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Finding a Second Sample of Life on Earth
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ABSTRACT

If life emerges readily under Earth-like conditions, the possibility arises of multiple terres-
trial genesis events. We seek to quantify the probability of this scenario using estimates of
the Archean bombardment rate and the fact that life established itself fairly rapidly on Earth
once conditions became favorable. We find a significant likelihood that at least one more
sample of life, referred to here as alien life, may have emerged on Earth, and could have co-
existed with known life. Indeed, it is difficult to rule out the possibility of extant alien life.
We offer some suggestions for how an alternative sample of life might be detected. Key Words:
Origin of life—Biogenesis—Impact frustration. Astrobiology 5, 154-163.

SCENARIOS FOR A SECOND GENESIS

THE VIEW THAT LIFE WILL EMERGE with high prob-
ability on Earth-like planets is shared by
many scientists, although opinions differ on just
how like Earth an Earth-like planet needs to be
(de Duve, 1995). One planet known to be 100%
Earth-like is Earth itself. If life originated on
Earth, rather than being brought here from some-
where else, the question then arises as to whether
life may have arisen more than once. If that is the
case, then it is of interest to ask what evidence
might exist for such a second genesis of life.

A popular scenario attributes life’s terrestrial
origin to molecular evolution on or just below
Earth’s surface about 4 Gyr ago, during the pe-
riod of heavy bombardment. Because the largest
impacts were likely to have heat-sterilized the
planet, one may envisage a series of “stop—go ex-
periments” in which life emerged in a quiescent

period after large impacts, only to be annihilated
by the next large impact. This process may have
been repeated many times before known life
squeezed through the environmental bottlenecks
created by the remaining large impacts (3.9-3.8
Gyr ago), and survived to the present day (Ma-
her and Stevenson, 1988).

The possibility of multiple epochs of biogene-
sis is also consistent with an alternative scenario
in which life began beyond Earth and was deliv-
ered by either a panspermia or transpermia
mechanism (Davies, 1996, 1998; Hoyle and Wick-
ramasinghe, 1999). In this scenario Earth could
have been inoculated by either the same life or
different forms of life. In the latter case there is
the possibility of multiple points of origin, or
multiple geneses at a single place of origin (e.g.,
Mars).

Is there any a priori reason to expect more than
one biogenesis event on Earth? Little is known
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about the expected duration needed for life to
emerge on an Earth-like planet, or the necessary
physical and chemical circumstances. Estimates
of the time scale for life to emerge from non-life
range from a few million years (Oberbeck and Fo-
gelman, 1989; Lazcano and Miller, 1994) up to bil-
lions of years or even longer (Carter, 1983). We
do, however, have one crucial bit of information:
Life established itself on Earth fairly quickly once
conditions permitted. This is often cited as
evidence in favor of the hypothesis that life
forms easily and often. In a statistical analysis,
Lineweaver and Davis (2002) used the observa-
tional constraints on the rapidity of biogenesis on
Earth to conclude that, on Earth-like planets else-
where in the universe, older than about 1 Gyr, the
probability of biogenesis is >13% at the 95% con-
fidence level. However, these results can equally
well be applied to the Earth during the epoch of
impact frustration (Fig. 1). Here we apply the
method of Lineweaver and Davis (2002) to esti-
mate the probability of multiple epochs of ter-
restrial biogenesis (see the Appendix for mathe-
matical details).

OBSERVATIONAL CONSTRAINTS ON A
SECOND GENESIS

The history of the Earth may be conveniently
divided into an early period of heavy bombard-
ment, Atystrated, When biogenesis was frustrated
by large frequent impacts, followed by a period
of the most recent biogenesis, Atpiogenesis, that fi-
nally led to the extended period in which life on
Earth has been continually present: Atjit. These
intervals add up to the known age of the Earth:

Atfrustratecl + Atbiogenesis + Atlife = fEarth (1)

To bracket the time it took life to get started,
Lineweaver and Davis (2002) inserted observa-
tional constraints on the other intervals into Eq.
1 and obtained a crude estimate:

Atbiogenesis = 100J—r?88Myr 2)

The duration of the impact frustration of life,
Atfrustrated, 18 Often assumed to have lasted until
the end of the late heavy bombardment (~3.8 Gyr
ago). However, the vulnerability of early life to
global impact annihilation depended on a num-
ber of factors, such as the difficult-to-estimate ro-
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bustness of early organisms, and the range of
available habitats. If the early crust was cool
enough to permit colonization of a subsurface
zone deeper than ~1 km, then impact frustration
may have lasted for only the first ~100 million
years until the Moon-forming impact ~4.45 Gyr
ago (Cameron, 1997).

Conditions changed rapidly on the early Earth.
During the first 100 million years, planetary ac-
cretion involved a bombardment that included
the Moon-forming impact. Magma oceans lay just
beneath the crust, producing high levels of vol-
canism, and the surface of the Earth may have
been an open system of hydrothermal vents. Im-
pacts along with radiogenic heating point to hot
environmental conditions (e.g., Sleep et al., 2001;
Lineweaver and Schwartzman, 2004). Much evi-
dence, including hyperthermophilia at the base
of the universal tree of life, suggests that the Earth
started out too hot for life and then cooled into a
regime in which hyperthermophilic and then
thermophilic life became established, a process
interrupted spasmodically by sudden re-heating
events caused by spikes in the bombardment rate.

In this paper, we provide a rough estimate of
the probability that there was at least one prior
epoch of biogenesis before the formation of
known life. If large impacts frustrated biogenesis,
then as the frequency of impacts abated, there
would have been brief quiescent periods when
life may have emerged only to be annihilated by
the next big impact. The likelihood that this was
the case depends on the durations of the quies-
cent periods (1-100 Myr) and of the most recent
epoch of biogenesis (Afpiogenesis). For simplicity,
we make the default assumption that the inferred
time scale of the single instance of biogenesis that
led to known life is characteristic of the other pos-
sible epochs of biogenesis (Fig. 1).

EVIDENCE FOR ALIEN LIFE ON EARTH

Henceforth we shall refer to other samples of
life arising de novo as “alien life.” If life began on
Earth more than once, either having emerged
here or establishing itself by colonization from
elsewhere, the question arises as to whether any
record of alien life remains. Four hypotheses may
then be considered: (i) Life began more than once,
but all samples of alien life were destroyed early
on either by impacts, by other environmental in-
sults, or by ancient ancestors of known life. (ii)
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FIG.1. The probability of biogenesis during multiple and increasingly longer quiescent periods of the first bil-
lion years of Earth’s history. As an example, we show known life having formed between 4.1 and 4.0 Gyr ago and
then resisting extinction from subsequent impacts that included the late heavy bombardment (3.8-3.9 Gyr) associated
with the largest lunar mare. It was assumed that periodic large impactors (diameter D > 500 km) sterilized the Earth
and eliminated any life that may have emerged (Sleep et al., 1989) prior to biogenesis (assumed to have been a process
of molecular evolution). The time period of biogenesis, Afyiogenesis, Was estimated to be 100 Myr [see Lineweaver and
Davis (2002) for a review of estimates of this time scale]. The probability of biogenesis during Atpjogenesis Was esti-
mated at 50% (g = 0.5 in Fig. 3 of Lineweaver and Davis, 2002). In this example the probability of at least one epoch
of a second biogenesis is ~0.9 (see Appendix for mathematical details).

At least one sample of early alien life survived
and co-existed for an extended period with
known life, which perhaps affected the latter’s
evolutionary history in some manner. (iii) Early
alien life is extant, but has either gone unrecog-
nized or is undiscovered. (iv) Alien forms of life
have continued to arise (or be delivered to) Earth

throughout evolutionary history, and may still be
forming or arriving today.

If hypothesis (i) were the case, direct evidence
for multiple geneses would be difficult to obtain.
The terrestrial record of early life on Earth has
been largely obliterated by impacts, tectonic ac-
tivity, and erosion. In principle, rocks from early
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Earth (>3.8 Gyr ago) that may have preserved
traces of alien terrestrial and /or known life could
be recovered from the Moon or Mars. The fact
that alien life may not have survived the late
heavy bombardment does not logically preclude
the existence of biological consequences it may
have left behind, but identifying its biomarkers,
especially those from early Archean rocks, pre-
sents a formidable challenge.

Hypotheses (ii) and (iii) imply that alien life
was able to survive the bombardment. One pos-
sibility is survival in subsurface refugia. If alien
microbes dwelt more than ~1 km below ground,
they may have survived even the largest impacts
if they were located far enough away from the
impact sites. This possibility would depend on
the rate of cooling of Earth’s crust. The second
possibility is that material ejected from Earth by
impacts could have preserved a fraction of the
microorganisms embedded therein. Some of this
material would have gone into solar orbit, with a
fraction of that returning to Earth after surface
conditions returned to normal, thereby “recolo-
nizing” a sterilized planet. A variant of this sec-
ond possibility is that some ejected material even-
tually impacted other planets. During the first
billion years of Solar System history, Mars [and
possibly Venus (Grinspoon, 2004)] was a favor-
able environment for life. Terrestrial organisms
might have colonized Mars (or vice versa), and
Earth-life might have returned later in Mars
ejecta.

Hypothesis (iv) is normally discounted based
on the reasoning that once life had become es-
tablished on Earth it expropriated all the raw ma-
terials required to generate life de novo a second
time (Darwin, 1871). However, microbial life may
not have been 100% efficient in consuming avail-
able resources. As an example, consider the non-
consumption of the energy-rich hydrocarbons in
fossil fuels by microorganisms.

Another shortcoming of the above objection
is that it ignores the possibility of “genetic
takeover”—that life might originate with one
chemical system, and then evolve another. This
is the case in the hypothesis of Cairns-Smith
(1982) of clay life. If life began sluggishly with
clay crystals and was then “taken over” by nu-
cleic acids and proteins, it is conceivable that new
forms of clay life have continued to emerge. It
might even be possible to observe some form of
this type of biogenesis if the incubating environ-
ment was sufficiently undisturbed by the activi-
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ties of known life. Finally, the objection assumes
that only one general form of life is possible. If
different forms of life can emerge in different
physical and chemical environments, then the
exhaustion of one life form’s resources would not
preclude the emergence of another life form at a
later date.

A second objection to hypothesis (iv) is the in-
stability of a situation in which life forms co-ex-
ist yet compete for resources. If Earth were con-
tiguously inhabited by Type A life and Type B
life, then whichever form enjoyed a differential
advantage could come to predominate and even-
tually drive the other form to extinction. This ar-
gument, however, does not apply to known life.
For example, Bacteria and Archaea are distinct
forms of life that occupy similar ecological niches,
yet they have co-existed for at least 2 billion years.

A more serious objection is that biogenesis in-
volving organic synthesis (as opposed to inor-
ganic synthesis in clay crystals) almost certainly
required reducing conditions. The build-up of
free oxygen through oxygenic photosynthesis,
even at relatively low levels, would have acted to
frustrate further organic synthesis. However, the
accumulation of atmospheric oxygen was a slow
process, and to reach levels that would interfere
with organic synthesis would be unlikely to have
occurred before about 3 Gyr (Catling and Zahnle,
2002; Ono et al., 2003).

For all these reasons it is entirely conceivable
that more than one form of life may have arisen
and even co-existed on Earth. Assuming that evo-
lutionary convergence was not so strong that dif-
ferent genesis events did not rapidly evolve iden-
tical biochemical systems and genetic codes, the
question then arises as to how we might identify
a second sample of life in a terrestrial setting.

The superficial retort that alien organisms
around us have not yet been identified may be
countered in several ways. Alien life would in all
probability be restricted to microbes. Scientists
have devised a suite of tools customized for study-
ing known life; alien microbes are likely to be
missed or discarded in even the most general mi-
crobiological analyses involving bio-prospecting
(Leadbetter, 2003). Alien microbes might inhabit
niches beyond the reach of familiar life, i.e., in lo-
cations as yet poorly explored by microbiologists.
Or, they may display properties that do not reveal
them as living organisms. Finally, they may be
dormant and inactive, awaiting physical condi-
tions different from those associated with known
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life. For all these reasons we could be surrounded
by living, dormant, or dead alien microbes with-
out being aware of it. That (i) most bacteria are
non-cultivable, (ii) a new domain of life was dis-
covered only 15 years ago (Woese, 1990), (iii) an
entire phylum of Archaea known as Kor-
yarchaeota is known only from its environmental
DNA, and (iv) the first member of a new phylum
of Archaea—Nanoarchaeota—was found recently
(Huber et al., 2002), all strongly suggest that the
microbial world has many hidden surprises, one
of which may be alien life (Fig. 2).

To identify alien life in a terrestrial environ-
ment requires a more careful analysis than scien-
tists have applied hitherto (Paster et al., 1998). Ev-
idence might be found in a number of ways.

Geological evidence

The importance of life in shaping the Earth’s
atmosphere and lithosphere is well known, e.g.,
the release of oxygen in the atmosphere and the
biogenic production of mineral deposits. Alien
life might transform the geological, atmospheric,
and marine environments in novel ways that are
unaccountable by conventional biological or abi-
ological processes. One example might be the de-
tection of opposite chirality biomarkers, non-
racemic mixtures of biological material, or
anomalous ratios of stable isotopes that cannot be
explained by abiotic or normal biotic processes.
An important example of how fossil biomarkers
can be used to trace the early history of life is
given by Brocks et al. (1999).

Direct evidence for early alien life might have
been preserved in Archean rocks ejected from
Earth by impacts and are now located, relatively
undisturbed, on the surface of the Moon or Mars.
Identifying these rocks and any evidence of alien
life they might contain, however, would be ex-
tremely difficult.

Nowvel environments

Alien life might occupy environments that are
lethal to known life. Further efforts to search ex-
treme natural and artificial environments might
uncover unexpected life forms. Such environ-
ments include deep ocean hydrothermal vents
where the water temperature exceeds the upper
limit for familiar life. Just what this upper limit
might be is the subject of some debate, but some-
where approaching 130°C seems reasonable
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FIG. 2. At any cladistic level, we can estimate the ra-
tio of the number of clades that have gone extinct to the
number of clades that have ever existed. We call this the
“percent extinct.” For example, it is estimated that there
are between 10 and 100 million species of animals, plants,
or fungi alive on Earth today. If the number of species of
animals, plants, or fungi that have ever lived is at least 10
times larger, then the percent extinct for species would be
at least 90%. As illustrated here, similar rough estimates
of percent extinct could be calculated for higher-level
clades using paleontological analyses similar to the work
of Raup and Sepkowski (1986) on genera and families
(1986) and Alroy et al. (2001). For example, different
species of the same genus have on the order of 0-1% dif-
ference in 165 rRNA, while different genera of the same
family are more different from each other and have on
the order of 1-5% difference in 16S rRNA. The three do-
mains of life (Archaea, Bacteria, and Eukarya) may be dif-
ferent from each other at about the 50-90% level (Pace,
1997). Even the crudest estimates of these quantities al-
low us to distinguish between the two lines shown here.
If the data are more like the triangles, then we probably
know all the domains and forms of life that have ever ex-
isted. However, if the data are like the circles, then our
ignorance of even higher cladistic levels is large, and there
probably are or have been many domains and forms of
life that we know nothing about.

based on the current upper limit of 121°C
(Kashefi and Lovley, 2003).

Other possibilities are the high atmosphere
(Wallis et al., 2004), the very deep subsurface (>5
km) (D’'Hondt et al., 2004), grossly contaminated
aquifers and lakes, and very low-temperature lo-
cations. Assuming that even alien life requires lig-
uid water, some mechanism for local heating (e.g.,
rocks buried in ice and heated by the sun) is nec-
essary if extant life is being sought.
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Genetic fossils

It is conceivable that remnants of alternative
biochemical systems have become incorporated
in extant organisms. For example, alien but in-
nocuous genes might long ago have been later-
ally transferred and replicated (Woese, 1998).
Studies of ancient gene duplications may one day
identify such genetic anomalies (Gribaldo and
Cammarano, 1998).

Biological filters

If alien life flourishes in similar environments
as known life, then looking in novel environ-
ments is unnecessary. Rather, we need to devise
a means by which to separate known from alien
microbes. Any physical characteristic, e.g., size,
membrane structure, might differentiate between
them. An example, albeit controversial, is the so-
called nanobacteria or nanobes discovered in na-
ture, which seemingly are too small to contain ri-
bosomes and, therefore, are potentially alien
(Folk, 1993; Uwins et al., 1998). The problem of
simply plucking an alien microbe from a general
biological setting, however, is daunting. Very few
known microbes, let alone alien microbes, can be
cultured. An alien microbe might look superfi-
cially like a known bacterium; only a genetic
analysis would disclose its exotic nature. Clearly
a more systematic approach is necessary.

The primer sets that are currently being used
in bio-prospecting could be generalized (Paster et
al., 1998). An example of the necessity of this is
the discovery via microscope of a novel Archeon
that grows attached to Ignococcus but has such a
divergent 16S rRNA sequence that no universal
primer could detect it (Huber et al., 2002). A tech-
nique to identify non-DNA organisms is to apply
DNA stains and then use flow cytometry to se-
lectively remove DNA-based cells. Any remain-
ing cells could then be scrutinized microscopi-
cally and biochemically. If alien microbes were
DNA-based but non-ribosomal, they might be
identified by fluorescent in situ hybridization
probes and separated using flow cytometry
(Michael Gillings, private communication).

Another possibility concerns chirality. The ori-
gin of biological chirality remains contentious
(Eliel et al., 1994), but a plausible hypothesis is
that it represents a frozen accident: Early life
broke the symmetry at random, producing the
observed chirality with 50% probability. It fol-
lows that there is a 50% chance that a second gen-
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esis (or similar life) would select the opposite chi-
rality. This would assist the co-existence of alien
and known life forms. It would also provide a
means to detect alien life. If a nutrient broth with
opposite chirality contents (“anti-soup”) were
used as a culture medium, known life might be
unable to grow, but oppositely chiral alien life
may still flourish (Pauline Davies, private com-
munication). Experiments with anti-soup have
been performed on the sterile soils of the Atacama
desert (Navarro-Gonzalez et al., 2003), but as far
as we are aware they have not been used to study
more promising locales for alien life.

Amino acids with opposite chirality occur nat-
urally in the environment. Their origin is usually
attributed to the racemization of decaying or-
ganisms (Bada, 1999; Bada et al., 1999). However,
it is conceivable that some of this material arises
from the decay products of anti-chiral alien life.
Experiments with suites of amino acids and any
reversed-chirality organic molecules found in as-
sociation with them might provide convincing
biomarkers for past anti-chiral life, especially if
such life used a different set of amino acids from
known life. On the other hand, this material
would seem to offer a potential food source for
any anti-chiral life.

Finally, if a means could be found to interrupt
genetic machinery employing the universal ge-
netic code, then any remaining signs of metabo-
lism are likely to be indicative of either alien or
novel organisms. Other mechanisms can be en-
visaged that target ribosome function or replicase
enzymes. The alien life might then be identified
by its metabolic products, or through labeled re-
lease experiments similar to the Viking proce-
dures, or directly from microscopic searches and
gene sequencing.

WHAT IS MEANT BY A “SECOND
SAMPLE” OR “ALIEN LIFE”?

Our analysis conceals some difficult conceptual
issues with regard to how to define a second sam-
ple of life. Given our ignorance surrounding the
process of biogenesis, we may identify several
possible scenarios that involve some form of mul-
tiple genesis:

1. Life starts from non-life more than once, and
each sample retains distinct physical and/or
biochemical signatures throughout. Using
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the tree of life analogy, we would be dealing
with multiple trees rather than multiple
branches sprouting from a common trunk.

2. As in scenario 1, but the same form of life
emerges, either independently or via conver-
gent evolution, perhaps to swap genetic or
chemical material, or even to merge into a
common biosphere.

3. Life starts from a single origin but evolves into
such radically divergent forms that they might
be classified today as different forms of life.
Viruses might constitute an example (Strauss
et al., 1996).

4. Any combination of the above.

The problem we face is to retrodict from the
present state of affairs. The universal biochemi-
cal system and shared genetic code are often cited
as examples of a common ancestor, but it is con-
ceivable, though admittedly highly unlikely, that
these features resulted from convergent evolution
from multiple origins. For example, there is evi-
dence that the genetic code is near optimal, and
probably evolved from a less efficient precursor
code (Freeland and Hurst, 1998). The same selec-
tive pressures might conceivably have generated
the same code more than once.

Conversely, just how different must two sam-
ples of life be for us to be sure they descended
from distinct origination events? Organisms with
different genetic codes might suggest indepen-
dent origins, but this need not be so. If the known
code evolved from an earlier, simpler code, we
cannot rule out an evolutionary bifurcation in the
code in the distant past that produced distinct
near-optimal codes today. Organisms with op-
posite chirality in their basic biochemistry would
be stronger evidence for a second genesis, al-
though one would need to rule out the possibil-
ity of an achiral precursor form of life that bifur-
cated into left- and right-handed versions. It is
hard to see, however, that life could be based en-
tirely on achiral molecules.

Another important distinction would be a form
of life that did not use ribosomes to manufacture
proteins, or perhaps didn’t use proteins and/or
nucleic acids at all, but employed some radically
alternative chemistry. Some imaginative propos-
als have been made (Feinberg and Shapiro, 1980).
It is easy to extrapolate progressively farther
away from familiar life until a point is reached at
which a common origin would seem implausible.

However, this exercise in extrapolation does
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force us to confront the definition of life. In the
foregoing we have tacitly adopted a working de-
finition along the following lines: Life is a carbon-
based, complex, organized system that replicates
information, maintains a far-from-thermody-
namic-equilibrium state by exploiting some form
of chemical metabolism, and is capable of evolv-
ing by variation and selection. But, this broad de-
finition fails to distinguish between two different
possibilities for its origin. The first is that life
emerged from non-life abruptly, rather like a
phase transition. An analogy might be a gas that
bursts into flame at a critical temperature, or a
solute that crystallizes. If life began in this way
as a discrete threshold phenomenon, it then
makes sense to discuss multiple origins, just as
one may envisage bush fires starting indepen-
dently at different locations. We make this as-
sumption implicitly in Fig. 1. The second possi-
bility is that there is no clear threshold at which
a complex chemical system “comes alive.”
Rather, there is a continuous transition from a
chemical mixture to autocatalytic cycles to some-
thing resembling a living cell. In this case, if all
life emerged from similar molecular evolution,
one might still speak of a common (molecular)
origin for known and alien life. But even in this
case, one would be justified in talking about mul-
tiple origins if the genesis events took place in,
say, different windows of time between global
sterilizing impacts, or on different planets. Our
present analysis does not generally discriminate
between these various alternatives of multiple
origins, but a more refined treatment could seek
to identify ways in which a slow continuous tran-
sition from non-life to life might leave a distinc-
tive geological or biochemical record of the
transition phase. It is also possible that such tran-
sitional forms might be found on extraterrestrial
bodies, such as Mars or the moons of the giant
planets.

SUMMARY

Whether life is easy or hard to get started re-
mains uncertain despite decades of research. It is
often tacitly assumed that life is widespread in
the Universe, implying that, in the absence of an
efficient panspermia process, life forms readily.
This belief is bolstered by the fact that life estab-
lished itself on Earth soon after conditions be-
came congenial. But if life is likely to emerge from



FINDING A SECOND SAMPLE OF LIFE ON EARTH

non-life with high probability on other planets, it
is also likely to have emerged on Earth more than
once. Our analysis confirms this expectation by
deriving moderate to high probabilities for mul-
tiple geneses using plausible assumptions about
the rapidity of life’s emergence on the early Earth.
Thus we propose the default assumption should
be that Earth hosted more than one form of biol-
ogy, rather than the more orthodox position that
life as we know it has always been alone.

Multiple geneses can result in sequential inde-
pendent biologies or in multiple contemporane-
ous biologies. In the latter scenario, we propose
that the default assumption should be that one or
more alternative biologies should be expected,
unless a plausible reason can be found why the
emergence of one form of life drastically inhibits
the subsequent formation of another. We are not
aware of any strong argument to this effect. This
raises the question as to whether other forms of
life co-exist with known life today. We discussed
ways to obtain evidence for such aliens. Our con-
clusion is that alien microbes could exist on Earth
today and have remained undetected by our best
efforts.

MATHEMATICAL APPENDIX

The probability f, as a function of time for bio-
genesis to occur on Earth during any interval of
time, is given by Eq. 7 of Lineweaver and Davis
(2002):

f) =1 (1= ) My (A1)
where t' =t —t; for t; <t <t;1q1, and t; and t;;
are the times of life-sterilizing impacts bracketing
the ith quiescent period (At; = t;+1 — t;) during
which the molecular evolution that leads to life
could proceed. Also, g [constrained to be greater
than ~0.1 at the 95% confidence level in
Lineweaver and Davis (2002)] is the probability
of biogenesis in the duration Aty;,. This is an es-
timate of the average time required for biogene-
sis, and is assumed to be close to our estimates
of how long the most recent epoch of biogenesis
took, i.e., we assume Atpip ~ Atpiogenesis ~100 Myr
(Eq. 1). We also choose the probability g of bio-
genesis during this period to be ~0.5, consistent
with the g > 0.1 limit found in Lineweaver and
Davis (2002). This choice means that Aty,;, may be
thought of as the half-life for non-life to transform
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into life. Figure 1 illustrates a plausible statistical
analysis of the proposal that life arose on Earth
and became extinct once, and possibly many
times, before it arose and survived as the pre-
cursor to current familiar terrestrial life.

The probability of not having any biogenesis
during the period labeled “Impact Frustration” in
Fig. 11is

(1 _flmax)(l _meax)(1 _meax) ce
= Hi=1,N (1 _fimax)

P nolife =
(A2)

where fimax is the maximum value reached by f;(t)
(see Eq. Al) during the ith quiescent interval At;
between sterilizing impacts. The product on i is
over some number N of the longest quiescent in-
tervals.

Estimates of the bombardment rate of the early
Earth are based on cratering rates of the moon,
scaled for the larger size and mass of the Earth
(Zahnle and Sleep, 1997). Hartmann et al. (2000)
estimated that between 4.55 Gyr ago and 4.1 Gyr
ago the impact rate fell from a value 10° times
higher than it is today to a value 10 times higher.
That is, within the critical period of impact frus-
tration the impact rate fell by a factor of 10°. Since
the durations of the quiescent periods between
the largest impacts are roughly inversely pro-
portional to the impact rate:

At; « 1/(impact rate) (A3)
the average duration of the quiescent intervals in-
creased by a factor of 10° between 4.55 and 4.1
Gyr ago, and thus it is probable that if a second
example of biogenesis occurred, it would be to-
wards the end of impact frustration. This is il-
lustrated in Fig. 1; however, for convenience the
dynamic range of over a million (= 10°/10%) is re-
stricted in Fig. 1 to only 1,000. Note that there is
considerable uncertainty about the distribution in
time of large impacts because later impacts tend
to obliterate the record of earlier impacts. Some
commentators (Hartmann et al., 2000) have sug-
gested that there was a surge of large impacts to-
ward the end of the bombardment period, at
about 3.9-3.8 Gyr. The preliminary treatment re-
ported here does not incorporate this suggestion.

The probability P,jien that alien biogenesis oc-
curred at some time within this series of quies-
cent periods is

Patien =1 — Prolife = 1

- Hizl,N (1 _fimax) (A4)
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In Fig. 1, we have chosen an example with para-
meters g = 0.5, Atpi, = 100 Myr, and N = 14, with
a variety of At;, roughly consistent with Eq. A3.
With these values we get Pajien ~0.9 as a plausi-
ble estimate that alien life evolved on Earth be-
fore the origin of normal life. Using g = 0.3 re-
duces Pjjien to 0.7, and reducing Atpiogenesis to 10
Myr gives Pajien ~1 for both g = 0.3 and 0.5. If it
takes only a short time (on average) for life to get
started [such as the <8 Myr estimate of Lazcano
and Miller (1994)], then the probability of a sec-
ond genesis sometime during impact frustration
is relatively higher. That is, if Aty, is “small”
(1-10 Myr) compared with the durations of the
quiescent intervals between large impacts, the
probability of a second biogenesis is relatively
larger. If Atpi, is “large” (100-1,000 Myr) the
probability of multiple epochs of biogenesis may
be negligible. The choice of N = 14 as the num-
ber of sterilizing impacts is roughly consistent
with the poorly known number of impactors in
the diameter size range D >500 km (Sleep et al.,
1989; Hartmann et al., 2000).
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