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Preface

Surface conditions on the Early Archean (and Hadean) Earth were critical to the
origin of life. This is not a recent realization, and origin-of-life considerations have
long figured prominently in geological analyses of Earth’s earliest history. Several
detailed treatments over the past century have discussed prebiotic processes based
on assumed conditions, analyzed the (sparse) geologic data from earliest times,
quantitatively explored chemical processes on and in the Earth and in its atmo-
sphere, and attempted theoretical reconstructions of processes responsible for the
formation and early evolution of the planet. Some of these efforts have also been
applied to the other terrestrial planets and/or have been informed by knowledge of
conditions throughout the solar system. In many of these efforts the analysis may
not have given sufficient weight to one or more factors marginal to the expertise of
the analyst, though in general there is a good awareness that the problems are com-
plex and rely on information and constraints from a very broad range of disciplines.
A recent spate of books discussing the origin of life suggests both a renewed interest
in the topic, and perhaps no need for yet another. That a geologist feels an inclina-
tion to add to the discussion may seem misdirected. After all, isn’t this a biological
problem? On the contrary, I suggest that a careful consideration of the (essentially)
geologic conditions leading up to life’s origins can lead to a better understanding of
where and how life began, and I am not the first (Rutten 1962). This book will cover
such considerations in some detail and will also explore some essentially biochemi-
cal aspects which I don’t believe have been previously discussed.

I will not suggest that my expertise across disciplinary boundaries is necessarily
superior to those who have attempted an understanding of early Earth and the origin
of life, and especially not as detailed in particular fields. However, as one who has a
long-standing interest in astronomy, an abandoned goal of becoming a biochemist,
degrees in chemistry and geology, research experience in geophysics and geophysi-
cal modeling, and a tendency to approach problems as a generalist, I may be better
able to appreciate the range of constraints that help define the problem. A previous
attempt at describing the origin and evolution of Earth’s atmosphere (Shaw 2008)
was somewhat limited by publication constraints, though it contains some of the
ideas explored herein. In addition, even in the last few years, there have been de-



vi Preface

velopments/discoveries that have affected my thinking, even as I have given more
thought to particular aspects of the problem.

This book will not be a critique of past efforts, though it will use and discuss
them. There are several aspects of the problem that have been covered in great
detail by others, and I make ready reference to those works without repeating previ-
ous expositions. I agree with the substance of the vast majority of what has been
uncovered and parsed by previous work, and brief expositions of these results will
often serve as starting points for my own interpretations. On the other hand, there
are many points where I depart from the conventional wisdom, as well as a number
of ideas that, if not completely novel, are essential to understanding the origin of
conditions conducive to the emergence of life.

The book is divided into three parts. First I discuss the processes and results
of the degassing and early processing of Earth’s volatile inventory. Next I discuss
various aspects of life processes, focusing on the requirements for the earliest emer-
gence of life, including a possible pathway to the generation of the essential com-
plex feedback processes thought to be characteristic of life. The third part examines
processes of atmospheric evolution following the emergence of life, especially the
development and consequences of photosynthesis, oxygenic photosynthesis in par-
ticular. There is a final chapter which examines the implications of the first three
parts for understanding the geological and planetological record in terms of atmo-
spheric and surface evolution.
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Chapter 1
Introduction

Oparin (1938) provided the first modern, comprehensive treatment relevant to the
origin of life. He was not interested in geologic details, many of which were un-
available at that time. His basic premise was that widespread reducing conditions
on Earth’s early surface were necessary (accurately so, I believe) for the abiot-
ic processing of CHNO compounds in order to yield the building blocks of life,
i.e. prebiotic compounds. His work eventually gave rise to a host of experimental
studies that reveal the surprising ease with which numerous biologically important
compounds can be produced. One of the most striking results of this body of ex-
perimental work is the correlation between the compounds resulting from prebiotic
chemical processes and those actually used by extant life, including essentially all
the monomers (amino acids, nucleotides, simple sugars, etc.) which comprise the
complex polymers of all organisms.

Coincidentally, just as these chemical results were being generated in laborato-
ries, Rubey (1951, 1955) carried out the first careful analysis of the origin of Earth’s
atmosphere using geological reasoning. From sound uniformitarian arguments he
concluded that the excess volatiles of Earth’s surface, including those now bound
in rocks as carbonate minerals and organic-rich sediment, could be accounted for as
the result of degassing of Earth’s solid interior by magmatic emanation of various
gases. He went a bit further by addressing the question of timing of this degassing,
concluding that it must have been largely a gradual and continuous process rather
than an early, massive discharge. This conclusion was based on both the assumed
composition of the volcanic gases (taken to be similar to present volcanic emis-
sions), and the geochemical effects should these be immediately released to the
surface in quantities similar to the known excess volatile inventory of sedimentary
rocks (which are currently the largest volatile reservoir by a large margin). Ru-
bey’s analysis might be faulted because it did not take into account the processes of
plate tectonics, unknown at that time, which might have explained the absence of
evidence of the effects he described. In addition, much more is now known about
ages and amounts of early Archean rocks than was available in the early 1950s.
Nevertheless, Rubey’s analysis became an important starting point for discussions
of Earth’s earliest atmosphere and its evolution through the Archean (and later).
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Essentially all subsequent discussions of degassing, the early atmosphere, and at-
mospheric evolution through time starts with volcanic degassing and the related
chemistry of volatiles in magmatic systems, with the major gases thought to be wa-
ter, carbon dioxide (sometimes monoxide), nitrogen, hydrogen sulfide (later sulfur
dioxide), and hydrogen, with the first two dominant. The proportion of hydrogen
and relative amounts of carbon dioxide and monoxide have been thought to depend
upon whether free iron was present in the source region of the magmas, taken as
approximately the upper mantle within a few hundred kilometers of the surface. I
will henceforth refer to this as the “standard model”.

During the 1970s considerable attention was given to speculation and detailed
modeling of planetary accretion. The formation, chemistry, and nebular processing
of solids in the pre-planetary solar nebula, including interactions (or lack thereof)
with nebular volatiles, was aimed at understanding the compositions and possible
histories of the various components of meteorites, usually assumed to be remnants
of the earliest accreting material. There is little reason to doubt that the overwhelm-
ing bulk of the planets, or at least the non-volatile fraction, was accreted from solid
objects resembling meteoritic material in overall composition, perhaps in different
proportions depending upon radial distance from the sun. This effort was informed
by a large array of elemental and isotopic geochemical data from Earth, meteor-
ites, and eventually other planets. In addition to providing a better understanding
of the relationships of various solar system objects and their systematic variations,
these efforts provide a theoretical framework for describing, if not understanding
in detail, the early history of the solar system. One of the most important, and per-
haps well-founded, results was the constraint on the timing of planetary accretion.
Establishment of timing constraints on the cratering history of the Moon, and to a
somewhat lesser extent Mars and Mercury, helped define the later accretion history,
in particular the Late Heavy Bombardment.

Accretion models and the data from planetary missions are largely in agreement
that accretion of the terrestrial planets was rather rapid and early, largely completed
in the first 100 million years of solar system history (Wetherill and Stewart 1993;
Yin et al. 2002; Wood et al. 2006; Halliday 2008). The magnitude of gravitational
energy release associated with accreting an Earth-size planet implies substantial
heating during accretion, especially later in accretional history. When this is com-
bined with the additional energy that would accompany core formation, it is virtu-
ally impossible to escape the conclusion that degassing of Earth must have occurred
quite early, and with the release of a large fraction of the volatile inventory from the
early accreted material. This conclusion has been largely built into all subsequent
treatments of Earth’s early atmosphere. Whether accretion was generally chemi-
cally homogeneous, that is with the accreting material having a bulk composition
similar to that of Earth (or similarly for the other planets with suitable adjustments
to match their individual characteristics), or as a sequential non-homogeneous pro-
cess with refractory components accreting to form a “core”, then less refractory ma-
terial arriving later, and finally with a volatile “veneer” last, can lead to somewhat
different results.



