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Preface

This is a book about the beginnings of life on Earth from a geochemical and
biochemical standpoint. It has been written by specialists working on the frontiers of
several disciplines, and it is intended to provide a readable overview both for trained
scientists and for advanced students in geobiology, astrobiology, and related fields.
It is by no means a complete or comprehensive introduction to the field, but rather
a work-in-progress report from some of its leading protagonists. We have tried to
sidestep some well-worn arguments in favour of fresher perspectives and original
insights. Nevertheless, the eleven peer-reviewed chapters assembled here outline
many of the central questions that drive origins-of-life research today, suggest what
the answers may be, and show how future work may settle them.

According to accepted common scientific understanding, life on Earth emerged
through the self-organisation of lifeless matter far from thermodynamic equilibrium.
Self-catalysing networks of chemical reactions gave rise to protocells: encapsulated,
homeostatic units capable of reproducing themselves according to an internal
genetic code. How this event or series of events unfolded is deeply unclear; the
first half-billion years or so of life’s history are missing from the record, and
carbonaceous residues in the oldest known rocks have been heavily altered by heat,
pressure, and the passage of time, destroying biochemical information. But if the
origin of life cannot be observed, perhaps it can be reconstructed through painstak-
ing, interdisciplinary scientific detective work. Clues are found in the chemistry
of the elements, in the composition of meteoritic and primordial materials, in the
biochemical and genetic makeup of viruses and cellular organisms alive today,
in laboratory and computer simulations of prebiotic chemical reaction pathways,
and in geochemical evidence from the early Earth. Cellular remains, when they
finally appear in the rocks, tell us that life had already become surprisingly diverse,
complex, and tolerant of environmental extremes when the fossil record began to be
written. Taken together, these clues are beginning to tell a coherent story.

It is a story that begins in space. In Chap. 1 of this volume, Marco Fioroni
describes the synthesis of transition metals in supernovae and their chemical
transformations in space and on the young, habitable Earth. He emphasises the
importance of transition metals and minerals for organometallic chemistry on the
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early Earth and also for the origin of life: today, almost 40% of all enzymatic
reactions involve metalloenzymes. Several chemical pathways to form simple and
complex building blocks and catalysts for life are thoroughly discussed, and the
possible contribution of extraterrestrial organometallic/metallorganic compounds is
emphasised.

In Chap. 2, Robert M. Hazen and Shaunna M. Morrison enlarge upon the
mineralogical complement of the early Earth and its significance for prebiotic
chemistry. They show that many biochemically central elements were supplied
not in their rare and exotic mineral forms, but from the more common rock-
forming minerals in which they occur as minor and trace elements. Thus, boron,
molybdenum, phosphorus, and other elements would have been widely available at
reactive surface sites of minerals such as olivine, pyroxene, feldspar, and magnetite,
even though borate, molybdate, and phosphate minerals (and so on) were rare. This
provides an elegant solution to a long-standing problem in origins-of-life chemistry.

Chapter 3, contributed by Eva Stueeken and Nicholas Gardiner, reconstructs
the Hadean Earth as a complex, geologically dynamic world. The primordial crust,
volcanic and hydrothermal systems, oceans, ice, the atmosphere, and the interfaces
and transport pathways between these linked systems may all have played important
roles in the operation of prebiotic chemical reaction networks. In this perspective,
the major steps leading to the origin of life need not all have occurred in any single
environmental setting or “crucible”. Rather, we can consider the early Earth as a
global chemical reactor for the origin of life.

Chiral molecules—those that occur in left- and right-handed forms—are essen-
tial in the chemistry of life. In Chap. 4, Axel Brandenburg asks why biology
prefers left-handed amino acids and right-handed carbohydrates, and whether this
homochirality was a prerequisite for life or a consequence of it. We learn about
biological and abiotic chiral dynamics and what drives the transition from racemic
mixtures to homochirality. Brandenburg takes us through the fascinating story of
the discovery of chiral molecules and how they might be used to find life on Mars.
Homochirality may have emerged as a consequence of autocatalysis in the hypothet-
ical RNA world, and in Chap. 5, Frank Trixler discusses the importance of mineral
surfaces for concentration, selection, homochirality, and the synthesis of nucleotides
in such a world. This chapter confronts the complexity of prebiotic nucleic acid
synthesis and the multiple paradoxes that inevitably arise from this given the central
role of nucleic acids in biology. Another seemingly indispensable feature of life
is encapsulation: enclosure within semi-permeable boundaries is a prerequisite for
homeostasis. In Chap. 6, Augustin Lopez, Carolina Chieffo, and Michele Fiore
discuss the origins of these boundaries from a chemical perspective, including
the synthesis of amphiphilic molecules and their self-assembly into protocellular
boundaries on the early Earth. In Chap. 7, Oliver Trapp discusses the formation
and self-modification of organic catalysts and their importance in the origin of
chirality, nucleosides, and Darwinian life. Informed by the latest experimental
results, he suggests several routes towards nucleic acid-based evolutionary systems
and concludes that DNA and RNA may have arisen simultaneously on the early
Earth.
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The boundary between life and non-life is a debated question closely linked
to our understanding of life’s chemical and evolutionary origins. Ever since the
discovery of bacteriophages in the 1910s, viruses have been central to these debates.
Donald Pan considers multiple aspects on the role of viruses in the origin and
definition of life in Chap. 8. Viruses may have played a crucial role in the onset
of life and can serve as useful models of prebiotic replicators, although it remains
unclear whether they predate the Last Universal Common Ancestor (LUCA) of cel-
lular life. In Chap. 9, Anthony Poole examines efforts to reconstruct LUCA using
the imperfect record of evolutionary history preserved in the genetic sequences
of modern organisms. Time has blurred LUCA’s traits, and the interpretation of
features shared by its descendants is multifaceted. Horizontal gene transfer, gene
displacement, and loss all obstruct the prospect of an unambiguous reconstruction of
LUCA. Poole describes how these and other constraints limit the resolution at which
LUCA can be reconstructed with commonly used methods and finally suggests a
feasible procedure to reconstruct LUCA by focusing on general traits.

The first stages of biological evolution are not preserved in the rock record.
Nevertheless, the oldest known fossils provide important insights into the nature of
early life and its environment. In Chap. 10, Barbara Cavalazzi and her colleagues
describe the cellular remains, fossil bio-sedimentary structures, and other chemical
and mineralogical evidence of life present in some of Earth’s oldest rocks, showing
how these important but controversial materials can be critically interrogated and
understood. The fossil record also contains key evidence for the timing of the
origin of the eukaryotes. The nucleated cell and its organelles transformed the
early biosphere and eventually permitted the emergence of complex, macroscopic,
multicellular organisms like ourselves. Thus, in Chap. 11, Heda Agic concludes
our volume by considering this momentous event (or a series of events) from a
palaeontological perspective, presenting some recently described, remarkably well-
preserved microfossils that record the early evolution of eukaryotes.

This book offers a partial snapshot of origins-of-life research in the early twenty-
first century. Many of its chapters were written under strain in the midst of the global
COVID-19 pandemic (another testament to the power of viruses), which caused
some inevitable delays; we thank our contributors both for their perseverance and
for their patience. We are also hugely grateful to the peer reviewers who provided
expert critical feedback on the initial drafts of each chapter, and to Ramon Khanna
and Christina Fehling at Springer Nature for their support and guidance. Despite
all these efforts, we earnestly hope that this volume will not stand the test of
time: progress in this field is not merely of academic interest but of fundamental
importance to humankind. New data will come from many sources: increasingly
sophisticated laboratory experiments, new computational approaches to prebiotic
reaction pathways, and new discoveries in the rocks of the Earth, Mars, and other
planetary bodies. But it will take many more years, much labour, and the skills and
ideas of diverse people around the world to understand, finally, where we came
from. We hope this book will inspire its readers to take part in this great adventure.

Uppsala, Sweden Anna Neubeck
Edinburgh, UK Sean McMahon
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Chapter 1 )
Transition Metal St
Organometallic/Metallorganic

Chemistry: Its Role in Prebiotic

Chemistry and Life’s Origin

Marco Fioroni

Abstract Without transition metals (TM) Life would not exist, at least not in the
form we know. In fact, first row TM share an important ubiquitous presence in
all Phyla where 30% of all proteins are ligated to a TM and 40% of enzymatic
reactions are processed by a metallo-enzyme. Consequently it can be assumed
that TM and their organometallic/metallorganic compounds played an important
role in the prebiotic world as well as in the chemistry of Life’s origin. In this
chapter, I address the involvement of TM in prebiotic chemistry and the origin
of Life, including the origin of both metabolism and genetics. I discuss both
exogeneous (astrochemical) and endogenous synthesis and self-organization of
organic building blocks, emphasizing the importance of TM mineral catalysts
and inorganic-organic interactions. I highlight the presence of organic-inorganic
conglomerates in meteorites, and argue that while the role of TM in endogenous
synthesis is recognized and attracting much scientific interest, “organometallic-
metallorganic astrochemistry” in exogenous synthesis requires further elaboration
to understand its significance for prebiotic and origin-of-life chemistry.

1.1 Transition Metals: Elegance in Chemistry

The TUPAC (International Union of Pure and Applied Chemistry) defines a transi-
tion metal (TM) as:

An element whose atom has an incomplete d sub-shell, or which can give rise to cations
with an incomplete d sub-shell (Hartshorn et al. 2015).

M. Fioroni (Ix)
Smith Chemistry Building, The University of Memphis, Memphis, TN, USA

Department of Earth Sciences, Palaeobiology Uppsala University Geocentrum, Uppsala, Sweden
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In such a short, simple sentence there is an opening towards a complex, elegant
and unique chemical world!

In fact it can be well claimed that the importance of transition metals in the
chemistry field is such that Life, industrial chemistry and technology; at least as we
know them; would not exist.

In the history of Science TM have contributed to the understanding of the period-
icity and relationship between the elements (Constable 2019) while in technology
(Komskii 2014), medicine (Lippard and Berg 1994) and industrial chemistry (Beller
and Bolm 2004; Elschenbroich 2006) their chemical-physical properties together
with their catalytic abilities made them essential elements in the modern society
and economy.

However when dealing with the prebiotic chemistry and Life’s origin TM
have, till now, attracted an oscillating interest due to the close relationship to the
astrochemistry research field where TM have not been considered much yet.

In fact because of the increasing consensus between the researchers on the partial
extraterrestrial origin of the Earth Life’s building blocks (exogenous delivery),
to understand how Life’s building blocks have been synthesized means to unify
astrochemistry and prebiotic chemistry within the special class of reactions resulting
in the production of Life’s chemical constituents on Earth and in Space.

As a consequence the “trio” astrochemistry-prebiotic chemistry-Life’s origin,
based on the actual knowledge piled up during the last decade, is increasingly
entangled; though the “Life’s origin” terms are, mainly, referred to the processes,
evolution and flow of information organizing the chemical building blocks in a
living system (Adami 2015; Seoane and Solé 2018).

Focusing on the exogenous delivery, organic and prebiotic molecules are pro-
posed to be synthesized on extraterrestrial bodies from the interstellar medium
(ISM), to circumstellar disks and planetary systems, as a consequence entering in
the “classical” astrochemistry field.

However within the “classical” astrochemistry, TM have not played a consistent
role though since the *80s there is an “underground” interest in their involvement
in the astrochemistry reaction networks. De facto deleting TM from the modern
astrochemistry knowledge would not make a huge difference, while in Life’s
chemistry, chemical industry and technology the impact would be enormous.

In synthesis “Earth” based chemistry recognizes the important role of TM while
in more “celestial” matters TM seem not to be considered much.

When shifting the attention to the “endogenous delivery” hypothesis, stating
the basic chemical constituents of Life’s origin have been synthesized on Earth,
TM do have some importance being presumably involved in ancient bio-synthetic
pathways.

Hopefully, in a kind of “backfire” the prebiotic and Life’s origin chemistry can
help to rekindle interests toward TM in the astrochemistry field.

In the chapter development there will be a focus on a subset of the vast TM
chemistry important to prebiotic and Life’s origin chemistry. Such subset includes
the CHNOPS elements as main constituents of the living matter and by definition the
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TM-C(HNOPS) bonds will determine the organometallic (TM-C) and metallorganic
(TM-X-C, X=H,N,O,P,S) chemistry of the astro-prebiotic-Life’s origin chemistry.

Furthermore because “we are stardust”, the link between exogenous delivery and
endogenous synthesis applied only to TM related chemistry, will be better appre-
ciated through knowledge of TM formation by stellar nucleo-synthesis (Sect. 1.2)
and the condensation and formation of TM compounds after stellar explosions
(Sect. 1.2.1).

Further paragraphs on TM-physical-chemistry Sect. 1.2.2, organometallic com-
pounds Sect. 1.3, astro-organometallics Sect. 1.4 will be specially devoted to the
description by molecular orbitals theory (MO) and some basic concepts to better
understand TM related chemistry.

Finally a section referred to the TM organometallics and metallorganic chemistry
applied to prebiotic and Life’s origin chemistry classified by “metabolism first” or
“genetic first” will follow Sect. 1.5.

1.2 TM Astro-Genesis

The Periodic Table starts with the Big Bang ('H, *He, and “He) (Galli and Palla
2013). All the elements besides the ones produced during the Big Bang, apart from
6Li, °Be, 1B and "B continuously forming by spallation processes (Ramaty et al.
1997), are born during the stellar evolution and ejected in space during the stars life
span or death.

The star type, i.e. giant, main sequence or dwarf, to mention only a few, and
its correlated evolution is function of some initial parameters such as mass and
metallicity (in astrophysics all elements but H and He are classified as “metals”)
well represented by the Hertzsprung-Russell temperature-luminosity diagram (Rose
1998).

Life of a star starts with the H fusion phase where He is produced by a proton-
proton (pp) chain and/or by a CNO-cycle. When the H core is exhausted and
enriched in He, H fusion continues in a shell enveloping the He core and the
following gravitational contraction increases the core temperatures till igniting He
[Asymptotic Giant Branch (AGB) stage]. Depending on the mass of the star this
process can continue till the synthesis of %°Fe in an onion layered structure (Limongi
and Chieffi 2010), where a series of shells made of 4He, 12C, 20Ne, 160 and 28Si are
concentrically organized around a central >8Si/>®Fe core (see Fig. 1.1).

The AGB stars are probably the main sources of C and N present in the actual
Universe as well as of some of the heavier nuclides (Habing and Olofsson 2004;
Herwig 2005). For example one AGB subclass Thermal Pulsating Asymptotic Giant
Branch (TP-AGB) is characterized by a strong mix between the deep layers and
the surface experiencing mass loss via strong stellar winds, thereby enriching the
interstellar medium with the products of nucleosynthesis (Jordi and Iliadis 2011).

Elements heavier than °Fe are mainly produced in explosive nucleosynthesis
classified as: r-process (rapid neutron capture) (Seeger et al. 1965); rp-process
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Fig. 1.1 The “onion like” structure of a massive star just prior to its death as “supernova” (type II,
Ib, Ic). See ref. Nomoto et al. (2013)

(rapid proton capture) (Jordi and Iliadis 2011) and s-process (slow neutron capture),
responsible for the nucleosynthesis in the stellar core (Arlandini et al. 1999; Busso
etal. 1999) and the latter responsible for the synthesis of about half of the elements
heavier than *°Fe.

In particular, explosive nucleosynthesis, characterized by p-, v-, vp-, «- and r-
processes referring to core-collapse supernovae, (type II, Ib, Ic) are of outstanding
importance being one the most prolific sources of Galactic elements (Nomoto
et al. 2013). In general the complex phenomenon of explosive nucleosynthesis is
predicted to be responsible of the majority of nuclides with A>12.

TM are detected within supernova remnants with an overwhelming presence of
Fe"*, Ni"* and Co™™ or in star atmospheres and envelopes forming molecules such
as FeO (Furuya 2003), FeCN (Zack et al. 2011) and TiO/TiO, (Kaminski 2013).

The amounts of first row TM produced in a supernova explosion are “astronom-
ical”. A total of ~0.07Mg (Mg = solar masses) of °Co in the ejecta (Leising
and Share 1990) of the SN 1987A supernova were estimated, while an estimate for
the >°Ni masses deduced from 17 type Ia supernovae sets a range of 0.1-1.0 Mg,
(Stritzinger et al. 2006).
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Fractional TM abundances such as Fe, Co, Ni are about ~1-10"2%/73 as com-
pared to Si (Cowley 1995). Higher atomic weight TM can be set with Si fractional
abundances comprised between the Pb peak and the Fe peak at 107> < TM < 1
(Cowley 1995).

It should be mentioned the relative TM abundances have been deduced by
observational data as well as calculated on evolutionary models of stars/galaxies
as refractory elements are not easy to be detected (Lodders 2003; Nomoto et al.
2013; Wood et al. 2019). In fact as reported in the next Sect. 1.2.1, all the heavy and
refractory elements are depleted (Kuljeet and Piyush 2018; Thiabaud et al. 2014)
and condensed into dust grains, resulting in an interesting mix of TM to develop a
complex (organic) chemistry.

1.2.1 TM Condensation

Once dispersed in space, elements undergo a series of physical-chemical processes
producing the “stardust”.

The TM abundances, physico-chemical state, evolution in time, location and
distribution within the variety of astrophysical objects is still a work in progress and
researchers are using a large variety of observational and theoretical tools (Ascasibar
et al. 2015; Asplund 2005; Lodders 2003; Nomoto et al. 2013).

Low-mass AGB stars and novae are predicted to be the most prolific sources
of dust in the Galaxy being characterized by dust forming episodes in the ejecta
(Gehrz et al. 1998) posing the best conditions for gas/dust chemistry (Tielens 2013).
Starting near the stellar photosphere, chemical species and dust condensates are
produced in concentric shells characterized by a non-thermodynamic equilibrium
due to steep temperature-density-radiation gradients (Schoier et al. 2011). As a
consequence, circumstellar envelopes and disks can be well defined as chemical
Jactories (Jones 2016; Li et al. 2020) also producing biologically relevant molecules
(Bekaert et al. 2018). For example, in the C-rich shell of the AGB star IRC+10216
and VY Canis Majoris, over 70 different chemical compounds have been found
(Tenenbaum et al. 2010a,b).

Most importantly, refractory-element-bearing species such as TM are predicted
to be contained in mineral grains (Henning and Semenov 2013), as supported by
condensation models (Lodders and Fegley 1999; Wood et al. 2019).

In fact, the difficulty in the detection of TM in their elemental and molecular
forms (gas-phase) mainly derives from their inherent physical-chemical properties
behaving as refractory elements easy to deplete and condense into dust grains
(Schwander et al. 2014; Thiabaud 2014). For example, even if depleted the
detected amount of Fe is 100 times less than what is expected justified by further
condensation in silicate dust grains (Jenkins et al. 1986). As a consequence Fe
together with its FeS derivative has been proposed to be included in interstellar
silicates based on lithophile elements such as O, Si, Mg, Ca and Al (Savin et al.
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2012) or included in interstellar silicates in the form of FeS (Kohler 2014; Wood
et al. 2019) though by examining colder regions some evidence has been collected
on the presence of iron in the ISM (Inter-Stellar Medium) in its neutral or ionic
forms (Snow et al. 2002).

However refractory elements in circumstellar environments are not all contained
in dust grains. Si containing molecules have been found in circumstellar shells
together with molecules containing metals (Savin et al. 2012). In C-rich envelopes
no-TM halides or cyanides (Pulliam et al. 2010) have been found, while in O-rich
shells, oxides and hydroxides such as AlO and AIOH dominate with Al proposed to
be condensed in Al,O3 (Tenenbaum and Ziurys 2010) where the presence of AlO
and AIOH indicates that photospheric shocks are likely to disrupt grains.

Furthermore in C-rich shells, silicon is primarily present as SiC, when in O-rich
objects in oxide condensates while P is probably present in the form of schreibersite,
(Fe,Ni)sP and Mg is contained in silicon and aluminum oxides (O-rich shells) and
as MgS (C-rich shells).

The detection of silicate dust grains containing O, Si, Fe and Mg, as well as
some Ca and Al, provides an important clue on dust chemical composition and
evolution (Savin et al. 2012). For example to unveil the cooling history of the
Solar Nebula, new kinetic condensation models have been applied to simulate the
condensation of refractory metals based on the elemental analysis of Refractory
Metal Nuggets (RMNs; i.e. submicrometer highly siderophile element rich metal
alloys) in primitive meteorites (Mingen 2020).

Since all the heavy and refractory elements are condensed into dust grains
(Kuljeet and Piyush 2018; Thiabaud et al. 2014), it is interesting to understand how
TM can contribute to the development of a complex (organic) chemistry working
as catalysts. In fact TM due to their bonding abilities with a vast set of organic
and small inorganic molecules such as water or ammonia, open the possibility to be
fixed not only in “dusty” inorganic particles condensates but also in organometallic
or metallorganic compounds.

In the next Sect. 1.2.2 the physical-chemistry of TM is briefly reviewed.

1.2.2 Physical-Chemistry of TM

The TM physical-chemistry in the pure state or as part of chemical compounds is
out of scope of the present study and there are excellent reviews and books dealing
with it (Albright et al. 2013; Miessler et al. 2014; Vogiatzis et al. 2019). However it
follows a short presentation on why TM have such a rich and flexible chemistry.

Basically the physical-chemical behaviour of TM is determined by their d shell
electrons (d orbitals). In Fig. 1.2 a pictorial representation of the five d orbitals is
shown.

In fact some TM properties like: (a) wide variety in the oxidation number,
due to the relatively low energy gap between the different oxidation states; (b)
magnetic properties such as paramagnetism due to the unpaired electrons; (¢) color,
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Fig. 1.2 Pictorial representation of the five d orbitals of a first row TM. Rendered by Avogadro
Hanwell et al. (2012)

Table 1.1 Periodic table of the first row transition metals

Element Sc Ti \'% Cr Mn Fe Co Ni Cu Zn

Atomic 21 22 23 24 25 26 27 28 29 30
Number

Electron 3d14s? 3d%4s? 3d34s? 3do4s! 3d%4s? 3d04s? 3d74s? 3d84s? 3d!04s! 3d104s2
configuration

due to the d-d electronic transitions and most importantly for our analysis (d)
catalytic abilities, due to the low energy difference between the oxidation states
and involvement of the d orbitals (see Sect. 1.3).

The general electronic configuration of the d-block elements of which TM are
part is: [Inert gas] (n-1)d' 19 ns%=2. In Table 1.1 the electronic configuration of
only the first row TM is reported.

The particular focus on first row TM is because in addition to Mo, Cd (both
second row TM), W (third row TM) and some Lanthanides (f block) (Daumann
2019) many are essential to living organisms (Nielsen 1999).

A fast look at Table 1.1 tells us that Zn is not included in the TM family. In fact
by definition a TM has a partially filled d shell while Zn has also in the oxidation
state 27 a completely filled d shell. Furthermore with the exception of Cr and Cu
where one s electron moves into the d shell once an electron is added during the
aufbau process, the filling of the d orbitals follows the Madelung rule: [Inert gas]
ns? (n-1) d' 19 (not valid for the TM ions). It should be underlined that the ns and
np orbitals contribute very little to TM chemical properties moving in a row from
left to the right.
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Fig. 1.3 Orbital energies of the first row TM. 4s orbitals = yellow; 3d orbitals = green. Data from
ref. Mann et al. (2000)

This phenomenon is particularly important considering TM ions with charges
>1+4. In fact TM ions with 14/24- or greater charges have no s electrons but only d
electrons (Mann et al. 2000; Rich 1965) (see Fig. 1.3).

Furthermore and in particular in case of first row TM spin-forbidden reactions
are easy to be accomplished. In fact the classical reaction scheme is based on
a single determined Potential Energy Surface (PES) characterized by one spin.
The jumping to a different PES (inter-system crossing) with a different spin is
generally forbidden. However when TM are involved the inter-system crossing is
easily allowed due to the strong spin-orbit coupling opening a new realm of reaction
channels otherwise impossible to be reached (Miessler et al. 2014). Inter-system
crossing is quite frequent for the first-row TM due to the large exchange constants
between the 3d-orbitals, resulting in a large spin-orbit coupling.

To sum up, the ability to easily shuffle electrons between the d orbitals as well
as their ability to mix with other donor/acceptor electron molecules (see Sect. 1.3)
makes TM in both neutral and ionic forms “catalytic machines”.

1.3 Organometallic and Metal-Organic Compounds

The TUPAC definition of organometallic compounds (OC):

Classically compounds having bonds between one or more metal atoms and one or more
carbon atoms of an organyl group. In addition to the traditional metals and semimetals,
elements such as boron, silicon, arsenic, selenium and litium are considered to form
organometallic compounds (Moss et al. 1995).

In “common jargon” a metal-organic compound differs from an organometallic
one because of the metal center bond to an organic molecule not by a C atom but by
a hetero-atom. For example TM-alkoxides, TM-phosphinine, TM-alkylamides and
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Fig. 1.4 “Classical” organometallic compounds: iron-pentacarbonyl; [iron(IIl) hexacyanide]’~;
ferrocene. Rendered by Avogadro (Hanwell et al. 2012)

TM-NHC (NHC=N-heterocyclic carbene) are all metal-organic compounds where
the organic molecule or ligand is bond to an O, P and N atom, respectively.

In the following explanation, if not directly cited, the OC term is used indiffer-
ently for the metal-organic compounds too.

In an OC the TM center is “surrounded” by ligand molecules (L) as in classical
carbonyl compounds like Fe(CO)s, [FeIlI(CN)¢]*~ or in a sandwich compound like
ferrocene (see Fig. 1.4).

The importance of OC is due to their catalytic abilities. Especially in industrial
processes (homogeneous phase) like hydrogenation, hydrosilylation, hydroformy-
lation, hydrocyanation, olefin metathesis, alkene polymerization, alkene oligomer-
ization, carbonylation and hydrocarboxylation would be impossible or extremely
difficult to be performed if not for the OC (Cornils et al. 2017).

OC are not only used and studied in homogeneous catalysis but in the heteroge-
neous phase as well, where intermediates on metallic surfaces, metallic oxide and
MOF (Metal-Organic Frameworks) are proposed to be similar to the homogeneous
phase OC (Li and Liu 2014), one example is the Fischer-Tropsch process (van de
Loosdrecht et al. 2013).

OC are also used in fine chemical or laboratory synthesis especially in cross-
coupling reactions forming carbon-carbon bonds between complex substrates i.e.
Suzuki-Miyaura coupling, Buchwald-Hartwig and Sonogashira coupling to cite
only a few (de Meijere et al. 2013).

The chemistry of OC compounds is characterized by a series of important
reactions such as gain or loose of one or several ligands, undergoing molecular
rearrangement or the formation and breaking of bonds like TM-C, TM-X and TM-
TM (Wilkins 2002). Here follows a list of the most typical reactions based on the
scheme of Miessler et al. (2014). Details of the kinetics and reaction mechanisms
can be studied in several books (Miessler et al. 2014; Wilkins 2002).

1. Reactions involving gain or loss of ligands
(a) Ligand dissociation and substitution

— one or more of the ligands is lost and substituted by a different one;
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(b) Oxidative addition/Reductive elimination

— in the oxidative addition there is an increase in the oxidation state (formal)
and coordination number of the metal

— the reductive elimination is the reciprocal of oxidative addition i.e. a
decrease in both the oxidation and coordination number.

(c) Nucleophilic displacement

— some ligand displacement reactions can be considered as nucleophilic
substituions where ligands work as nucleophiles. Especially the negatively
charged OC can be considered nucleophiles.

2. Reactions involving modifications of ligands
(a) Insertion

— insertion reactions are defined as formal insertions of one ligand (generally
unsaturated) into another metal-ligand bond on the same complex;

(b) Hydride elimination
— transfer of a hydrogen atom from a ligand to the metal center;
(c) Abstraction

— defined as elimination reactions in which the coordination number of the
metal does not change;

In a catalytic cycle where OC function as a catalyst many of the aforementioned
single reactions are involved and each single reaction can be characterized by many
reactions steps (Wilkins 2002).

Such an ensemble of reactions is possible due to the extreme flexibility of TM i.e.
oxidation state, spin state, ligand geometry and the ability to accept/donate electrons
to/from o — 7 donors/acceptors ligand molecules (Albright et al. 2013).

To illustrate the rational behind single reactions based on a Molecular Orbital
(MO) approach would be out of the scope of the present work and there exist
excellent reviews (Albright 1982) as well as textbooks (Albright et al. 2013) on
the argument.

However a short introduction to the MO theory of TM complexes on a “classical”
octahedral complex made by six o donor ligands (L) can give a hint on the
complexity and elegance of TM compounds.

There are several steps needed to build an MO diagram such as is reported
in Fig. 1.5 like: identify the symmetry group from the geometry, fix a reference
axial system, determine the fragments, energy levels and symmetry of the fragment
orbitals, combine fragment orbitals with same symmetry, electron insertion, check
for MO mixing (Albright et al. 2013).

The amount of qualitative information to be obtained from such MO diagrams
is quite detailed and gives a first impression on what properties the OC compounds
examined has.
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Fig. 1.5 Molecular orbitals of a generic octahedral TM-L¢g complex. L = o donor ligand

For example one important parameter is the octahedral splitting (A,.;) depending
on the interaction strength between the ligands and the TM center.

As it can be seen in Fig. 1.5 the TM d-orbitals split energetically into two groups.
The dyy, dy; and dy; orbitals will be characterized by a lower energy compared
to the d,» and dxz,yz. This is due to the fact that the dy, d.; and d,; orbitals are
subject to less repulsion compared to the d > and d,2_ 2.
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By definition when a ligand induces a large splitting of the d-orbitals (A) it is
a “strong-field” ligand such as CN~ and CO while ligands like I~ or SCN™ are
“weak-field” ligands inducing a small splitting.

It should be mentioned that the order of weak to strong field ligands is based
on the “spectrochemical series” determined by experimental absorption spectra of
cobalt complexes (Tsuchida 1938).

A MO diagram as reported in Fig. 1.5 can be built for each of the possible
“fundamental” ligand geometries surrounding the TM such as square planar,
pyramidal, tetrahedral, pentagonal and trigonal bi-pyramidal.

Focusing on some special ligands, the CO, CN™ and olefins (R1-C=C-R,) are of
main interest and can be a representative ensemble in OC-astrochemistry.

In Fig. 1.6 a classical example of a CO molecule bond to a TM center is illustrated
together with the correlated Molecular Orbital (MO) diagram (Albright et al. 2013).

By analyzing Fig. 1.6 the TM-CO bond is characterized by two main parts:

(a) an electron donation from the CO lone pair mainly localized on the CO carbon
into an empty TM d-orbital;

(b) because of the electron donation the TM gets electron rich and in order to
release the higher electron density a TM d-filled orbitals can interact with an
unoccupied CO 7* orbital, defined as 7r-backbonding/backdonation.

The TM-CN™ case is very similar to the TM-CO as CO and CN™ are “isoelec-
tronic” i.e. each molecule has two atoms and 10 valence electrons, where each single
atom has five electrons as a lone-pair and a triple-bond.

Another example of great interest similar to the TM-CO/CN™ bond is the TM-
olefin bond described by the Dewar-Chatt-Duncanson model (Albright et al. 2013)
and similar to the TM-CO bond/MO diagram (see Fig. 1.7).

Like in the previous CO-TM bond (see Fig. 1.6) there is a o donation from the
C=C double bond 7 orbital of the olefin (ethylene in the example) together with a
m-backbonding into an empty 7 * orbital on ethylene.

1.4 Organometallic-Astrochemistry

In the previous sections a description of the TM properties with a particular
emphasis on organometallic compounds was given.

There is no doubt that TM/OC chemistry determines an important corpus of
chemical reactions in modern chemistry.

However by shifting the attention from “terrestrial” to more “celestial” problems
the interest in TM within the astrophysicists/astrochemists community still occupies
a light-weight place.

Citing Irikura et al. (1990):

Transition metals traditionally have been ignored in chemical models of interstellar clouds.

Thermochemical considerations indicate that the formation of several important species can
be catalyzed by transition metal ions. ..
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Fig. 1.6 MO diagram of the CO o bond and m-backbonding with a TM center. Rendered by
Avogadro Hanwell et al. (2012)

In fact seminal works considering the importance of TM in space date back to the
1980-1990s decades of the last century including the analysis of the formation of
FeH™ by radiative association in diffuse interstellar clouds (Irikura et al. 1990),
the gas phase chemistry in interstellar clouds where Mg and Fe are included
(Prasad et al. 1980), the PAH (Polycyclic Aromatic Hydrocarbons) and fullerene
ions reactions in interstellar and circumstellar chemistry (Bohme 1992), the role
of organometallic molecules in the interstellar and circumstellar chemistry (Klotz
et al. 1994), the first analysis if organometallic reactions are efficient processes to
be included into astrochemical reaction pathways (Serra et al. 1992), theoretical
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Fig. 1.7 MO diagram of an olefin double bond (C;H>) involved in a o bond and r-backbonding
with a TM center. Rendered by Avogadro Hanwell et al. (2012)

analysis of the coordination of Fe-PAH (Chaudret et al. 1991), experimental
investigations on gas-phase reactions of [Fe(CO), ]* with H and N (Mestdagh et al.
1992), the possible contribution of organometallic molecules in the solar system ices
(Klotz et al. 1996), experimental investigations on PAH-[TM]* adducts in the gas
phase (Boissel 1994) and photochemical reactions of the Fe oxide series (Fe, FeO,
Fe304, Fe203) (Duley 1980).

In the last decade there happened a slow growth of interest in TM and OC
compounds as to explain iron depletion by iron-carbonyl species (Halfen and Ziurys
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2007) or Fe-PAH (Szczepanski et al. 2006), Si-PAH 7 complexes (Joalland 2009),
the 21 wm line by Ti-fullerene adducts (Kimura et al. 2005) and FeO (Li et al.
2013), the refractory components chemical evolution and condensation sequence
in stars and disks (Schwander et al. 2014; Thiabaud et al. 2014), H, formation
on Fe' centers grafted on a silica surface (Fioroni and DeYonker 2016) and a
consistent ensemble of laboratory based millimeter—submillimeter spectra of TM
(Cr, Ni, Co) nitrides and carbides (Brewster and Ziurys 2001; Sheridan et al. 2002,
2003) whose detection would give further details on the AGB nucleosynthesis, dust-
grain composition and gas-phase chemistry in circumstellar material.

Obviously once TM are introduced the correlated TM “organometallic
chemistry” is implicitly proposed as some of the aforementioned compounds are
organometallic in nature though in some pioneer studies the term “organometallic”
or “coordination” was mentioned within the main title (Boissel 1994; Klotz et al.
1996, 1995, 1994; Marty et al. 1996; Serra et al. 1992).

More recently TM have been proposed to be players in the net of reactions
involving the formation of organic/organometallic compounds in space by co-
determining the homogeneous/heterogeneous chemistry represented by the gas/gas
and gas/dust grain interactions function of the astrophysical object (Fioroni 2014,
2016).

Several classes of organometallic compounds based on the most abundant cosmic
TM as Fe, Co and Ni and ligands such as CO, CN—, H,O and PAH have been
analyzed in their IR spectra to characterize the main features for a possible
observational survey (Fioroni 2016).

Another class of OC analyzed are Fe-pseudocarbynes (Tarakeshwar et al.
2019). In fact, the presence of such compounds in circumstellar and interstellar
environments can partially explain Fe depletion and they can act as catalysts to
explain the composition gap between molecules containing nine or fewer carbon
atoms and complex molecules.

Regarding Fe(CO), complexes, the interaction of Fe and CO at cryogenic
conditions results in the formation of FeCO complex which in presence of an excess
of CO ends up in the formation of CO, (Methikkalam et al. 2020).

The aforementioned list of literature shows a clear interest towards TM and their
OC chemical derivatives but a main problem remains: no organometallic species
could be observed within the inter-stellar medium with the exception of FeCN found
in the dust envelope of the carbon star IRC+10216/CW Leonis (Zack et al. 2011).

TM containing molecules not organometallic are FeO, observed in the giant
molecular cloud Sagittarius B2 (Furuya 2003) and TiO/TiO,, observed in the red
supergiant VY Canis Majoris (Kaminski 2013).

This is quite surprising since the ability of TM to bind to organic/inorganic
molecules is a well established knowledge and this ability enables TM to produce
stable chemical complexes with ligands such as the most abundant molecule in space
i.e. CO; the organometallic “ligand prototype”; as well as other molecules/ligands
like H,O, CO or HCN/CN to mention few.



16 M. Fioroni

However main limitations exist in the chemical analysis of extraterrestrial bodies
when such analysis is mainly (or only) based on the study of emission/absorption
(UV/VIS/IR) and roto/vibrational transition spectra.

In fact, of the 204 molecules detected in space (interstellar and circumstellar
medium), made of 16 different elements and ranging from a size of 2—70 atoms all
have been detected across the electromagnetic spectrum i.e. MW to UV (McGuire
2018) in the gas-phase (Kwok 2016).

As a consequence there is an observational bias towards molecules that are easily
detected by radio telescopes and thousands of observed molecular lines remain
unassigned, due to the lack of laboratory data for comparison (Smith 2019).

In fact using only UV/VIS/IR/MW spectroscopical methods makes it extremely
difficult to resolve and to obtain the complete data composition on a complex system
especially if in the solid phase.

It is not by chance that the only discovery of organo-metallic molecule FeCN
is based on the analysis of the 2 and 3 mm wavelength with the FeCN present in
gas-phase (Zack et al. 2011).

It is important to note that the big step toward the assignment of detected lines
as well as the modeling of possible complex inorganic/organic mixtures is based on
the huge set of laboratory as well as theoretical/computational data that has been
produced within the last 10 years (Ruf et al. 2018).

Comparison between the laboratory/theoretical data and the observational one
made possible to partially elucidate the complex chemistry found in circumstel-
lar/interstellar environments (Herbst et al. 2020).

However and most importantly the “breakthrough” in the understanding of the
complex mixtures and interactions between the inorganic and the organic material is
based on the in situ analysis of meteorites (Kebukawa et al. 2019; Schmitt-Kopplina
et al. 2010; Smith et al. 2019).

The in situ analysis of meteorites is the link between OC astro-/pre-/Life’ s origin
chemistry.

In the next Sect. 1.5 the known OC compounds involved in the prebiotic and
Life’s origin are listed, and future potentials of the topic will be developed.

1.5 OC in Pre-biotic and Life’s Origin

In 2010 Morowitz et al. published a paper with the title: Ligand Field Theory and the
Origin of Life as an Emergent Feature of the Periodic Table of Elements (Morowitz
et al. 2010). In summary the hypothesis is that by TM catalysis it is possible to build
up the monomers that can be used to make more efficient and large protein catalyst.
The title is a direct “hit” clearly pointing to the main contribution given by the TM
and related OC to prebiotic reactions.

It should be underlined that not so rarely organometallic compounds character-
ized by a TM-C bond are confused with “metal organic compounds”, previously
defined. For example the Fe-CN is an organometallic compound while Fe-NC is
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a metal-organic compound. Furthermore in the term metal-organic compounds are
contained where TM are not involved such as the “Grignard reagents” defined as
R-Mg-X where R is an organic substituent, X is a halogen and Mg is an alkali-earth
metal. For all of these reasons it has been decided to include some few interesting
metal-organic compounds even though TM are not involved.

To unravel the contribution of TM, organometallic and metal-organic compounds
in the synthesis of the Life’s building blocks it is helpful to split the synthetic
chemical environments into two main locations: the “in Space” one responsible for
the exogenous delivery and the “on Earth” responsible for the endogenous synthesis
(Sandford et al. 2020).

As exogenous delivery one defines the delivery of organic building blocks by
extraterrestrial objects like meteorites while endogenous synthesis is the synthesis
of organics/prebiotic molecules on Earth due to shock waves (meteoric impacts),
UV and electric discharge (Miller-Urey synthesis) and hydrothermal vents.

1.5.1 Exogenous Delivery

Space itself is an extremely heterogeneous chemical reactor where conditions like
P, T, mass density, radiation and energetic particles vary to a great extent (Draine
2011)ie. 10 < T(K) < 10% 10~* < ng (cm™3) < 10°.

Furthermore the matter is subject to a cycle from Star Formation— Planetary
System— Stellar Outflows— Diffuse Interstellar Medium where chemistry can play
a decisive role (Sandford et al. 2020).

Of particular interest are interstellar clouds and protostellar disks where presum-
ably prebiotic astrochemistry occurs.

In interstellar clouds where T ~ 20K, dust particles with a siliceous core covered
by ice of mixed composition like CO, H,O, CO, CH3OH are subject to a continuous
bombardment of photons and/or energetic particles producing an extremely reactive
mainly barrier-less radical chemistry (Boogert et al. 2015; Herbst 2013; Potapov
et al. 2020).

Such ice processing produces an organic “milieux” that can be later incorporated
into a planetary system (Solar system).

Once in the Solar system and during the proto-solar nebula stage due to
the turbulent flow, the dust particles move near and far from the forming star
experiencing a strongly variable range of T and radiation undergoing several cycles
of ~210° years of irradiation-condensation-sublimation-condensation of the organic
material ending up, by accretion, in asteroids that can deliver the organics to the
planets by meteoritic bombardment (Bekaert et al. 2018; Chyba and Sagan 1992;
Chyba et al. 1990; Ciesla and Sandford 2012).

The final product of such “cooking” phases is a mixed matrix of mineral-organic
phases with interactions still under intensive investigation (Burton et al. 2012;
Kebukawa et al. 2019; Le Guillou et al. 2014).
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As a consequence before studying the details of the very few organometallic and
metallorganic compounds found on extraterrestrial bodies, it is helpful to understand
the interaction and evolution of the mineral-organic mixed matrices.

1.5.1.1 Organic-Mineral Interactions in Meteorites

The Murchison meteorite classified as a carbon rich carbonaceous chondrite is
the prototype of the complex organic chemistry of non-terrestrial origin (Schmitt-
Kopplina et al. 2010). The Murchison carbon content is characterized by a 70%
weight fraction composed of macromolecular insoluble organic matter of high
aromaticity, with the remaining soluble fraction containing several hundreds of
characterized organic molecules. Late estimates based on sophisticated techniques
such as electrospray ionization (ESI) and Fourier-transform ion cyclotron reso-
nance/mass spectrometry (FTICR/MS) extend this number to 10* different molecu-
lar compositions and 10° possible diverse structures (Schmitt-Kopplina et al. 2010).

Furthermore in carbonaceous chondrites organic matter is distributed in a fine-
grained matrix mixed with the mineral part.

To unravel the history-development of the pre- and post-accretion of the organic-
mineral matrix, microscopic analysis is a necessary step together with solvent
extraction to understand the composition (Schmitt-Kopplina et al. 2010).

Classically, IR microscopy is used with a resolution of few um. However in a
recent work of Kebukawa et al. (2019) by atomic force microscopy (AFM) based IR
nanospectroscopy applied to two chondrites (Murchison and Bells meteorites) the
spatial resolution was reduced to a 30 nm scale.

As deduced from the AFM-IR data, the CH,:CHj3 ratio showed a heterogeneous
distribution down to few nm and two isolated spots of ~30-100 nm rich in C=0
were found. Furthermore, in the Murchinson meteorite OH and aliphatic molecules
coexist, re-confirming the association of organic matter and phyllosilicates.

In the Bells meteorite the organic matter showed a spatial bead-like organi-
zation within the mineral matrix with a high heterogeneity in C=0, aliphatics
and CH,:CHj3 ratios. Interestingly in the analyzed area no phyllosilicates were
found. However the anhydrous silicates do not show a significant association with
the organic matter but instead with carbonates and sulfates, indicating probable
weathering (including terrestrial) from sulfides.

In another work of Noun et al. (2019) by a multi-technique approach (micro-
PIXE; Particle Induced X-ray Emission, TOF-SIMS; Time-of-Flight Secondary Ion
Mass Spectrometry; IR and Raman micro-spectroscopies) a millimetric piece of the
Paris meteorite was investigated. The spatial resolution was ~20 pm for elemental
quantification and ~2 pm for mass spectra signatures.

The Paris meteorite is an altered CM2 chondrite and as a consequence reporting
the Solar Systems early history. The organic-mineral matrix of the Paris meteorite is
dark as dark asteroids (Hamilton et al. 2019; Kitazato et al. 2019) and the combined
multi-instrumental approach was able to show the different stages of hydration-
amorphization of the amorphous silicate. In particular by TOF-SIMS interesting
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data on the organic-mineral phase was obtained. The organic matter in mixed phase
with partially hydrated amorphous silicate phase and iron under different phases
with Fe,(OH),, is the most interesting.

Furthermore the Fe,(OH),, phase is in association with metal-containing organic
moieties underlining the specific interactions between the mineral and the organic
phase.

Other studies analyzed the Renazzo (CR2), Murchison (CM2) and Orgueil (CI)
meteorites where interactions between aromatics and carboxylic functional groups
with phyllosilicates have been proposed (Le Guillou et al. 2014) probably due to
organic matter by clay-mediated reactions (Pearson et al. 2002), while in the Tagish
lake meteorite (C2-ung chondrite, ungrouped carbonaceous meteorite) associations
of aliphatic CH,, and OH in phyllosilicates have been found (Yesiltas and Kebukawa
2016).

1.5.1.2 First Organometallics in Meteorites

Probably among the most “pure” organometallic compounds found on extraterres-
trial bodies, the iron-carbonyl-cyanide series is the most representative one as found
in a study to determine the content of CN™ and releasable cyanide (total cyanide)
(Smith et al. 2019).

In an ensemble of primitive meteorites (carbonaceous chondrite) and in particular
in the Lewis Cliff 85311 meteorite, the releasable cyanide is primarily in the
form of [Fe!/(CN)5(CO)]*~ and [Fe!!/(CN)4(CO),]>~ as determined by liquid
chromatography-high resolution orbitrap mass spectrometry.

Most importantly both [Fe!/(CN)s(CO)]>~ and [Fe!!/(CN)4(C0O),]>~ have a
double characteristics:

(a) they are “classical” organometallic compounds with a ligand sphere made of
COand CN—;

(b) both OC have similarities to the active sites of bacteria hydrogenases:
[Fe!/(CN)s(CO)]>*~ to the [NiFe]-hydrogenase from Desulfovibrio gigas,
[Fe!/(CN)4(C0O),]>~ to the [FeFe]-hydrogenase from Clostridium pasteuri-

anunt.

It is conceivable that on early Earth H, was one of the earliest energy sources,
and this hypothesis is fortified by the ubiquity of the hydrogen metabolism in both
Archea and bacteria (Peters et al. 2015). In both [NiFe]- and [FeFe]-hydrogenases
though phylogenetically unrelated, Fe atoms of the active sites are coordinated to the
unusual CO and CN™ ligands not found in other metalloenzymes and are assumed
to be essential for enzyme activity (Casalot and Rousset 2001; Volbeda et al. 1996).

Furthermore it is reasonable that iron-cyanocarbonyl complexes worked as build-
ing blocks via a dimerization to form the [FeFe]-hydrogenases active site and by
association/dimerization with nickel-containing species for [NiFe]-hydrogenases.

The importance of cyanides is reported in a series of studies where RNA, proteins
and lipids are proposed to be synthesized in a “one pot” chemistry by precursors in
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a cyanosulfidic protometabolism (Patel et al. 2015; Ritson et al. 2018; Sutherland
2016).

It is conceived that during the Late-Heavy Bombardment iron-rich meteorites
provided FeS, (FeNi)S and (Fe,Ni)3;P and by their high energy impacts large
quantities of atmospheric HCN through shock waves and electric discharge plasma
would have produced radical CN. The following “CN rain” would have corroded
meteoritic metal inclusions providing cyanometallates, phosphate and HS™-H»,S
(Patel et al. 2015; Ritson et al. 2018; Sutherland 2016).

For example by UV irradiation on an aqueous mixture of glycolonitrile, sodium
phosphate, and hydrogen sulfide (reductant) the addition of CuCN generates by a
redox cycling based on Cu(I)-Cu(II) the aldehyde precursors for the building blocks
of RNA and proteins (Patel et al. 2015; Ritson and Sutherland 2013).

Such a scheme coupled with the previous scenario of meteorites rich in
ferrocyanides would be the perfect situation for a cyanosulfidic prebiotic chemistry.

1.5.1.3 First Metallorganics in Meteorites

In another study conducted on three representative meteorites, the achondrite
Northwest Africa 7325 [NWA 7325, ungrouped], ordinary chondrites Novato
and Chelyabinsk and carbonaceous chondrite Murchison [CM2], first presence of
(CHOMg) based metallorganic compounds was reported (Ruf et al. 2017). The same
(CHOMg) series was found in another set of 61 meteorites of various petrological
classes.

Specifically within the generic (CHOMg) chemical class dihydroxymagnesium
carboxylates [(OH);MgO,C-R]™ where R is the organic residue, were found in the
meteoric soluble organic matter.

Organomagnesium compounds are known to have high thermostability and as
a consequence such compounds have the potential to stabilize organic molecules
found in the mixed mineral-organic matrix as found in carbonaceous meteorites
(Pizzarello and Shock 2010; Schmitt-Kopplina et al. 2010) on a geological time
scale.

In fact metal ions can play a double role to catalyze reactions or to stabilize
organic molecules, as the life-organic molecules are often thermolabile and due
to the high T phases that celestial bodies experience (Sandford et al. 2020) such
stabilization is necessary.

Furthermore these stable metallorganic chemical systems might have been
important intermedia on which the selection of the future life-organic molecules
acted.

For example a fatty acid concentration-fractionation by the stabilization of their
correlated organomagnesium compounds can be proposed, as an important process
in the compartmentalization-vesicle formation in membranes for late cellular
formation.
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1.5.2 Endogeneous Synthesis

While in the exogeneous delivery of prebiotic compounds the TM role is still quite
restricted, in the prebiotic endogeneous synthesis as well as in the set up of the first
ancient metabolism, TM have already attracted some attention.

In fact since the appearance of the “iron-sulfur world hypothesis”, originally sug-
gested by Wichtershiuser proposing that early life may have formed on the surface
of iron-nickel sulfide minerals (Huber and Wichtershduser 1997; Wichtershiduser
1990), TM came into the scene. One of the great challenges of the twenty-first
century science is how life transitioned from geochemistry into biochemistry (Pross
2012).

To resolve such a problem modern research is following a general scheme
(Muchowska et al. 2020):

1. what occurred first, genetics and metabolism? who gave rise to the other?

2. no “singularity” between prebiotic chemistry and biochemistry;

3. does prebiotic chemistry start as kinetically coupled reactions or are prebiotic
synthesis scenarios based on sequential chance events?

Of the three points point 1 seems to separate and polarize the prebiotic-life origin
research community.

In the “genetics first” hypothesis the prebiotic synthesis of the first genetic
molecule, generally RNA, undergoing to self-replication into a compartment sub-
jected to Darwinian selection is proposed (RNA world) (Joyce and Szostak 2018;
Robertson and Joycek 2012).

In the “metabolism first” hypothesis a non-enzymatic version of the metabolism
is suggested catalyzed by minerals and metal ions (Muchowska et al. 2020; Peret6
2012; Wéchtershéduser 1990).

The systematic presentation of the TM contribution to the prebiotic as well as
Life’ s origin chemistry will follow the two guiding principles “genetics first” and
“metabolism first” approaches.

The metabolism and genetic approaches should give a better picture of the single
TM contribution to the prebiotic-Life’s origin chemistry by a consecutive logic
between the two levels.

It should be noticed that in the literature the term “metal” is used for alkali-metals
(Na, K), alkali-earth metals (Mg, Ca), TM, post-TM (Zn, Al) and lanthanides (La-
Lu) and the terms “organometallic” or “metallorganic” are not commonly used and
are often “hidden” in the text (Beck 2011; Brasier et al. 2011; Cody et al. 2000;
Peters et al. 2010).

In the literature TM are often referred to as “cations”, this does not exclude
organometallic or metallorganic intermedia and reactants. Sometimes this is specif-
ically analyzed like in the work of Beck (2011) where the peptide formation within
the coordination sphere of metal ions and organometallic complexes is linked to
prebiotic chemistry.
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Before analyzing the TM contribution to prebiotic chemistry, it will be helpful to
shortly analyze the minerals distributions containing TM on land as well as in the
sea during the Hadean Eon.

1.5.2.1 TM Distribution in the Hadean Eon

The late Hadean or early Archean are the Eons where Life probably originated
(Pearce et al. 2018). The evolution and availability of mineral phases during the
Hadean were well analyzed by Hazen (2013), Morrison et al. (2018) in relationship
to prebiotic chemistry.

An early list of 420 mineral species were proposed (Hazen 2013) to be completed
by a successive analysis of the first row TM i.e. Ti, V, Cr, Mn, Fe, Co, Ni, Cu and
Zn as well as As, Se, Mo, Ag, Sb, Au, Pb, Bi and the Pt group elements associated
with sulphur deposit (Hazen 2019; Morrison et al. 2018).

Part of the mineral classification as defined by Hazen is Hazen (2019), Morrison
et al. (2018):

(I) biominerals: based on carbon, nowadays mostly derived from biological
material (Hazen et al. 2013; Perry et al. 2007). In the Hadean when carbon-rich
meteorites (chondrites) and comets impacting on Earth enriched the sur-
face with organic molecules (exogeneous delivery) and (sub)surface organic
synthesis occurred in carbon-rich aqueous fluids (endogeneous synthesis),
numerous organic crystals may have existed (Morrison et al. 2018).

(II) impact mineralization: the impact of meteorites or comets on the Earth’s
rocky ground produces extremely high temperature and pressure conditions
rendering local minerals “metamorphic”. For example typical high-pressure
shock minerals, such as lonsdaleite an allotrope of carbon, coesite and
stishovite, different crystalline forms of SiO,, are important marker minerals
for impact events. Furthermore large impacts can excavate and scatter rocks
from the deep, thus mixing the deep metamorphic minerals with the surface
material.

Most importantly the impacts start hydrothermal systems in circumferential
fracture zones with a lifetime of 107 years (Pirajno 2009).

(IIT) prebiotic redox gradients: planets potentially have physico-chemical pro-
cesses creating redox gradients at various scales, shifting electrons between
reduced-oxidized sites. For example such a process makes the formation
of minerals with relatively oxidized TM by abiological redox processes i.e.
photo-oxidation possible.

Based on the previous classification, rare elements presumably important for
prebiotic and Life’s origin chemistry like B (ribose stabilization Ricardo et al.
2004 and regioselective phosphorylation of ribonucleosides Kim et al. 2016),
Mo (carbohydrate rearrangement Ziegler et al. 2018) and P (phosphorylation by
schreibersite corrosion Pasek et al. 2007), were relatively “abundant”.
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Minerals containing the previous list of elements as essentials such as colemanite,
CayBeO11 SH»0, powellite, CaMo0OQy or liineburgite, Mgz B2(PO4)2(OH)g 5(H20)
are quite rare though, challenging the idea of their contribution to prebiotic
chemistry. However there is an “ubiquity of trace and minor elements in common
rock-forming minerals” (Morrison et al. 2018). For example B has a concentration
of 210 ppm on the Earth crust while in the feldspar group of aluminosilicates B can
reach 5000 ppm (Morrison et al. 2018).

Application of the same concept to other important rare elements and rare TM
involved in the prebiotic or Life’s origin chemistry, suggests sufficient amounts of
these elements to start the sequence of chemical reactions to give birth to Life.

Regarding the Sea in the Hadean or early Archean Eons, due to the reducing and
acidic pH (Hy presence and high CO,, though there is some evidence suggesting
that such conditions did not exist Krissansen-Totton et al. 2018), surface waters
were rich in Fe and Mn (Arndt and Nisbet 2012) with Fe?t = 10 mM (Halevy and
Bachan 2017) and Mn2t = 10~% mM (Saito et al. 2003).

Furthermore due to the probable important role of hydrothermal vents (Shock
and Canovas 2010) in the synthesis of prebiotic molecules as well as the location
of Life’s origin, the high local concentrations of TM, in particular Fe, Mn and Ni
should have increased the adsorption of nucleotides on clays (Hao et al. 2019). Such
a process would have enhanced the local concentrations of organics and protected
the same from UV damage and heat (Hao et al. 2019).

In the next Paragraphs a list of TM contribution in prebiotic chemistry cate-
gorised in the “Metabolism first” and “Genetics first” group is reported.

1.5.2.2 Metabolism First

One-third of all known enzymes are metallo-enzymes, defined as proteins con-
taining metal ions and-or metallo-organic cofactors (Bartnikas and Gitlin 2001).
However metallo-proteins are not only working as enzymes but are also involved in
metal storage (ferritin for iron), in electron transfer (cytochromes) and as transport
proteins (transferrin for iron).

Focusing only on the enzymatic properties the question is: why enzymes involved
in many of the metabolic pathways in “modern” organisms are based on transition
metals?

In general acceleration rates due to enzymes are measured against the same not-
catalyzed reactions. However a strong rate acceleration is obtained by the use of
metals ions, minerals and small models of the active site based on an organometallic
moiety (Brazzolotto et al. 2016; Campitelli and 2020; Junhyeok et al. 2017; Schilter
et al. 2016; Stockbridge et al. 2010).

It has been suggested that the catalytic effect of “proto-enzymes” were mainly
enthalpic in nature, a fundamental characteristic to maintain a high reaction rate
once the environment became cooler (Stockbridge et al. 2010).
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Many similarities between free metal ions, minerals, and enzymes are known and
it is reasonable to assume that Life in its ancient and modern forms have conserved
such prebiotic metallocomplexes in modern enzymes (Belmonte and Mansy 2016).

Summing up:

Enzymes do not perform feats of magic; they just accelerate and add specificity to

reactions that tend to occur anyway. It suggests that the basic underlying chemistry of the
(biochemical) pathway is older than the enzymes that catalyze it (Sousa and Martin 2014).

To systematize the TM contribution to prebiotic and Life’s origin chemistry,
the method of Smith and Morowitz (2016, 2004) placed into a systematic view by
Muchowska et al. (2020) will be followed.

Living organism base their biochemistry on five compounds defined as “universal
metabolic precursors” (Muchowska et al. 2020):

(I) acetate-acetyl: biosynthetic precursor to lipids and terpenoids;
(II) pyruvate: sugars and (some) aminoacids precursor,
(IIT) oxaloacetate: precursor to various amino acids and pyrimidines,
(IV) succinate: precursor to various cofactors,
(V) a-ketoglutarate: precursor to various amino acids.

Acetyl-CoA and Pyruvate Pathway

The acetyl-CoA pathway is the one which is most dependent on transition metals
and is part of the six autotrophic CO; fixation biochemical pathways (Muchowska
et al. 2020). The active sites of the metallo-enzymes involved in the acetyl-CoA
pathway have TM centers based on Fe, Ni, Mo and W (Darnault et al. 2003;
Ragsdale 2011).

Many experiments have been conducted under various conditions to understand
the link of the acetyl-CoA biochemical pathway to pre-biotic C; chemistry. Some
experimental conditions considered neutral metallic Fe as a catalyst under a pressure
of 1-35 bars of CO» as carbon source in water (Varma et al. 2018) and Ni3Fe, Fe3O4
or Fe3Sy catalysts under a pressure of 15-25 bars in CO; with Hj as reducing agent
in water (Preiner et al. 2020).

Near to the “iron-(Ni)-sulphur world”, experiments were conducted to model
the acetylcoenzyme A pathway under hydrothermal conditions, where a mud of
co-precipitated NiS and FeS converted CO and CH3SH into the thioester CH3-
CO-SCH3 readily hydrolyzing to CH3;COOH (Huber and Wichtershiuser 1997).
Furthermore when the FeS-NiS was doped with Se, CH3 COOH was directly formed
from CH3SH and H,S (Huber and Wichtershduser 1997).

Acetate and pyruvate were synthesised by heating a gold tube containing neat
formic acid, nonyl thiol and FeS at 250 °C under 500 < P < 2000 bar (Cody et al.
2000).

In summary, there is a quite considerable ensemble of reducing conditions
and catalysts able to reduce CO; to acetate and pyruvate giving strength to the
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hypothesis that such a pathway emerged from geochemistry were TM played a
fundamental role as catalysts.

Oxaloacetate; TCA, rTCA

The reductive tricarboxylic acid (fTCA) cycle or reductive Krebs cycle together
with the tricarboxylic acid (TCA) cycle or Krebs cycle are proposed to be one of
the first metabolic pathways dating back to geochemistry. However if the rTCA
is ancient it must have been catalyzed by minerals delimiting the transition from
the geochemical to biochemical stage. TM sulfides like FeS, CuS under early
ocean alcalin hydrothermal systems promote a rTCA cycle suggesting that metal
production and metal-sustained primordial metabolism probably occurred in the
active hydrothermal processes on the Hadean Earth (Kitadai et al. 2019). Other
experiments showed that Fe”, Cr’* and Zn?" in acidic aqueous solutions are able to
promote multiple reactions of the rTCA cycle in consecutive sequence. The reaction
network points toward the feasibility of primitive anabolism in an acidic, metal-rich
reducing environment (Muchowska et al. 2017).

The “modern” TCA cycle involves several FeS and Fe’* dependent enzymes
(McMurry and Begley 2016). Furthermore due to its determinant role in the
metabolism, it has been suggested to be the TCA cycle’s prebiotic origin (Camprubi
et al. 2017; Chevallot-Beroux et al. 2019; Hartman 1975; Keller et al. 2017; Lin
et al. 2005).

Regarding the TCA prebiotic origin in a recent work of Muchowska et al. (2019)
a nonenzymatic reaction network originating from glyoxylate and pyruvate in Fe>*-
rich water at 70 °C was found.

The same authors, based on the aforementioned study together with the work
of Springsteen et al. (2018), propose the plausibility that both the (r)TCA and
glyoxylate cycles had a probable common precursor that originated as prebiotic
chemistry where iron played a major role as a catalyst.

Succinate and «-Ketoglutarate

In the succinate pathway involving the succinyl-CoA hydrolysis seemingly metallo-
enzymes are not involved. However CoA, relying on a thioester chemistry, has a
possible prebiotic origin (Atomi et al. 2013; Fuchs 2011) of which the (FeNi)S
based synthesis of acetyl-thioester from CO and MeSH is the TM correspondent of
the acetyl-CoA pathway (Huber and Wichtershduser 1997).

Regarding the a-ketoacid pathway, the prebiotic synthesis of amino acids from
ketoacids are promoted by a series of TM as Fe?t, Fe’T, Ni*, Cr’t, VO™,
[VO3]~ (Meisch et al. 1978), by ferredoxin (a non-haem iron—sulphur protein)
(Nakajima et al. 1975), precipitated FeS or Fe(OH), (Huber and Wichtershiuser
2003), partially electroreduced FeS (FeS-Fe?) under alkaline conditions (Kitadai
et al. 2019), on iron oxyhydroxide mineral (Barge et al. 2019).
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Carbohydrate

Carbohydrate prebiotic chemistry has been split from the “five metabolic pillars”
having deep roots in many of the pillars previously mentioned. Carbohydrate
chemistry is affected by the “non-enzymatic phosphorilation problem”. In fact
the non-enzymatic phosphorylation in gluconeogenesis emphasizes the need of
an efficient mineral catalyst for the phosphorylation by donor molecules such as
polyphosphates.

However and notably many of the steps characterizing the glycolysis and pentose
phosphate pathway can be non-enzymatic and based on Fe’* (Keller et al. 2014,
2016).

Carbohydrate polymerization reactions have been obtained starting from
glycoaldehyde-P and glyceraldehyde-P on a double layer of hydroxides based
on Co?* and Mn?* part of the TM family and Mg>*, Zn>* (Pitsch et al. 1995; R
et al. 1999).

1.5.2.3 Genetics First

In the “RNA world” hypothesis (Rich 1962) the abiotically synthesized RNA is
able to work in a self-sustaining and self-replicating way as substrate for the genetic
material (genotype) and as a catalyst (phenotype) (Jack 2009; Joyce 2007).

The RNA synthesis is based on the contemporaneous formation of the sugar
skeleton and the basis. The review of Yadav et al. (2020) gives a general overview
and state of the art of the complex chemistry involved.

Many synthetic routes of the RNA-DNA bases have been proposed based on
HCN, cyanoacetylene, cyanoaldehydes, formamide and urea in presence of various
(heterogeneous phase) catalysts like clay, CaCO3 and ferrite, to mention a few
(Saladino et al. 2004, 2005; Yadav et al. 2020).

Another set of synthetic routes based on formamide and urea toward single bases
have been proposed to work efficiently on divalent cations present in silica, alumine,
kaolin, and zeolite (Y type), Ca(CO)3, CaO and TiO; (R et al. 2001; Saladino et al.
2003).

Near to the “iron-sulphur hypothesis”, experiments conducted heating for-
mamide in presence of different minerals such as pyrrhotine (Fe1_,.S), pyrite
(FeSy), chalcopyrite (FeCuS,), bornite (FeCusS4), tetrahedrite [(Fe,Cu,Sb)S], and
covellite (CuS) at 160°C for 48h, adenine, purine, 2(1H)-pyrimidinone, isocytosine,
urea, carbodiimide, and oxalic acid in different ratios were synthesized (Saladino
et al. 2008).

Other synthetic pathways to pyrimidine and purine RNA building blocks with
the help of Fe>* have been reported (Becker et al. 2019, 2018).

Furthermore the synthesis of nucleotides necessary to the further polymerization
has been investigated under various prebiotic conditions and precursors (Ferndndez-
Garcia et al. 2018; Mariani et al. 2018; Roberts et al. 2018; Stairs et al. 2017; Yiet al.
2018).
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However and most importantly nucleotides polimerization from imidazole-
activated nucleotides is strongly enhanced when divalent cations of various metals
such as Pb?*, Zn>t, [UO,]?>~, Pb?*, Lu’t, catalyze oligomer formation with
maximum chain lengths from trimers to pentamers pentamers (Sawai 1976; Sawai
et al. 1992, 1989; Sawai and Orgel 1975; Sawai and Yamamoto 1996; Sleeper and
Orgel 1979).

Regarding the origin and evolution of the ribosome, specific analysis on the effect
of metal ions on the structure-activity has been extensively conducted especially
referred to the metal function in the LUCA ribosome (Last Universal Common
Ancestor) (Bowman et al. 2020).

For example nowadays bacterial riboswitches cooperatively bind to Ni** or
Co?* ions controlling the expression of heavy metal transporters (Furukawa et al.
2015)

The divalent ion Mg?*t is the main cofactor for RNA. However it has been
conjectured because ribosomes evolved well before the Great Oxidation Event
(GOE) and because Fe>* should have been the most abundant metal ion compared
to Mg?™, ribosomes should have interacted preferentially with Fe?.

This hypothesis has been analyzed in a series of studies.

In the first study (Bray et al. 2018) the structure, function, and cation content of
the ribosome (low O, high Fe>*, and high Mn>*) was studied. Interestingly it has
been shown that Mg?T, Fe?T, and Mn?* have very similar effects on the rRNA fold
and Fe>t and Mn? are able to replace Mg?* leaving the ribosome active during the
translation of mRNA and both Fe?* and Mn?" strongly associate with the ribosome.
Because the translation system originated and matured when Fe?>* and Mn?* were
abundant, previous findings suggest that Fe>t and Mn”* played a role in ancient
ribosomes.

In another set of studies (Guth-Metzler et al. 2020; Hsiao et al. 2013; Lin et al.
2019) it has been reported that Fe2t, like Mg2+, can form ribosomal microclusters,
containing paired metals bridged by a single phosphate group and Fe?* transforms
the ribosome into oxidoreductase-ribozyme.

The exchange of Fe>t to Mg?* is suggested to be placed in time before the GOE
by a “casting” process i.e. the replacement of a metal ion with another however
maintaining the original structure-function properties (Bowman et al. 2020; Bray
et al. 2018).

1.6 Final Considerations

During the journey to understand what is the “state of the art” of the TM applied to
astrochemistry and the prebiotic/Life’s origin chemistry several conclusions can be
drawn.

1. During the last decade there has been a growing interest toward the “exogeneous
delivery” hypothesis of organic and prebiotic molecules on Earth.
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This made the “classical” astrochemistry come closer to prebiotic chemistry,
which was for a long time mainly based on the “endogeneous synthesis”.

By “classical astrochemistry” one intends that corpus of observational data;
mostly based on micro-waves (MW) and Infrared (IR) corresponding to the roto-
vibrational transitions of molecules (mainly) in the gas-phase; to be compared
and analyzed with laboratory and theoretical methods to build sophisticated
chemical models of reaction networks from circumstellar disks to the deep
interstellar medium (ISM) (McGuire 2018; Puzzarini 2020).

Today more than 200 molecules have been discovered in the ISM and
circumstellar environments, composed of up to 13 atoms with the exception of
the C60-C70 fullerenes (Cami et al. 2010) which are mainly organic in nature
forming part of the Complex Organic Matter (COM) (Herbst and van Dishoeck
2009; McGuire 2018). With still thousands of astronomically observed molecular
lines not yet assigned the previous list can increase consistently (McGuire 2018).

From a chemical point of view many of the detected molecules such as HyCO,
HCN, NHj3 and various organic radicals would be the perfect candidates to start
a complex organic chemistry and the prebiotic synthesis.

It remains some debate on whether the most simple aminoacid glycine was
found in the ISM or not (probably due to the low intensities of the rotational
transitions) while it was detected in some meteorites like (Schmitt-Kopplina et al.
2010) and in the coma of the 67P/Churyumov-Gerasimenko comet (Hadraoui
2019).

The “glycine case” is mainly due to the spectroscopic vs. in situ chemical-
analytical techniques applied to understand the composition of a sample. For
example for both Murchinson and the 67P/Churyumov-Gerasimenko, for the
former sophisticated techniques like electrospray ionization (ESI), Fourier-
transform ion cyclotron resonance/mass spectrometry (FTICR/MS) or atomic
force microscopy (AFM) based IR nanospectroscopy (Kebukawa et al. 2019;
Schmitt-Kopplina et al. 2010) were applied while in case of the latter the
ROSINA mass spectrometer on board the Rosetta probe was used (Hadraoui
2019).

The over 10* organic molecules found on the Murchinson meteorite intimately
mixed in a mineral-organic matrix (Kebukawa et al. 2019; Schmitt-Kopplina
et al. 2010) are an example of the enormous complexity found in extraterrestrial
bodies broadening the “classical astrochemistry” allowing a merge of the
astrochemistry field with the prebiotic and Life’s origin chemistry.

. The aforementioned conclusion is particularly well adapted if applied to the first
row TM and the related organometallic and metallorganic chemistry.

Up to now the only gas-phase organometallic compound found in the ISM and
circumstellar enviroments is iron cyanide (FeCN) (Zack et al. 2011).

Other first row TM compounds that are not organometallic or metallorganic
in nature are FeO (Furuya 2003), TiO and TiO, (Kaminski 2013).

Furthermore the involvement of TM in the astrochemistry reaction networks
was and still is not much considered as a sort of “baseline” research since the
1980s (Bohme 1992; Boissel 1994; Chaudret et al. 1991; Duley 1980; Fioroni
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2014, 2016; Fioroni and DeYonker 2016; Irikura et al. 1990; Klotz et al. 1996,
1995, 1994; Marty et al. 1996; Mestdagh et al. 1992; Prasad et al. 1980; Serra
et al. 1992).

This is probably due to the physical-chemical character of TM expected to be,
mainly, in condensed phases like minerals and, based on the last knowledge, in
organometallic or metallorganic compounds as found on meteorites (Ruf et al.
2017; Smith et al. 2019).

However due to the increasing interest in the “exogeneous delivery” hypoth-
esis, the new findings in meteorites where there is a deep mix between the
mineral-organic phases, “demands” for a more detailed analysis of the “mineral
surface” contribution especially if TM are present due to their known catalytic
behaviour.

It is time to follow the same “positive” approach as used in the “endogeneous
synthesis” regarding TM based on a “reverse engineering” of the modern
metabolisms. Here many of the first row TM, with a predominance of Fe, Ni
and Mn, do play an important role in the synthesis of Life’s chemical bricks as
well as in the appearance of the first metabolism or genetics.

There are still many TM to be analysed for their involvement in the prebiotic
chemistry and not only first row TM. For example W is present in many bacteria
and in some prokaryotes though only some hyperthermophilic archaea appear to
be tungsten-dependent (Kletzin and Adams 1996), Mo is essential for all Life’s
forms (Schwarz et al. 2009), Cd based enzymes found in marine diatoms (Lane
and Morel 2000) and the f-group lanthanides methanotrophic and methylotrophic
bacteria (Daumann 2019).

The elucidation of a reaction mechanism on a mineral surface (heterogeneous
phase) or for a single organometallic compound (homogeneous phase) is not an
easy task.

However there is a vast ensemble of experimental-spectroscopic techniques
to study the surface as well as the bulky properties of the TM-mineral surface
catalysts during reaction conditions like FTIR (Fourier-Transform Infrared
spectroscopy), Raman, DRF (Diffuse Reflectance spectroscopy), photoacustic
spectroscopy, NMR, EPR, XANES (X-ray Absorption Near Edge Structure),
EXAFS (Extended X-Ray Absorption Fine Structure), XRD (X-ray powder
Diffraction), Mossbauer and characterization techniques like XPS (X-ray Pho-
toelectron spectroscopy) and TEM.

The theoretical approach has now a vast arsenal of possible techniques to
analyze the reaction potential energy surface like DFT and ab-initio molecular
dynamics to mention a few (Berendsen 2007).

Probably the TM contributions to the prebiotic and Life’s origin chemistry
starting with a journey from “space to Earth” are ready to be unraveled.
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of the Hadean Eon: Rare Elements Were
Ubiquitous in Surface Sites

of Rock-Forming Minerals

Rare Elements Ubiquitous on Rock-Forming Mineral
Surfaces in the Hadean

Robert M. Hazen and Shaunna M. Morrison

Abstract Surfaces of condensed inorganic phases, including minerals and volcanic
glass, are often invoked in origins-of-life models as potential catalysts, templates,
reactants, or protective environments for critical prebiotic reactions. Consequently,
mineralogists have compiled inventories of early Earth minerals and their reac-
tive surface sites. These lists of probable near-surface minerals present during
Earth’s Hadean Eon (>4.0 Ga) collate more than 400 species, including phases
in meteorites, the igneous minerals of Earth’s earliest differentiated crust, magma
and fumarole (hot vapor deposited) minerals of volcanic deposits, and a host
of minerals that formed through interactions with Earth’s emerging hydrosphere.
These varied minerals incorporate more than two dozen chemical elements that
are critical to biochemistry. However, minerals with high concentrations of several
elements thought to be essential for the chemistry of life’s origins and/or subsequent
metabolism, including B, P, V, Co, Ni, Cu, Zn, and Mo, were volumetrically trivial,
if not completely absent, from that Hadean mineral inventory. Consequently, it may
not be reasonable to invoke minerals such as borates or molybdates in origins-of-life
scenarios. We propose an alternative possibility: common rock-forming minerals
with modest concentrations (typically 10s to 1000s of parts-per-million levels) of
trace elements may have been critical to origins-of-life chemistry. Accordingly, to
complement lists of Hadean mineral species we catalog trace and minor elements
in such ubiquitous minerals as olivine, high-Ca pyroxene, plagioclase feldspars, and
magnetite, as well as volcanic glass. We conclude that varied reactive surface sites
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with all elements essential to life’s origins were abundant in Hadean geochemical
environments.

2.1 Introduction

The origin of life was a geochemical process, dependent on a wide range of
chemical building blocks. While the first lifeforms probably did not require all of
the 38 different chemical elements employed by the diversity of life on Earth today
(Fradsto da Silva and Williams 2001), it likely relied on several trace and minor
elements, including B, P, Mo, and a number of first-row transition elements that
played idiosyncratic roles in biogenesis (e.g., Benner and Hutter 2002; Ricardo
et al. 2004; Kim et al. 2016; Ziegler et al. 2018). To some extent, biological
uses of minor elements have changed through deep time—an important facet of
the co-evolving geosphere and biosphere, presumably in response to variations in
bioavailability of those elements (Lyons et al. 2015; Jelen et al. 2016; Moore et al.
2017). Nevertheless, a number of relatively rare elements must have played critical
chemical roles in life’s origins.

In this context, minerals and their chemically diverse surfaces have long been
invoked as critical players in origins-of-life chemistry in such varied roles as cat-
alysts for biomolecular production (Wichtershiuser 1988a; Cody 2004); templates
for assembly of molecular components, especially polymers (Ferris et al. 1996; Hill
et al. 1998; Orgel 1998); surfaces for selective adsorption, notably chiral selection
(Hazen and Sholl 2003; Hazen 2006); and protection of those adsorbed molecules
in otherwise destructive environments (Parsons et al. 1998; Smith 1998). Since
Bernal (1951) and Goldschmidt (1952) speculated on such varied roles of common
rock-forming minerals in the origins of life, scores of researchers have explored
fundamental principles, as well as idiosyncratic scenarios, for mineral-mediated
biogenesis (for example, see references in Ferris et al. 1996; Lahav 1999; Hazen
2005; Cleaves et al. 2012; Deamer 2011).

Several rock-forming mineral groups have become central to hypotheses related
to the origin of life. Clay minerals, notably smectite group species such as
montmorillonite (Hazen et al. 2013a), have been widely invoked in origins scenarios
(Lahav et al. 1978; Cairns-Smith and Hartman 1986; Cairns-Smith 1977, 1982,
2005; Ferris and Ertem 1992, 1993; Ferris 1993, 2005; Heinen and Lauwers 1996;
Ertem and Ferris 1996, 1997; Hanczyc et al. 2003). The catalytic potential of
transition metal sulfides with Fe, Ni, Co, Zn, and/or Cu have also been subject to
significant experimental and theoretical focus (Wachtershduser 1988a, b, 1990a, b,
1993; Blochl et al. 1992; Russell et al. 1994; Russell and Hall 1997; Huber and
Wichtershiduser 1997, 1998; Brandes et al. 1998; Bebié and Schoonen 2000; Cody
et al. 2000, 2001, 2004; Huber et al. 2003, 2012; Cody 2004, 2005; Mulkidjanian
2009; Mulkidjanian and Galperin 2009). Among the other common minerals and
mineral groups considered in origins scenarios are quartz (SiO2; Bonner et al. 1974,
1975; Soai et al. 1999; Evgenii and Wolfram 2000), feldspar group (Parsons et al.
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1998; Smith 1998), zeolite group (Smith 1998; Smith et al. 1999), olivine group
(Berndt et al. 1996; McCollom and Seewald 2001), mica group (Hansma 2010),
hydroxides (Holm et al. 1993; Weber 1995; Pitsch et al. 1995), hydroxylapatite
(Ca5(PO4)30H; Weber 1982; Acevedo and Orgel 1986; Benner and Hutter 2002),
carbonates (Hazen et al. 2001; Kim et al. 2013), and rutile (TiO; Summers and
Chang 1990; Jonsson et al. 2009). In addition, less common minerals have received
consideration for specific prebiotic roles: e.g., ferrous metals alloys, primarily the
meteoritic Fe-Ni alloys kamacite and taenite, as catalysts for organic synthesis
(Smirnov et al. 2008); phosphides, notably meteoritic schreibersite [(Fe,Ni)sP],
as a reactive source of P (Pasek and Lauretta 2005; Pasek et al. 2007; Pasek
2008); borates from evaporite deposits, such as kernite [NayB4Og(OH),-3H,O] or
colemanite [CaB304(OH)3-H,O], for specific steps in RNA synthesis (Ricardo et
al. 2004; Grew et al. 2011; Kim et al. 2016); and molybdates, such as powellite
(CaMo0y), for catalysis of conformational changes of carbohydrates (Ziegler et al.
2018).

The reliance of origins-of-life models on this diversity of minerals presupposes
that these species were readily available on the Hadean Earth. Nevertheless,
few authors have attempted to document Earth’s Hadean mineral inventory (see,
however, Schoonen et al. 2004; Papineau 2010; Hazen 2013; Morrison et al. 2018).
A common theme of these contributions is the assumption that if a mineral species
was rare or lacking, then it is unlikely to have played significant roles in the origins
of life. In this chapter we consider the possible contributions of minerals from
a slightly different perspective—that of the ubiquitous trace and minor elements
in common rock-forming minerals that offer a remarkable diversity of potentially
reactive surface sites (Morrison et al. 2018). First, however, we revisit the question
of what minerals were likely present on Earth at the time of life’s origins.

2.2 An Evolutionary System of Mineralogy

“Mineral evolution” is defined as the study of the emerging diversity and distribution
of minerals in the context of deep time (Zhabin 1981; Hazen et al. 2008, 2011;
Hazen and Ferry 2010; Hazen 2012). We contend that the condensed phases that
form planets and moons display congruent complexification of the mineral realm as
new physical, chemical, and (in the case of Earth) biological processes create new
mineral-forming environments of temperature, pressure, and composition. Initially,
contributions to mineral evolution focused on qualitative overviews of individual
elements, including U (Hazen et al. 2009), B (Grew et al. 2011), Hg (Hazen et al.
2012), C (Hazen et al. 2013b), Mo (Golden et al. 2013), Be (Grew and Hazen 2014),
and Li (Grew et al. 2019).

More recently, we have attempted to place mineral evolution on a more rigor-
ous quantitative footing by applying methods of data analysis and visualization,
including network analysis, cluster analysis, affinity analysis, and models of the
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statistical distributions of common versus rare species (Hazen 2014, 2017; Hazen
et al. 2015, 2017a, 2017b; Hystad et al. 2015, 2019; Krivovichev et al. 2017; Liu et
al. 2017a, 2018; Morrison et al. 2017, 2020; Moore et al. 2018; Hazen et al. 2019).
We have also introduced an “Evolutionary System” of mineral classification (Hazen
2019), based on the concept of historical natural kinds (Cleland 2011; Ereshefsky
2014; Godman 2019; Cleland et al. 2020) and the application of cluster analysis to
identifying mineral historical natural kinds (e.g., Everitt 2011).

This effort, which builds on and complements the official mineral classification
protocols of the International Mineralogical Association’s Commission on New
Minerals, Nomenclature and Classification (IMA-CNMNC; e.g., Burke 2006; Mills
et al. 2009; Schertl et al. 2018), is being published sequentially as chronological
parts, the first five of which cover pre-terrestrial minerals, most of which are
preserved in meteorites. Part I cataloged stellar minerals (literally “stardust”) that
predate our solar nebula, i.e., prior to 4.567 Ga (Hazen and Morrison 2020).
Subsequently, in Part II we explored primary interstellar and nebular condensates
commencing ~4.567 Ga (Morrison and Hazen 2020), while the primary mineralogy
of chondrules from ~4.566 to 4.561 Ga was the focus of Part III (Hazen et al. 2021).
Part IV summarized the primary asteroidal mineralogy of non-chondritic meteorites
from ~4.566 to 4.560 Ga, as well as high-pressure impact mineralogy preserved in
meteorites (Morrison and Hazen 2021), and Part V reviews the diverse secondary
meteorite minerals formed by aqueous alteration and/or thermal metamorphism
(Hazen and Morrison 2021). All told, these contributions catalogued more than 290
different pre-terrestrial minerals, including a number of as yet unnamed crystalline
and amorphous solids not approved by the IMA-CNMNC.

When considering paleomineralogy of the Hadean Eon (prior to 4 billion years
ago), it is important to evaluate both meteorite minerals and those that arose during
the earliest stages of Earth’s crustal evolution (Hazen 2013; Morrison et al. 2018).
Today, the IMA-CNMNC has approved more than 5700 mineral “species,” each of
which represents a unique combination of end-member composition and idealized
crystal structure (rruff.info/ima; accessed 19 November 2020). Of these varied
minerals, the great majority postdate the origins of life—indeed, an estimated 50%
of known mineral species are directly or indirectly the consequence of biological
modifications to the near-surface environment (Hazen et al. 2008, 2017b; Hazen
2010; Sverjensky and Lee 2010; Hazen and Morrison 2022; Hazen and Papineau
2012). Furthermore, minerals incorporating a number of rare chemical elements as
essential constituents (i.e., as an integral part of the idealized chemical formula),
including Li, B, Be, Hg, Se, As, Bi, Sb, U, and Th, as well as many others, may
have required a billion years or more of repeated fluid-rock interactions to achieve
sufficient concentration to form macroscopic minerals (Hazen et al. 2009, 2012;
Grew et al. 2011, 2019; Grew and Hazen 2014). Consequently, the majority of
minerals—possibly more than 4000 of the 5700 known species today—were not
available to contribute to the origins of life.

Nevertheless, prebiotic physical and chemical processes at or near Earth’s surface
significantly increased the diversity of minerals beyond the meteorite inventory. At
least three formation mechanisms played important roles in the new terrestrial min-
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erals that likely emerged during the Hadean Eon: (1) igneous activity that produced
minerals in Earth’s earliest differentiated crust; (2) volcanic eruptions, especially
those associated with tectonic activity, that generated magma and fumaroles (vents
of hot vapor) that formed mineral deposits; and (3) interactions with Earth’s
emerging hydrosphere, which generated a host of new H-bearing minerals. These
three processes are considered below.

Igneous Processes of the Differentiated Crust On Earth, mineralogical diversity
increased by the sequential evolution of igneous rocks, including the generation
of basaltic magmas from partially molten peridotite and the subsequent generation
of granitic melts by partial melting of hydrated basalt (e.g., Bowen 1928; Yoder
1976; London 2008). Many primary igneous phases, notably members of the
olivine, pyroxene, and feldspar groups, had already been produced abundantly in
differentiated planetesimals and brought to Earth in achondrite meteorites (Morrison
and Hazen 2021). However, new mineralogical richness emerged on Earth through
the production of hydrous igneous silicates, including diverse amphibole group
(e.g., actinolite, cummingtonite, edenite, hornblende, tremolite), mica group (annite,
muscovite, phlogopite), and other “biopyribole” minerals (Deer et al. 1962; Veblen
and Buseck 1979).

A critical mineralogical innovation on Earth was the appearance of silica-rich
igneous rocks, collectively called “granite.” These buoyant lithologies [by virtue
of their relatively high Si/(Mg + Fe) compared to basalt] were essential to the
formation of the first extensive landmasses and, ultimately, continents. Granite
arises from partial melting of wet basaltic crust—a process that could only occur
on a water-rich planet like Earth that was hot enough (i.e., large enough) to partially
re-melt basalt. That partial melt was not only rich in Si, but it also concentrated
many “incompatible” elements such as Be, Li, Cs, Y, Nb, Sn, Ta, Th, and U.
As primary granite minerals such as quartz, feldspar, and mica crystallized, the
remaining eutectic fluid became ever more enriched in these and other rare elements,
which eventually reached concentrations high enough to form their own minerals.
The result was hundreds of new “pegmatite” minerals (London 2008). However,
the cyclic process of element concentration and mineralogical diversification must
have required significant time; London (2008) estimates that a billion years elapsed
before the generation of the earliest “complex” pegmatites, which hosted many of
the rare species that are unique to these remarkable deposits.

Volcanism and Hadean Tectonics Mountain building and other consequences of
tectonic activity must have played important roles in the diversification of Hadean
minerals. However, the mechanisms and rates of tectonic processes and associated
volcanism were likely different from modern plate tectonics (e.g., Shirey and
Richardson 2011; Van Kranendonk 2019). In particular, Hadean volcanism may
have been driven more by vertical processes of rising magma plumes, as opposed
to the lateral motions of divergence, convergence, and subduction associated with
plate tectonics. Consequently, the question of when plate tectonics began (and, by
association, the rate and extent of Hadean continental crust formation) remains a
matter of significant debate.
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If Hadean volcanism was primarily a consequence of plume-driven vertical tec-
tonics, as suggested by some field studies on Earth’s oldest rocks (Van Kranendonk
2019), then volcanic rocks were likely associated with S-rich fluids that generated
a significant number of new phases, notably transition metal sulfides. Furthermore,
if volcanoes breached the ocean’s surface then a wide variety of vapor-deposited
fumarolic minerals incorporating uncommon elements such B, As, V, Se, Sb, Hg, Bi,
Tl, and Pb, may have appeared for the first time. As today, many of those minerals
would have been ephemeral, for example sublimating under sunlight or dissolving
after each significant rain storm.

On the other hand, if modern-style subduction and associated arc volcanism
were established in the Hadean Eon, then it is likely that hundreds of new mineral
species appeared, for example those found in massive sulfide deposits that contain
more than 100 exotic “sulfosalt” minerals (metal sulfide minerals with one or more
other chalcogenide elements, for example, Se, As, Sb, or Bi). However, recent
studies suggest that subduction-driven plate tectonics, and associated continent
formation and arc volcanism, did not become a significant process on Earth until
approximately 3 billion years ago (Shirey and Richardson 2011). Therefore, the
diversity of minerals associated with volcanic activity may have been significantly
less in the Hadean Eon than today.

Earth’s Hydrosphere Surface weathering and aqueous activity must have led to
numerous additional new hydrous phases, including hydroxide, clay, and zeolite
group minerals. Of special note are the varied layer silicates with sub-micrometer-
scale grains collectively called clay minerals. These minerals, especially from the
smectite group of “expandable clays” that can reversibly incorporate water, alkali,
and/or alkaline earth cations between rigid structural silicate layers, have long
been employed in origins-of-life models because they possess exceptional high
surface areas (typically >10° cm?/cm?; Hazen 2017) and because some varieties
have the ability to absorb organic molecules. However, the nomenclature and
identities of clay minerals often lead to confusion, as there are more than 50 distinct
approved species, as well as many mixed phase assemblages that are sometimes also
characterized as “clays” (e.g., bauxite, bentonite, limonite, steatite). Clay minerals
have been subdivided into seven groups, which are characterized by: (1) their
particular layered atomic structure, (2) their ranges of interlayer constituents, and
(3) their ability to expand in an aqueous environment (Deer et al. 1962; Hazen et al.
2013a).

Hazen et al. (2013a) enumerated five common mechanisms by which clay
minerals form: (1) alteration of prior silicates in a subsurface aqueous or hydrother-
mal environment; (2) precipitation from solution, notably in marine sediments
(“‘authigenesis”); (3) transformation by low-grade metamorphism at depth in the
crust, with subsequent exposure by uplift related to plate tectonics; (4) weathering
reactions of surface rocks, especially under oxic and/or acidic conditions, which is
a process that often produces “soil”’; and (5) the advent of soil-forming microbes,
fungi, and plant roots and associated biological weathering following the rise of the
terrestrial biosphere. Of these five clay-forming mechanisms, only the first (through
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the process of “serpentinization”; Schrenk et al. 2013) and the fourth (anoxic near-
surface weathering) could have played significant roles before about 3.5 billion
years ago. Prior to that time, the second mechanism (authigenesis) would have
been limited by a relative paucity of Hadean and Paleoarchean marine sediments.
Clay minerals formed by the third mechanism, low-grade metamorphism, would
have rarely been exposed at Earth’s surface prior to plate tectonics. Furthermore,
before the origins of life neither oxic weathering (mechanism 4) or biotic terrestrial
soil formation (mechanism 5) could have occurred. Therefore, most clay minerals
found in modern sediments were not present during the Hadean Eon. Indeed, the
only volumetrically major clay mineral species prior to life’s origins were probably
members of the serpentine group (e.g., chrysotile and greenalite) and smectite group
(saponite and ferrosaponite) as a consequence of the alteration of olivine, pyroxene,
and other ferromagnesian silicates in the abundant mafic/ultramafic rocks of the
early crust (Arndt and Nisbet 1982). Aqueous alteration of Ca-Al silicates, notably
the feldspar anorthite (CaAl,Si>Og), undoubtedly resulted in production of some
aluminous clay minerals, including montmorillonite, kaolinite, and halloysite, with
the likely generation of mixed clay assemblages. In addition, significant clay mineral
production, notably the smectite group minerals montmorillonite and nontronite,
was likely associated with weathering of volcanic rocks in their typical acidic
surface environments.

Earth’s dynamic hydrosphere also increased mineral diversity through
the generation of at least three other major mineral groups. Hydroxides of
magnesium, iron, and aluminum, such as brucite [Mg(OH),], goethite [FeO(OH)],
and gibbsite [AI(OH)3], would have been common weathering products.
Zeolite group minerals, including chabazite [(NazK)Al4SigO24-11H,0], stilbite
[NaCag(AlgSin7)O7,-28H,0], and natrolite (NazSizAl019-2H>0), would have
formed, as they do today, when hydrothermal fluids altered porous basaltic lava
or near-surface basalt intrusive environments. Finally, the Hadean Earth may have
hosted localized deposits of evaporite minerals, for example halite (NaCl) and
sylvite (KCI). However, more exotic evaporite minerals such as borates must be
preceded by three events, none of which are certain to have occurred during the
Hadean Eon: (1) the formation of extensive arid landmasses, (2) the incursion
of inland seas of significant extent, and (3) stranding and evaporation of those
extensive bodies of saline water to precipitate a variety of salts. Rare evaporite
minerals such as borates only appear during the final stages of such a sequence
(Grew et al. 2011).

Other Mechanisms of Mineralization Morrison et al. (2018) suggested that Earth’s
Hadean mineral inventory could have expanded by three additional localized
phenomena.

1. Prior to widespread predation by cellular life, organic molecules such as amino
acids, polycyclic aromatic hydrocarbons, or nucleobases could have become
selected and concentrated to form crystals. An intriguing possibility in this
context is local formation of chiral molecular solids.
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2. Large bolide impacts could have generated new minerals, not only shock phases
(included in the inventory of meteorite minerals; Morrison and Hazen 2021),
but also associated with dynamic zones of hydrothermal mineralization in the
circumferential fractured zones of impact sites. Such mineralization, which has
led to a number of productive ore bodies on Earth today (Pirajno 2009), may
have been more prevalent during the Hadean Eon.

3. A number of phenomena can produce significant local redox excursions. Such
effects include lightning, notably volcanic lightning (Essene and Fisher 1986;
Pasek and Block 2009; Wadsworth et al. 2017); photo-oxidation, for example
of Fe>* compounds to produce Fe3* and hydrogen (Braterman et al. 1983;
Borowska and Mauzerall 1987; Kim et al. 2013); crystal settling of Fe2 " -rich or
other reduced minerals from a magma that consequently becomes progressively
more oxidized (Wager and Brown 1968; Weinstein et al. 1988); or immiscibility
in a magma, especially separation of an S-rich or C-rich fluid from a silicate
magma (Veksler et al. 2012; Lester et al. 2013; Savelyev et al. 2018). The
associated local redox excursions can lead to a variety of new phases, both
oxidized and reduced.

In summary, many of the minerals considered in origins-of-life scenarios would
have been present abundantly on the Hadean Earth. All of the major rock-forming
minerals, including quartz, olivine, pyroxene, feldspar, mica and clay layer silicates,
zeolites, hydroxides, carbonates, and sulfide groups were present in near-surface
environments more than 4 billion years ago. However, other potentially critical
phases, including those with B, P, Co, Cu, V, and Mo, were either absent or
were present only as volumetrically minor phases. Furthermore, a number of these
minerals, including borates, molybdates, and phosphides, would have occurred only
in restricted, idiosyncratic localities—borates at a mid-content evaporite deposit, for
example, or phosphides at an iron meteorite fall. An origin of life scenario requiring
the juxtaposition of such rare and isolated minerals seems unlikely. However, there
is an obvious, though long overlooked, solution to this dilemma.

2.3 Trace and Minor Elements in Common Rock-Forming
Minerals

Minerals, though traditionally described with an idealized chemical formula
such as MgySiO4 (the olivine group mineral forsterite), invariably contain
a wealth of minor and trace elements. For example, an individual forsterite
sample might be better represented by a complex chemical formula such as
[(Mgo.91Feq.04Mng.02Cag.01Nig.008C00.003 V0.001)2(Si0.99P0.01)O4]. Indeed, Earth’s
major crustal repositories for most rare elements are as trace elements in common
rock-forming minerals. For example, while cobalt is an essential element in 70
different mineral species (rruff.info/ima; accessed 16 August 2020), the cumulative
total mass of all known Co-minerals in Earth’s ore deposits represents less than
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Table 2.1 Trace element concentrations (parts-per-million) in common rock-forming minerals

Source B P v Co Ni Cu Zn Mo References
Average crust 10 1050 120 25 84 60 70 12 1
Continental crust 17 1200 97 17 47 28 67 1.1 2

Ocean crust 1.8 1000 299 44 100 81 &7 ~1 3

Ocean basalt glass (average) — 800 350 45 125 75 100 0.8 4

Ocean basalt glass (max) - 2100 500 55 200 160 165 9 4
Olivine (average igneous) - 1000 150 100 2000 15 50 - 59
Olivine (maximum) 10 4000 260 220 4800 60 330 - 5-10
Augite (average igneous) 70 90 250 75 150 10 70 - 9,11,12
Augite (maximum) 120 600 6000 250 5000 3100 110 - 9,11
Plagioclase (average igneous) 2 500 - - 10 10 5 - 13-15
Plagioclase (maximum) 15 1400 20 5 100 50 25 - 13-15
Magnetite (maximum) - - 4200 225 2100 1600 725 0.5 16,17

References: 1 = Haynes (2016); 2 = Rudnick and Gao (2005); 3 = White and Klein (2014); 4
= Jenner and O’Neill (2012); 5 = Deer et al. (1982); 6 = Herzberg et al. (2016); 7 = Canil and
Fedortchouk (2001); 8 = O’Reilly et al. (1997); 9 = Liu et al. (2014); 10 = Kent and Rossman
(2002); 11 = Deer et al. (1997); 12 = Koritnig (1965); 13 = Storm and Holland (1957); 14 = Deer
et al. (2001); 15 = Sun et al. (2017); 16 = Paster et al. (1974); 17 = Deer et al. (2011)

5 x 1078 of the Co incorporated in forsterite and other minerals at an average
concentration of 48 parts-per-million (ppm) in the basalt that forms most of Earth’s
ocean crust (Herzberg et al. 2016; Hazen et al. 2017a; Koritnig 1965; see Table
2.1). A similar situation applies to all but about a dozen of the 72 elements that
are essential to the definition of one or more mineral species (i.e., H, C, O, Na,
Mg, Al Si, S, K, Ca, Ti, and Fe). In other words, idealized mineral formulas do
not adequately represent the distribution and availability of most chemical elements
and, therefore, do not accurately reflect the availability of trace and minor elements
for catalyzing biochemical reactions related to life’s origins.

Consider eight minor and trace elements that have been invoked in life’s origins
and/or biochemistry: B, P, V, Co, Ni, Cu, Zn, and Mo. Average crustal compositions,
as well as measured concentrations of these elements in various crustal reservoirs,
are tabulated in Table 2.1. Note that the average crustal composition of at least
some of these key minor elements may have been significantly greater during the
Hadean Eon. For example, Liu et al. (2017b; their Fig. 2) compiled ~80,000 bulk
igneous rock analyses for samples of known age and found that the average Ni
and Co contents were approximately twice the modern values. In spite of such
secular variations, the observation that some minerals concentrate key trace and
minor elements holds throughout geological time.

Boron Boron, notably in the form of evaporite borate minerals (Ricardo et al. 2004;
Kim et al. 2016), has been invoked in key steps in biogenesis related to the assembly
of RNA. However, boron-containing minerals, including borates and the borosilicate
tourmaline group, were undoubtedly volumetrically trivial phases on the Hadean
Earth. Nevertheless, boron was abundantly available on the Hadean Earth: the
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average crust contains 10 parts per million (ppm) B, with enhanced concentrations
as high as 120 ppm in Al-bearing minerals such as the clinopyroxene augite
[Ca(Mg,Fe,AD)Si»0¢] and the feldspar plagioclase [(Na,Ca)(ALSi)4Og]. Note that
since at least the Paleoarchean Eon (~4 Ga), augite and plagioclase have been
volumetrically the dominant minerals in ocean floor basalt (e.g., Rollinson 2007),
which blankets ~70% of Earth’s surface today.

Phosphorus Phosphorus is a minor element, accounting for ~1000 ppm in the
crust. In this instance, the P-bearing mineral hydroxylapatite [Ca(PO4)30H] is a
common, if volumetrically minor, phase in basalt and other crustal igneous rocks.
Less common, but potentially significant for origins-of-life scenarios, is the reactive
iron-nickel phosphide mineral schreibersite (Pasek et al. 2007). However, P is also a
ubiquitous and significant component of several common mineral phases, averaging
2100 ppm in basaltic glass from ocean floor volcanoes, and as much as 4000 ppm in
some igneous olivine [(Mg,Fe)>Si04] and 1400 ppm in plagioclase. Note, however,
that P in plagioclase is often present as exsolved hydroxylapatite (Deer et al. 2001).

Vanadium The first-row transition element vanadium, which plays a role as an
essential micronutrient, is present at ~100 ppm in Earth’s crust. No vanadium
minerals of any significance were present during Earth’s Hadean Eon (e.g., Liu et
al. 2018). However, V can be significantly concentrated in mineral phases with up
to 6000 ppm in augite and 4200 ppm in the common iron oxide magnetite (Fe304).

Cobalt Cobalt is a scarce transitional metal (25 ppm) that plays important roles in
industry and biochemistry (Hazen et al. 2017a; Moore et al. 2018). Cobalt minerals
were rare and volumetrically insignificant during the Hadean Eon. Meteoritic iron
can contain up to ~1 wt % Co (Brearley and Jones 1998), while secondary thermal
processing can result in exsolution of the Co-rich alloy, wairauite (CoFe; Hua et
al. 1995). Far more abundant is Co available as a trace element in the common
rock-forming Mg-Fe minerals, including olivine (220 ppm), augite (225 ppm), and
magnetite (225 ppm).

Nickel Nickel, at 84 ppm in the average crust, plays important biological roles as
one of several transition metals in oxidoreductase enzymes that mediate electron
transfer reactions. Indeed, nickel active centers have been proposed to occur in some
of the most ancient metalloenzymes (Nitschke et al. 2013). With the exception of
falls of meteorites with Fe-Ni alloys and other Ni-bearing phases, and localized
concentrations of Ni-enrich iron sulfides at some seafloor hydrothermal vents, Ni
tends to be dispersed in the crust as a minot/trace element. Highest concentrations
occur in olivine (to 4800 ppm), augite (5000 ppm), and magnetite (2100 ppm).
As with the other transition metals listed here, element partitioning often leads to
concentration factors of 5 or more.

Copper At 60 ppm in the average crust, copper is a minor element that has
nevertheless come to play a major role in biology in many metabolic enzymes.
(However, to date it has received little attention in origins-of-life scenarios.) A
number of Cu minerals, including native copper and a variety of copper sulfides,
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have been identified as extremely minor phases in meteorites (Hazen and Morrison
2021). In addition, it is plausible that chalcopyrite (CuFeS,) was present during
the Hadean Eon in seafloor hydrothermal systems. Nevertheless, Cu was far more
widespread as a minor element in basaltic glass (average 160 ppm), augite (to
3100 ppm), and magnetite (1600 ppm).

Zinc Zinc plays many roles in biochemistry today, and it has been invoked
in origins-of-life scenarios (see, however, Mulkidjanian 2009; Mulkidjanian and
Galperin 2009). Minerals with essential zinc were probably scarce during the
Hadean, possibly limited to highly localized grains of sphalerite (ZnS). Neverthe-
less, zinc was widely available as a minor constituent of basaltic glass (to 165 ppm),
olivine (330 ppm), augite (110 ppm), and magnetite (725 ppm)—all significantly
enhanced above the crustal average of 70 ppm.

Molybdenum At 1.2 ppm, molybdenum is a rare element in the average crust. In
spite of that scarcity, it plays crucial biological roles as an electron carrier, for
example in nitrogenase, which facilitates reduction of di-nitrogen to ammonium.
Molybdenum minerals have also been invoked by Ziegler et al. (2018), who suggest
that molybdates, such as powellite (CaMoQOy), catalyze critical conformational
changes of carbohydrates. Here the difficulty of resorting to minerals with essential
Mo is especially acute, as Mo minerals would have been vanishingly rare on the
Hadean Earth. For example, decades of meticulous study of meteorites have resulted
in the discovery of a few micron-scale grains of Mo-rich alloys and secondary
molybdates. Reliance on such sparse, submicroscopic phases for essential steps
in life’s origins seems risky, at best. However, as with the other trace elements
noted above, Mo is significantly enriched, to a maximum 9 ppm in basaltic glass,
which blankets much of the ocean floor. Given that ocean floor basalt also holds
phases with significant concentrations of B, P, V, Co, Ni, Cu, and Zn, we suggest
that the innumerable potentially reactive Mo-bearing sites associated with seafloor
volcanism represent the more likely loci for prebiotic reactions.

This observation has important implications for any origin-of-life model that
invokes reactive mineral surface sites. If one requires a catalytic site with B, P, Co,
Mo, or any other scarce element, such sites are many orders of magnitude more
prevalent as dispersed “impurity” atoms at the surfaces of the commonest minerals
compared with the more concentrated atoms of extremely rare, widely dispersed
minerals. While detailed information on all of the trace and minor elements in rock-
forming minerals is not yet widely available, enough data are published to establish
general trends (Table 2.1).

2.4 Conclusions

Understanding the diversity and distribution of Hadean minerals provides an impor-
tant environmental context for studies of life’s geochemical origins. However, lists
of plausible prebiotic mineral species can be misleading, especially when plausible
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prebiotic catalytic roles for relatively rare elements, such as boron, molybdenum,
and phosphorus, are invoked. Minerals of these elements that are relatively rare
on Earth today would have likely been significantly rarer, if present at all, during
Earth’s first 500 million years. Indeed, the total volumes of minerals with all but
the most common 15 or 20 chemical elements would have been trivial in the global
context. This circumstance has led to challenges to what otherwise appear to be
elegant chemical solutions to key steps in life’s origins (Grew et al. 2011).

The ubiquity of rare trace and minor elements in common rock-forming minerals
provides a largely overlooked solution to this dilemma. The most common rock-
forming minerals feature an abundance of potentially reactive surface sites of
varied chemistry and geometry. Not only are there individual molybdate, phosphate,
borate, or any other desired surface sites, but there are also vast numbers of sites
where two or more atoms—boron and phosphorus, or calcium and manganese, for
example—are juxtaposed in various geometries.

%k %k %k

An unresolved debate in origins-of-life research is whether biogenesis is a rare
event limited by finicky reactions and quirky chemistry or, rather, if life is a cosmic
imperative (Monod 1970; Schoffeniels 1976; De Duve 1995; Davies 2016; Hazen
2017). For a time, mineralogical investigations of the Hadean Eon would seem to
have favored the former camp, as many rare chemical elements and their exotic
minerals would seem to have been volumetrically trivial, if not entirely absent, from
Earth’s earliest near-surface environments. However, the realization that the most
common minerals host a rich diversity of reactive surface sites removes at least one
impediment to hypotheses of a robust, deterministic prebiotic chemical milieu.
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Chapter 3 )
The Geological Platform for the Origin Shethie
of Life on Earth

Eva E. Stiieken and Nicholas J. Gardiner

Abstract Resolving the geochemical steps which led to the first living organisms
on Earth is perhaps one of the most challenging tasks in science. A prime reason
for this challenge is that these steps cannot be reproduced on laboratory benchtops;
numerous environmental parameters (including minerals, physicochemical condi-
tions and mixing processes) were present while prebiotic chemistry unfolded, and
these factors undoubtedly played significant roles in the final outcome. In this
chapter, we argue that any proposed chemical pathway that leads to the formation
of a particular biomolecule therefore needs to be placed into the geological context
of the early Earth as a whole, a context which was likely very different from the
modern Earth in ways that we outline. Further advances in origin of life research
will require: (a) identifying key organic synthesis reactions whose requirements can
be met by realistic environmental settings; and (b) identifying utility in geochemical
reactions that are known to occur abundantly in natural environmental settings. This
chapter will show how evidence from Hadean zircons, Archean crustal remnants,
computational geodynamic models and observations of other planets can be used
to reconstruct the hydrologically and volcanically dynamic geological platform on
which prebiotic reaction networks were operating. Within this framework, several
geochemical reactions will be highlighted that were likely common and that may
have contributed productively to life’s origin. Ultimately, this geological vantage
point may help us understand what makes other planets not just habitable but also
suitable for independent biogenesis.
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3.1 Introduction: Life Did Not Emerge in a Beaker

Reconstructing the origin of life on Earth has challenged scientists for centuries.
Even the simplest living cell is composed of myriads of complex molecules with
very specific arrangements and interactions, making it difficult to understand how
organisms capable of metabolism and reproduction emerged from abiotic materials
on the early Earth. Traditionally, origin-of-life research has been driven by organic
chemists who have provided key insights into the properties and functions of
biomolecules. For example, it is now known that all life as we know it shares a
set of essential amino acids and nucleobases which therefore likely date back to
life’s origin. It is also well known that DNA (deoxyribonucleic acid) and RNA
(ribonucleic acid)—the two information-carriers in living cells—contain a specific
set of nucleobases, ribose sugar and a backbone of phosphate ions, and that cell
membranes are made of lipids. Sooner or later, any origin-of-life scenario therefore
needs to lead to the formation of these basic constituents.

More recently, with the discovery of exoplanets and potentially habitable con-
ditions on other celestial bodies in our solar system, the origin of life has moved
into the focus of planetary science. It is likely that certain microbial organisms, in
particular extremophiles, would be capable of surviving in the deep oceans of the
moons Europa or Enceladus (Chyba 2000; McKay et al. 2014; Glein et al. 2015)
or in crater lakes on early Mars (Grotzinger et al. 2014), but this recognition has
brought with it the question of which properties a planetary body needs to have
for an independent origin of life. The ability of a planet to support life (habitability)
does not necessarily imply that this planet can also enable biogenesis. Further, it may
be possible to create genomes artificially within an organic chemistry lab (Gibson
et al. 2010), but that does not mean that we have uncovered the processes that led
to our own origin on the early Earth. The organic chemical reactions that lead to
the formation and assembly of key biomolecules must be embedded in a plausible
planetary environment.

Although this requirement may be seen as a limitation to organic synthesis
reactions, which are most easily carried out and understood under well-defined
conditions, it also provides an opportunity, because no organic chemistry laboratory
can ever be as diverse as the natural laboratory of the Earth. Environmental
conditions where organic molecules and other key ingredients for life can persist
range from the interior of the crust to the upper reaches of the atmosphere.
Numerous gradients in temperature, pressure, pH, salinity, composition, irradiation
and water activity create a nearly infinite number of niches that may each have
nurtured very distinct prebiotic reactions, and mixing processes exist that exchange
products and reactants between these niches. We know that life managed to emerge
from this milieu and persist for billions of years, and it is conceivable that such
environmental diversity was in fact an essential requirement for our own success
(Stiieken et al. 2013). It is therefore important to place the origin of life within this
global network and consider the possibility that those planetary processes that were
the most dominant within each setting were also the most productive towards the
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emergence of a resilient biosphere. In the following, we will revisit the fundamental
ingredients that were probably needed during biogenesis (Sect. 3.2), review our
understanding of early Earth environments (Sect. 3.3), and conclude with a synthesis
of planetary provisions and prebiotic chemistry.

3.2 A Geologist’s Recipe for Life

Before we interrogate the Earth’s rock record for suitable prebiotic settings, we need
to remind ourselves of the essential processes or properties that we are looking for.
These are defined largely from the vantage point of modern biology, but they are so
fundamental that we regard them as universal requirements:

3.2.1 CHNOPS Sources and Activation Energy for Organic
Synthesis

The major elements of life are carbon, hydrogen, nitrogen, oxygen, phosphorus
and sulphur (CHNOPS). The major forms of these elements in the Earth’s upper
crust and atmosphere today are CO, or CH4 gas or carbonate rock, liquid H,O or
H, gas, N, gas, phosphate minerals, and SO, or H,S gas or dissolved SO42~. As
discussed below (Sect. 3.2), these molecules were probably also the most abundant
CHNOPS species on the early Earth, though in different proportions than today.
Hence prebiotic reactions needed to occur which converted these naturally occurring
inorganic molecules into organic compounds. It remains possible that some organic
matter was brought to Earth by meteorites. For example, carbonaceous chondrites
have been shown to contain amino acids, nucleobases and even sugars which
survived the impact (Pizzarello and Cronin 2000; Callahan et al. 2011; Furukawa
et al. 2019). It is not well known how exactly those molecules were produced within
the meteorite parent body. However, given that appropriate conditions evidently
existed within multiple meteorite parent bodies, it is likely that also on Earth organic
molecules were synthesised abiotically from inorganic reactants. Such synthesis
reactions would have required the reduction of CO;, N, and SO,. These reduction
reactions are thermodynamically feasibly in the presence of H, For example,
CO; and Hj are in chemical disequilibrium with each other and would tend to
form reduced carbon such as CH4 or longer-chain hydrocarbons. However, the
activation energy of these reactions is high (e.g., Lane et al. 2010). The origin of
life therefore probably required not just provisions of the CHNOPS elements but
also large sources of energy to overcome this activation barrier. Activation energy
can therefore be considered a requirement for life in order to convert the most
abundant CHNOPS species that occur in the environment into bioavailable forms.
Plausible sources of energy include short-wave electromagnetic radiation, lightning,
geothermal heat and impact shock, and we will further discuss these below within
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the context of the early Earth (Sects. 3.3 and 3.4). These energy sources likely led
to the production of a range of organic molecules including formaldehyde, cyanide,
simple amino acids, some nucleobases, and hydrocarbons (e.g., Miller and Urey
1959; McCollom and Seewald 2007; Cleaves 2008; Tian et al. 2011).

3.2.2 Polymerisation

Chemical synthesis of organic molecules produces monomers, which needed to be
joined into polymers or into more complex monomeric compounds. One example of
polymerisation is the formation of peptides from amino acids, which are important
building blocks of enzymes in living cells. Reactions between amino acids involve
the loss of H,O, which supports the idea that at least some polymerisation reactions
and other synthesis reactions may have proceeded in dry conditions, perhaps on
the surfaces of clay minerals (Ferris 2006; Becker et al. 2018). Clays have been
shown to bind nucleobases by adsorption and could have acted as templates for the
formation of RNA precursors. Similarly, it has been shown that borate minerals can
catalyse the formation of ribose sugar from formaldehyde under alkaline conditions
(Ricardo et al. 2004). However, polymerisation has also been documented from
experiments mimicking deep-sea hydrothermal vents where it may be templated
by sulphide minerals (Burcar et al. 2015). The greatest challenge in polymerisation
reactions, which has to our knowledge not yet been resolved, is selectivity of specific
monomers from a diverse mixture. As discussed below, envisioning the origin of life
in a global context may help overcome this problem, because it would allow for the
formation of different monomers and polymers in different settings.

3.2.3 Encapsulation

All life as we know it is encapsulated within a cell membrane. Although cell
sizes of extant organisms range over several orders of magnitude, some form of
encapsulation is probably required to maintain all interacting biomolecules within
close proximity to each other and to protect the cellular machinery from external
influences, such as changes in pH or salinity. Cell membranes are made of lipids,
and because of their hydrophobic nature, these can arrange spontaneously into
vesicles, if they are suspended in freshwater (Black et al. 2013; Deamer 2017). In
saline media, the spontaneous vesicular organisation breaks down, but some form of
coagulation is still possible (Black et al. 2013). An alternative to encapsulation that
has been proposed for the prebiotic world is an organic coating of mineral surfaces
in the ocean that was perhaps created from such coagulated lipids and sugars. Such
a ‘ribofilm’ (Baross and Martin 2015) could effectively have acted as a capsule for
mineral-bound synthesis reactions. Both vesicles and fragments of organic films
could have acted as transport agents for organic material. In fact, if vesicles and/or
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‘ribofilms’ were created abiotically on the early Earth, then it is likely that they
were exchanged between environmental settings. Their presence therefore needs to
be considered in any origin-of-life model.

3.2.4 Redox Gradients and Mineral Catalysis

Replication and metabolism are two defining characteristics of life, and they can be
related to each other through the equation AG = AH — TAS (Schoepp-Cothenet et
al. 2012). Here AS (entropy) is a quantification of the number of different ways the
energy can be distributed within a system and therefore the inverse of cellular and
genomic organisation that are created during replication. AS is therefore negative.
AH (enthalpy) is the energy that is either released or absorbed during metabolic
reactions, such as the energy that humans gain from the reaction between inhaled
O, and consumed organic carbon. AG can be thought of as the progression of life.
Thermodynamics dictates that a reaction is favourable, i.e. that life progresses, if
AG < 0. In other words, replication (i.e. the creation of negative entropy AS < 0)
is for the most part (with a small temperature (T) dependence) only possible if it is
counterbalanced by a negative change in entropy (AH < 0). Life therefore depends
strictly on metabolic reactions that are exergonic, i.e. energy-releasing. All life as
we know it uses exergonic redox reactions where an oxidant and a reductant react
with each other, and the energy that is released in the process is channelled into the
production of new molecular bonds. Replication is thus driven by electrochemical
(redox) energy, using redox couples provided by the environment. Importantly,
many of these redox reactions require catalysts (enzymes) to proceed. This makes
sense, because if the metabolites were reacting spontaneously in the environment,
the flow of energy released during the reaction would be much more difficult
to control. Many of these catalysts frequently contain transition metals in their
structure, because metals are ideal for the rapid exchange of electrons and ligands
(Da Silva and Williams 2001). Some of these enzymatic metal clusters resemble
minerals that also form abiotically in some surface environments, in particular
around hydrothermal vents (Cody 2004; Russell and Martin 2004). Fundamentally,
life can thus be thought of as a catalytic machinery that is built around metallic
centres. The ubiquity of this machinery across the tree of life suggests that it is
ancient and an inherent property of our biosphere. Any plausible origin-of-life
scenario therefore needs to include a constant supply of oxidants and reductants
as well as metal catalysts. These components not only help in generating organic
monomers (Sect. 3.2.1), but they would have been essential for the emergence of
autotrophic metabolisms and for the development of other cellular functions.

This list of requirements highlights that the difficulty of envisioning the origin of
life within a single environmental setting. Based on current knowledge, numerous
environmental conditions need to be fulfilled to create the chemical complexity
that defines biology. At the same time, this list illustrates that numerous prebiotic
processes were probably tightly linked to planetary properties. Understanding the
origin of life therefore demands a more thorough understanding of the early Earth.



68 E. E Stiieken and N. J. Gardiner
3.3 What Did the Earth Look Like When Life Emerged?

The Earth has evolved over its 4.56 billion-year-long history, and when exactly
life emerged is not well known, making it difficult to know what state the Earth
was in at the time. However, we can place a minimum age on the origin of life
based on the oldest known biosignatures. The most widely accepted oldest evidence
for life dates back to 3.49 Ga, and it comes from the Dresser Formation in the
Pilbara region of Western Australia. These rocks contain stromatolites—microbially
induced carbonate mounds that are now silicified (Walter et al. 1980)—and they
show isotopic evidence of microbial sulphate reduction (Shen et al. 2001; Ueno et al.
2008). From this point onwards, many sedimentary rocks of low metamorphic grade
from Australia, South Africa and other parts of the world show diverse relics of
microbial life in the form of diagnostic carbon isotope fractionation, stromatolites,
or even microfossils (e.g., Schidlowski 2001; Allwood et al. 2006; Sugitani et al.
2015). Older sedimentary rocks are preserved in Greenland and Canada, and they
have experienced much higher grades of metamorphism and metasomatism. Reports
of biosignatures based on carbon isotope ratios (Mojzsis et al. 1996; Rosing 1999;
Tashiro et al. 2017), stromatolites (Nutman et al. 2016) and microfossils (Dodd et al.
2017) dating back to at least 3.8 Ga are therefore contested (van Zuilen et al. 2002;
Allwood et al. 2018; Whitehouse et al. 2019). In the earlier Hadean, heavy meteorite
bombardment may have inhibited the long-term establishment of a biosphere (Ryder
2003). In the following, we will therefore assume that the origin of life falls around
the time of the Hadean-Archean transition, somewhere between 4.0 and 3.5 Ga.
The rock record that is preserved from this time to inform us about environmental
conditions is very limited, but we can make inferences from slightly younger rocks,
from modern analogues and from computational models.

3.3.1 The Solid Earth

Much of life as we know it resides on continental platforms, including marine
shelves and dry land. While it is conceivable that life could originate in a water
world without exposed land masses, the presence of continents offers a much wider
range of environmental niches and may be crucial for the formation of anhydrous
biopolymers (Sect. 3.2.2). Understanding the tectonic regime of the early Earth is
therefore crucial for identifying plausible settings for prebiotic chemistry. The early
(>3.0 Ga) Earth was a very different planet to today. It was hotter, where higher rates
of internal radiogenic heat production resulted in mantle potential temperatures of
perhaps up to 200 °C above today (Herzberg et al. 2010). A hotter mantle means
higher degrees of mantle melting, resulting in more magnesian and less siliceous
mantle melts (e.g., komatiites), and greater degrees of volcanic activity, which is
the main conduit for planetary heat loss. In the context of the origin of life, intense
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volcanism would have replenished the supplies of atmospheric gases (CO2, SO,
N>) that form the basis of organic matter (Sect. 3.2.1).

The early Earth was geochemically primitive and less differentiated; the emer-
gence of the first, preserved, stable continental crust only occurred during the
Eoarchean (3.6-4.0 Ga), some 600 million years after planetary accretion, and
thus possibly coincided with life’s origins. Archean continental crust is largely of
the tonalite-trondhjemite-granodiorite (TTG) variety, a form of granite which is
compositionally distinct to continental crust produced on the modern Earth. This
compositional difference reflects both a different source and distinct processes of
partial melting, fractionation and crystallization. TTGs were formed via a chain
of partial melting: melting mantle to create mafic crust such as basalt, and then
remelting this (hydrated) mafic crust to create evolved granitic crust. Many TTG
terranes are today associated with Archean cratons, which are underpinned by
a deep, refractory lithospheric root. The simultaneous growth of the overlying
continental crust and the underlying depleted lithosphere potentially allowed Earth’s
early continental lithosphere to remain buoyant and resist being recycled back into
the mantle. However, Earth’s early continental lithosphere was likely rheologi-
cally weaker than modern continental lithosphere due to the elevated geothermal
gradients, and hence less able to support horizontal orogenic (mountain-building)
processes. Instead of the plate tectonic geodynamic paradigm prevalent today, it is
probable that different prevailing geodynamics dominated on the early Earth, most
likely so-called stagnant-lid or “vertical” type tectonics rather than stable subduction
processes (Brown et al. 2020). However, the preserved rock record from the
early Earth is highly fragmentary and has typically undergone extensive reworking
and metamorphism since its initial growth; trace element and radiogenic isotope
geochemistry are thus some of the best approaches to decipher the geodynamic
nature of the early Earth and the potential surficial conditions therein.

3.3.1.1 The Hadean to Eoarchean: The Earliest Fragments

Very little is known about the Earth during the Hadean Eon (4.6—4.0 Ga), the
period immediately after planetary accretion and the ca. 4.5 Ga moon-forming
impact. The known surviving terrestrial fragments from this period are microscopic
(~100 wm) zircon crystals, now found within Neoarchean sandstones of the Jack
Hills and Mount Narryer localities in northern Western Australia, and rare ca.
4.0 Ga evolved components of the Acasta Gneisses and potentially older mafic
components of the Nuvvuagittuq Greenstone belt, both of northern Canada. Zircons
are common accessory minerals in granitic rocks but rare in mafic crust. The Jack
Hills zircons therefore provide an important portal into the nature of Earth’s earliest
crust, and open questions remain whether they represent relic Hadean continental
lithosphere or alternatively highly fractionated mafic melts. U-Pb geochronology of
the Jack Hills grains has proved their antiquity, with a dominant age peak at 4.2 Ga
and contested ages up to 4.4 Ga (reviewed in Harrison 2009). Hafnium isotopic
systematics of the zircons most likely point towards a Hadean Earth surfaced in a
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predominately mafic (anorthositic) crust as a result of a crystallized magma ocean,
such as is found on the Moon, which underwent episodic magmatic reworking
(Kemp et al. 2010). Similarly, the oldest components of the Acasta Gneisses, the
ca. 4.0 Ga Idiwhaa Gneisses, are likely the product of internal differentiation in a
mantle upwell, similar to a modern mid-ocean ridge analogue (Reimink et al. 2016),
and do not represent relic continental lithosphere. Frequent resurfacing of the early
Hadean Earth may have created uninhabitable conditions, meaning that productive
prebiotic reactions probably began only after some degree of mantle cooling.

The oldest preserved stable TTG crust is now found as components of the ca.
3.9 Ga Itsaq Gneiss Complex of south west Greenland (Nutman et al. 1996), and
it remains an open question why essentially no crust appears to have survived
the Hadean-Eoarchean boundary. The Itsaq Gneisses represent relic Archean mid-
crust now exhumed. In contrast, Archean upper crust is now mainly represented
by the Paleoarchean granite-greenstone terranes, such as the East Pilbara Terrane
of Western Australia, and the Barberton Greenstone Belt of southern Africa.
These granite-greenstone terranes are typified by granitic domes some 50-200 km
in diameter, surrounded by steeply-dipping supracrustal sequences (greenstones),
packages of mafic-ultramafic and felsic volcanic rocks and siliciclastic sedimentary
units. Due to their low metamorphic grade and relatively little deformation, coupled
with their exceptional preservation, these analogues of Archean continental near-
surface crust have become highly studied areas for evidence of both the presence
and conditions for the development of earliest life.

3.3.1.2 The 3.5-3.2 Ga East Pilbara Terrane: Geodynamics
and Continental Emergence

The East Pilbara Terrane of the Pilbara Craton, Western Australia is perhaps
the archetypal granite-greenstone terrane. A well-developed “vertical tectonic”
geodynamic model for its Paleoarchean development (Fig. 3.1) describes the growth
of a volcanic plateau over the span of roughly 500 million years through episodic
volcanic resurfacing, likely driven through mantle plume activity (Van Kranendonk
et al. 2007; Smithies et al. 2009). This resurfacing built and thickened a plateau
which in its early form was dominated by successions of mafic-ultramafic crust.
The plateau eventually reached a critical crustal thickness (>50 km) where high
geothermal gradients drove internal partial melting of the buried and hydrated
mafic rocks to form TTG melts. The TTG domes of the East Pilbara Terrane can
be geochemically divided into contemporaneous “High Al” and “Low Al” series
whose trace element characteristics imply simultaneous TTG generation at different
depths of melting (Champion and Smithies 2019), adding support for an infracrustal
melting scenario. The TTG melts were more buoyant than the surrounding mafic
crust, and the terrane developed over time via so-called “sagduction”, where
gravitational instability caused the denser greenstones to sink around rising TTG
melts to form the domes (Johnson et al. 2014), and where repeated pulses of melting
drove overturn events generating composite granitic domal complexes. This process
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thus created the first proto-continents, which may have offered exposed platforms
for the origin of life.

The East Pilbara Terrane has a well-developed dome-and-keel architecture in
which the granite complexes are surrounded by narrow, steeply-dipping arcu-
ate greenstone belts of the ca. 3.53-3.17 Ga Pilbara Supergroup. The Pilbara
Supergroup is a > 15 km-thick autochthonous volcano-sedimentary succession
deposited over at least four cycles, and dominated by metamorphosed volcanic
and sedimentary rocks. Volcanic rocks include komatiites, tholeiitic and enriched
basalts, and felsic (e.g., rhyolitic) units, the latter which can be age-correlated
with the various TTG supersuites (Van Kranendonk et al. 2007). The stratigraphic
successions of the greenstone belts define broadly synclinal structures which young
inwards towards the domes. Evidence for an older, possibly Eoarchean in age, now-
cryptic crustal substrate underlying the East Pilbara Terrane is implied via Hf and
Nd isotopes measured in the Paleoarchean TTGs (Gardiner et al. 2017). These
cryptic crustal substrates may have provided a foundation upon which the plateau
developed. Collectively, these observations paint the picture of a planet with large-
scale volcanic eruptions in the style of oceanic plateaus, perhaps comparable to the
Mesozoic Ontong-Java Plateau in the south Pacific. Horizontal plate tectonics and
tall mountain ranges did probably not exist and cannot be relied upon for origin-of-
life models.

3.3.1.3 Surficial Expressions of an Archean Volcanic Plateau

Although much of the Pilbara Supergroup was deposited under submarine condi-
tions (Van Kranendonk et al. 2007), there is evidence for periods of shallow water
deposition, such as the presence of ripple marks and desiccation cracks, reflecting
intermittent subaerial exposure, and the siliciclastic units in part reflect the erosion
of local TTGs, all implying some degree of continental emergence. The recognition
of an angular unconformity beneath ca. 3.46 Ga sedimentary units of the Strelley
Pool Formation of the Warrawoona Group implies that these units were deposited
on an emergent, rigid and buoyant continental shelf previously eroded (Buick et
al. 1995). The Dresser Formation of the Warrawoona Group yields evidence of
carbonate deposition in shallow, quiet waters, and these are interspersed with coarse
conglomerates, implying rapid facies changes (Van Kranendonk et al. 2008). Thus,
it appears that even early on in its Paleoarchean history, the East Pilbara Terrane was
arelatively stable continental block that experienced degrees of at least intermittent
continental emergence interspersed with shallow marine conditions whilst still being
volcanically and magmatically active. As noted above, the Dresser Formation also
hosts evidence of life back to almost 3.5 Ga, and it is conceivable that this shallow-
water setting in the vicinity of active volcanism was important for organic synthesis
reactions.

The circulation of hydrothermal fluids within the Paleoarchean units of the
Pilbara Supergroup is evident from a variety of hydrothermal-related mineral
deposit types, including Volcanogenic-Hosted Massive Sulfide (VHMS), porphyry,
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epithermal, and chert-barite (Hutson et al. 2019). The felsic units of the Warrawoona
Group are host to some of Earth’s oldest recognized VHMS-type deposits, including
the Big Stubby VHMS deposit of the 3.47 Ga Duffer Formation. The Dresser
Formation of the North Pole Dome consists of lower and upper chert units either side
of a central basalt unit including well-developed pillows. Here, massive barite veins
and lenses are found within the chert layers, notably within the lower North Pole
Chert. The stromatolites that have been described from the Dresser Formation in this
area are interpreted to have formed alongside the barite lenses in a low temperature
(100-75 °C,) near-neutral pH, hot spring environment within a terrestrial caldera
setting (Harris et al. 2009). In summary, the East Pilbara Terrane is perhaps the
type example of Paleoarchean vertical tectonics. Evidence points to pulsed volcanic
resurfacing over the period 3.5-3.2 Ga, with concomitant TTG magmatism, and
the early (3.5 Ga) formation of a stable continental block. This block experienced
intermittent continental emergence leading to its surficial environment experiencing
periodic, but sustained, periods of shallow marine to subaerial emergence, with
evidence for the circulation of warm hydrothermal fluids allowing the development
of habitable conditions in shallow warm ponds.

3.3.2 The Atmospheric Envelope

As noted above, geological evidence suggests that the early Earth was a volcanically
active planet, and this volcanism almost certainly impacted the composition and
density of Earth’s atmosphere. The atmosphere must play an important role in any
origin-of-life scenario for at least two reasons: First, it stabilises planetary climate
and therefore controls habitability, and second it is a large repository of the gaseous
elements (CHNOS) that make up life as we know it.

3.3.2.1 The Composition of Earth’s Atmosphere

Life requires liquid water, but the Sun was about 30% less luminous in the early
Archean compared to today (Gough 1981). Therefore, at the time of life’s origin,
the Earth must have had a sufficiently dense atmosphere with high abundances of
greenhouse gases to maintain a liquid water ocean at the surface. This atmosphere
was probably created by volcanic outgassing and its composition controlled by
that of the upper mantle. Today, the upper mantle contains minor amounts of
Fe’" (in addition to a large reservoir of Fe’>), which may have formed during
core formation and disproportionation of some Fe’>* into Fe’* and Fe® (Frost
and McCammon 2008). The major gases in equilibrium with a mantle of this
composition would likely have been N> and CO, with only trace amounts of CHy
and Hy (Catling and Zahnle 2020). Under the ‘faint young Sun’, three-dimensional
global circulation models suggest that CO; pressures of around 60—-100 mbar were
needed to keep the Earth above the freezing point of liquid water (Charnay et al.
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2013; Wolf and Toon 2013), but these estimates are contingent upon the distribution
of land masses (Rosing et al. 2010) and will therefore require further geological
constraints. Besides higher levels of CO,, also the pressure of N> gas may have
been higher than today (up to 2-3 bars) and contributed to greenhouse warming
by pressure broadening (Goldblatt et al. 2009). This term describes a phenomenon
where collisions between N> and CO; enhance the absorption of infrared radiation
by CO;. On the other hand, strong XUV radiation from the Sun may have eroded
N, from the upper atmosphere and limited the total N, pressure (Lammer et al.
2019). Whether or not N, contributed to greenhouse warming on the early Earth is
therefore unresolved.

While the abundances of the various gases are still debated, it is now widely
accepted that the prebiotic atmosphere was only weakly reducing, i.e. dominated
by Nz and COy, unlike earlier models which assumed an atmosphere dominated
by NH3, CHs and Hy (Miller 1953). Such a reducing atmosphere with free NH3,
CH4 and H would be difficult to reconcile with the inferred composition of Earth’s
upper mantle (Trail et al. 2011). Further, NH3 is rapidly photolyzed under UV
radiation and could therefore not have built up to significant levels (Kuhn and Atreya
1979). Highly reducing conditions may nevertheless have been created locally or
temporarily during impacts (Zahnle et al. 2020). Most asteroids have a much more
reducing composition compared to the Earth’s upper mantle, and this material could
therefore have favoured the temporary production of reduced carbon and nitrogen
species shortly after an impact event. Activation energy from the impact itself may
even have led to the formation of organic matter (Yuto et al. 2020; Zahnle et al.
2020). But outside of this impact scenario, the development of life would likely
have proceeded under an atmosphere dominated by N, and CO».

3.3.2.2 Lightning and Photochemistry

The composition of the atmosphere matters for prebiotic chemistry because it
determines the products of photochemical and lightning-induced reactions. Both
lightning and electromagnetic radiation are energy sources that can help overcome
activation energies for the formation of organic monomers or for creating new
chemical disequilibria (Sect. 3.2). For this reason, the atmosphere has long played
a pivotal role in origin-of-life models. In 1953, Harald Urey and Stanley Miller
applied an electric discharge to a gas mixture of NH3, CH4 and H»S and found
it to generate a suite of organic compounds, including amino acids (Miller 1953).
Subsequent experiments with gas mixtures of No and CO; that more closely capture
our modern understanding of the early atmosphere were less productive (Cleaves et
al. 2008), but still small amounts of amino acids were produced. Rainout of these
reaction products onto land surfaces and into the surface ocean could therefore
have been an important ingredient for life’s origin. Other minor products of
lightning reactions would have been nitrogen oxides (Navarro-Gonzélez et al. 1998),
which could have acted as a strong oxidizing agent in proto-metabolic reactions.
Indeed,