14, 55, 116, 136, 144, 

- 152,167,168,179 
formation, 16, 135 
synthesis, 135,140 
polymerization. 182 
vulnerability in primitive soup, 65 

Malic acid, 87 



Index 225 

Mars, 5,73,182 
chemical evolution on, 5 
life on, 5 

Marshall, L.C., 78.81 
Matthew, C.N., 35,160,161. 
Matter, 70, 73 

self-ordering, 147 
Maxwell demon, 185 
Medawar, Sir Peter, 3 
Membranes, 175,177,178 
Mercury vapor, 100 
M e h r i t e s ,  77,192 

ages oE, 70 
as enera  source, 47 

Metaphysical, 208,212 
Methane, 75, 160 

in primitive atmosphere, 15,43,45,46, 
57 

in simulation experiments, 22,24 
pbotolysis of, 44,45,57 

Methylene cross-linkages, 55 
Micelles, 174ff 
Microfossils, 71, 178 
Micmorganisms. 12 
Microsphereh 1706 
hlicrostructures, 170, 178, 179 

formed directly in electrical discharge 
experiments, 178 

Mill, J.S., 13 
Miller, S., 1, 2,4,22, 23, 24, 25, 30,35, 

45,72,74,91,94, 102, 156, 164,175, 
176, 178 

Miller's apparatus and modifications, 22, 
25, 29 

Miller's experiments, 22,52 
Minerals. 89 

catalytic activities, 150, 161 
Molecular fossils, 70 
Molhn, Peter, 127 
Mantmorillonite, 161 See also Clay 

minerals 
Mora, P.T.. 152,186,189 
Morowitz, Harold, 116, 120, 121, 123, 

135,136 
Moser, R.E., 35, 160 
Muir, M., 92 
Natural laws 

new, 189 
Nakasbima, T., 172 
Natural selection. 146 
Naturalism, 7,214 

defined, 208 
Neo-Darwinian theory, 1.2.3.15.146 
Newton, Isaac, LI 
Nicolis, G., 127, 153 
Nissenbaum, A., 61,168 
Nitriles, 33,35,48 

Nitrogen 
in primitive atmosphere, 15 
in prebiotic experi rnents, 23 
in early sediments, 57 

Nonequilibrium processes, 151 
Nonrandornness. significance, 147 
Nucleic acids, 147 

in primitive oceans, 51 ,55  
in pmtocelJs, 170, 171 
origins of, 16 
and proteins, complexity, 147 

Nucleotides, 148,152 See also 
Polynucleotides 

oligonucleotides, 163 
oligomers, synthesis, 136 
polymerization, 131 

Ocean 
frozen, 46, 64 
primitive, 61 

interactions in. 51 
reactions, 16 

Oil slick, 43 
Oligomerization, 136 
Oligonucleotides, 163 
Oparin, Alexander Ivanovich, 14,170, 

171,175,209 
Oparin-Haldane hypothesis, 22,43 
Operation science, 8,202 
Oppenheimer, d, 206 
Opticat activity, 139 
Order, 118.129 

and complexity, 130, 131 
Organisms, primitive, 82 
Orgel, L., 35,45,64,91, 105,131,156, 

164, 175,176,194,205 
Origin of life, probability, 3 
Origin science, 8, 204 
Oro, J., 169,177 
Oxidizing conditions, 44 
Oxygen 

excluded from prebiotic experiments, 
23,76 

in  contemporary atmosphere, 44 
in primitive atmosphere, 15,44,69,77, 

85 
by ultraviolet 

photodissociation, 44 
production in photosynthesis, 44 

Ozone 
evolution, 81 
layer, 15. 44 
screen, 44,81,87 

"Panspermia" hypothesis, 191 
directed, 194 

Pasteur, L u i s  
in history of spontaneous generation, 12 



226 THE MYSTERY OF LIFE'S ORIGIN 

Pattee, H.H.. 191 
Peptide bond, 148 
pH, 171,172 
Phosphates 

in primitive ocean, 56,62 
soluble, 56,62,177 

Phospholipid, 177 
Phosphorylation processes 

of activating amino acids, 62 
Photochemical reaction, 32 
Photodecomposition, 100, 169 
Photodestruction, 100 
Photodissociation of water, 44, 78.79 
Photolysis, 43 
Photosensitization. 32,100,101,110 
agents, 32,100,103 

Photosynthesizing algae, 70,82 
Photosynthesis. 44,101.124 
Pinto, j., 76 
Pirie. N.W.. 186 
~ ~ a & o ~ e n i ,  174 
Plausibility, 99,101,102,106ff, 162,184 
Plausibility of experiment$ 

electrical discharge, 102 
heat, 101 
ocean, 104-106 
photosensitization, 100 
shock wave, 107 
ultraviolet, 100 
traps, 102 
summary, 184 

Plausible scenarios, 6, 7,8,182 
Plausible conditions, 19, 108,177 
Plotinus, 298 
Polanyi, Michael, 4,185,190,207 
Polymer, 129,132,133,134,157,158,176 
Polymetapkospbates, 159 
Polynucleotides, 16,55,129,131,132,135, 

136,140, 141, 148,152 
Pol-vpeptide, 16,52,55,56,129,130,131, 

132,135, 136,137,140,141,145,156, 
159 

Pollock, dB., 73,74 
Polyphosphoric add, 37 See Phosphaks 
Pools 

inorganic, 64 
organic, 64 

Ponnamperuma, Cyril, 16,24,30,48,70, 
193 

Poppel; Sir Karl, 8,207 
Post, H.R., 6 
Prebiotic earth, 18,43 
Prebiotic Simulation experiments, 8,18, 

19, 22, 23,99fl, 135,140 
Prebiotic soup, 19, 38 56,61,139 

concentration, 58, 64 
Geological evidence, 57, 65 

Precambrian era, 57,65, 210 
oxygen level. 79,80 

Prigogine, Ilya, 4,121,127,128,151,153 
Primary atmosphere 

composition, 73 
Primitive atmosphere, 14,25,43, 58,75, 

76, 80 
models, 74 
simulated, 28 

Primitive Earth, 14,19,37,102 
conditions of, 18,22 
simulation of, 22 

Primitive ocean, 38,56 
amino acids, 17, 35 

Primordial atmosphere, 70,77,186 See 
also Primitive atmosphere 

Primordial broth, 14 
Primordial cell See also Protocell 
Principle of uniformity, 13,18,210 
Pringle, J.W.S., 45 
Probabilitylthecrry, 3 

of polymer formation. 62,121 
Protein concentration in soup, 142 
Protein formation, 133ff 
Protein synthesis, template-free, 52,128 
b t e ino id  microspberes, 169,270,172 

catalytic activity, 174 
Proteinoids, 155.157, 174,175,176 
Proteins, 145,156,157 

active site, 140 
in the primitive soup, 55 
in protocells. 170.171 
prebiotic synthesis, 162 

. splitting, 160 
Rotocell, 184,189 

definition, 167,176 
geochemical plausibility of, 168,169 
scheme for origin of, 16,16 
synthesis from electrical discharges, 
178 

types of, 167ff 
Pyrimidines, See also Heterocyclic bases 

synthesis, 24,37 
Pyrosynthesis, 25 

Randomness, 3,121 
Ranganayaki, S., 158 
Reconstruction experiments, 8 
Re&, h n c e s c o ,  11,B 
Reductionism, 12,13 
Reuelle, R.T.. 74 
Ri base, 24, 38 
Rich. Alexander, 105 
RNA, 24,57 
Rutkn,  M.G., 86,89 

Sagan, Carl, 44,58,77,103 



Salting out effect, 65,171 
Saturn, 5 
Schidlowski, M., 85 
Schopf, J.W., 85,89 
Schrodinger. E., 131,190 
S~hutzenberger~ Marcel, 3 
Science, 6,s 

limitations, 7 
Scien t i h  theory, 8 
Scotland Yard. 7 
Self-assembly, 172,177 
Self-ordering, 147 
Self-replication, 1% 
Shaw, G., 46,57,72,110,154,192 
Shielding effect, 100-103 
Shklovskii, LS., 77 
Shock waves, 20,33,47,101,107 
Simpson, G., 6 
Simulated atmosphere experiment, 24 
Simulated early earth conditions, 19 
Simulation experiments, 18,19,30,99, 

184 
how to run, 18,19.20 
ocean, 36,104,105 

Simulation technique, 20,22,25,100, 
104.105 

Skinner, B.J., 92 
Solar ultraviolet Light See Ultraviolet 

fight 
Solomon, E., 213 
Sorting mechanism, 65 
SUP 

dilute. 16,42,61,169 
Prebiotic, 19,38,42ff 

Spark discharge See also Electric 
discharges 

Special creation, 196,200, 209 
Specificity, 16,130,139 
Specified complexity, 130,131,145 
Specified sequence. i32, U3,141 
Speculation, 7,8, 13 
Speculative reconstructions. 6,7,7,186 
Speculative scenario, 7,8 
Spontaneous 
generation, 11,12 
formation of proteins, 61,116 

Spores, bacterial. coming to the Eartb 
with meteorites, 196ff 

heat resistant, 13 
Steinmnn, G., 146,147,148,174 
stillwel, W., 170,171,177,178 
Strecker synthesis, 30,35,48 
Stromatolites, 70.72 
Sugars, 14,24,38,51.55,60 
Sulfides, 44,88 
SulIii, 85 
in arnino acids, 2-4 

Sullivan, J.W.S., 201, 202 
supernatural, 8,108,201 
Synthesis in the whole, 19,105,106 
Systems 
closed, 117,118,121, L22 
isolated, 115-119,123,122 
open. 116,122, 123 

'Canning reaction, 55 
Temperature on earfy earth, 45 
Temussi. P., 175,156 
Test, testability, 8,203 
Theism, 214 
Thermal degradation of organic 

compounds, 45 
Thermal energy See also Heat 

use in amino acid synthesis. 28 
Thermal polyamino acids See also 

Proteinoids 
Therrual protenoid, 159 
Thermal reactions See also Heat 
Thermal synthesis, 25.28, 165 
Thermodynamics, 3,88,113ff 

and lbr origin of life, 1278 
and probability. 4 
equilibrium, 4 
first law of, 113,114 
aon-equilibrium, 117, 
second law of, 3, Ll3,114ff, 134 
statistical, 116 
summary, 165 

Thunder shock waves, 16,47 
Thunderstorms, 46.47 
npler, E. 195 
Titan, 5 
Toutmin, S., 207 
Traps, 22.27.102-104 
Ultraviolet light, 14.78.80,192 
as a source of HCN, 30 
as a mute of aldehydes, 30 
in simulation experiments, 29,100,207 
lethal to living organisms, 44 
photodissociation, 43 
role in chemical evolution, 20,43,101 
role in destruction of organic 

campounds, 43,45,58,100,103 
selected wavelengths, 100,107 
use in amino acid synthesis, 45,58 
water photolysis, 44.78 

Uniformity, principle of, 13,28 
Uniformitarian, 7 , 8  
Uracil See also Heterocyclic bases 

formation, 37 
Uranium oxides, 91 
Urea, 12,37,58,176 
Urey, Harold C., 14.22,74,178 
Van Valan, L., 79 
Venus, 5 



228 THE MYSTERY OF LIFE'S ORIGIN 

atmosphere, 73 
Vesicle. 177 
Vitalism, (vital force), 1l, 13,16 
Volcanoes, 155 

activity, 74 
gases, 25,75,78,101 

von Neumann, d, 189 
von Weizsacker, C., 206 
Voyager X,5 

Waddington, C.H., 3 
Wald, G., 208,209 
Walker, J.C.G., 75.77, 79,84,85,91 
Water 

photolysis, 44 
trap, 22,27 
vapor, 22,23,24,78 

Watson, James, l , 2  
Weiskopf, V.B, 3 
Weltanschauung, 13 
Wickens, Jeffrey, 130,135 
Wickramasinghe, N.C., 192,196,197, 

198,199, 200 
Wigner, E.P., 90,189 
W~star Institute, 2-5,17 
Woehler synthesis, 12 
Woese, C., 70 
Wolman, T., 58 
Work (on or by a system) 

chemical, 134,135 
coding, 134,136,139,140 
configurational entropy, 134, L36,139, 
140,169 

defined, U4,122.133 
selecting, 139,140.141 

sorting, 141 
thermal entropy, 134,135, UO 

Yellow Stone National Park, 64 
Yockey, Hubert E, 130,148,183 




	A0001-01.bmp
	A0001-03.bmp
	A0001-04.bmp
	A0001-06.bmp
	A0001-08.bmp
	A0001-10.bmp
	A0001-12.bmp
	A002.bmp
	A004.bmp
	A006.bmp
	A008.bmp
	A010.bmp
	A012.bmp
	A014.bmp
	A016.bmp
	A018.bmp
	A020.bmp
	A022.bmp
	A024.bmp
	A026.bmp
	A028.bmp
	A030.bmp
	A032.bmp
	A034.bmp
	A036.bmp
	A038.bmp
	A040.bmp
	A042.bmp
	A044.bmp
	A046.bmp
	A048.bmp
	A050.bmp
	A052.bmp
	A054.bmp
	A056.bmp
	A058.bmp
	A060.bmp
	A062.bmp
	A064.bmp
	A066.bmp
	A068.bmp
	A070.bmp
	A072.bmp
	A074.bmp
	A076.bmp
	A078.bmp
	A080.bmp
	A082.bmp
	A084.bmp
	A086.bmp
	A088.bmp
	A090.bmp
	A092.bmp
	A094.bmp
	A096.bmp
	A098.bmp
	A100.bmp
	A102.bmp
	A104.bmp
	A106.bmp
	A108.bmp
	A110.bmp
	A112.bmp
	A114.bmp
	A116.bmp
	A118.bmp
	A120.bmp
	A122.bmp
	A124.bmp
	A126.bmp
	A128.bmp
	A130.bmp
	A132.bmp
	A134.bmp
	A136.bmp
	A138.bmp
	A140.bmp
	A142.bmp
	A144.bmp
	A146.bmp
	A148.bmp
	A150.bmp
	A152.bmp
	A154.bmp
	A156.bmp
	A158.bmp
	A160.bmp
	A162.bmp
	A164.bmp
	A166.bmp
	A168.bmp
	A170.bmp
	A172.bmp
	A174.bmp
	A176.bmp
	A178.bmp
	A180.bmp
	A182.bmp
	A184.bmp
	A186.bmp
	A188.bmp
	A190.bmp
	A192.bmp
	A194.bmp
	A196.bmp
	A198.bmp
	A200.bmp
	A202.bmp
	A204.bmp
	A206.bmp
	A208.bmp
	A210.bmp
	A212.bmp
	A214.bmp
	A216.bmp
	A218.bmp
	A220.bmp
	A222.bmp
	A224.bmp
	A226.bmp
	A228.bmp

