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Phosphorus (P) is critical to modern biochemical functions and can control

ecosystem growth. It was presumably important as areagent in prebiotic
chemistry. However, on the early Earth, P sources may have consisted
primarily of poorly soluble calcium phosphates, which may have rendered
phosphate as aminimally available nutrient or reagent if these minerals were
the sole source. Here, we review aqueous P availability on the early Earth
(>2.5Gyr ago), considering both mineral sources and geochemical sinks
relevant toits solvation, and activation by abiotic and biological pathways.

Phosphorus on Earth’s early surface would have been present as a mixture of
phosphate minerals, as aminor elementin silicate minerals, and in reactive,
reduced phases from accreted dust, meteorites and asteroids. These P
sources would have weathered and plausibly furnished the prebiotic Earth
with abundant and potentially reactive P. After the origin of a biosphere, life
evolved to draw on not just reactive available P sources, but also insoluble
and unreactive sources. The rise of an ecosystem dependent on this element
atsome point forged a P-limited biosphere, with evolutionary stress forcing
the efficient extraction and recycling of P from both abiotic and biotic
sources and sinks.

Phosphorus (P) is a critical element for biological systems. Phos-
phorylated organic molecules act as metabolic energy carriers; a
sugar-phosphate backbone stabilizes nucleic acids; and phospholipid
head groups enhance the hydrophilicity of cellular membranes'. P
has chemical properties that give it this unique placein biochemistry.
The small inorganic oxyanion orthophosphate (PO,*; P;) is capable
of forming an ester bridge between two organic OH groups, whichin
nucleicacids maintains anegative charge that limits hydrolysis (more
so for DNA than RNA). The phosphodiester bond hence allows for the
persistence of nucleic acids for longer than would be expected under
ambient and abiotic conditions (in the case of DNA, for millennia)’.

Inaddition to amajor role in nucleicacids, PO,> moieties polym-
erize by condensation to form pyrophosphate (P,0,*) and polyphos-
phate, which are uniquely suited to serve as a metabolic energy store
in modern biology as part of nucleotide triphosphates. The P-O-P
bonds that connect the three -PO,- moieties in adenosine triphos-
phate (ATP) and other nucleotide triphosphates may also be present as
inorganic polyphosphate’, and together nucleotide triphosphates and
polyphosphate are widespread as universal energy-storage molecules
across all life on Earth. The hydrolysis of P-O-P bonds releases about
20-40 kJ mol™, which closely corresponds to the energy required
to synthesize new molecules and represents a discrete quantum for
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intracellular energy conversion*. Nucleotide triphosphates are the
predominant energy carriersin cells, and they are simultaneously the
precursors for the biosynthesis of the aforementioned nucleic acid
information carriers.

The many critical roles P plays in biochemistry suggest that the
molecules of life most probably incorporated this element during the
early stages of prebiotic chemistry®. From a geochemical perspective,
phosphateis the most abundant and stable molecular constituent that
supports these biochemical processes®. Indeed, P may be the only ele-
ment capable of performing all these tasks in modern biochemistry,
henceits presence may have been critical for the development of life on
Earth®. Arguments for life without P focus onadeep metabolic core’ or
onalternative nucleicacids®, yet many prebiotic chemistry experiments
relyonP;duetoitsgreat utility asa catalyst and as a pH buffer. However,
such reliance on P; has long represented a challenge to the prebiotic
plausibility of proposed reaction schemes in origin-of-life scenarios.

Inorganic P,generally is poorly reactive towards organic molecules
in the absence of enzymes’. This challenge is compounded by poor
solubility of P;in naturally occurring surface waters. Common divalent
cations (for example, Fe, Mg, Ca) limit P; solubility at near-neutral pH,
driving the precipitation of phosphate minerals that cap maximum
P concentrations in solution'’. Meanwhile, alternatives to P,—such as
theion phosphite (HP**0,>")—are thermodynamically unstable under
modern Earth’s surface conditions and require highly reducing condi-
tions (Supplementary Fig. 1), but still may have been formed on the
early Earth" ", Additionally, unlike the other major elements involved
inbiogenesis—carbon, hydrogen, oxygen, nitrogen and sulfur—which
allbear asubstantial volatile phase, the gaseous phase of Pisnot stable
under ambient conditions (Supplementary Fig. 1). As such, P in life
ultimately had to derive from mineral phases™.

Here, we review and evaluate how the geochemical conditions of
the early Earth (defined as prior to the rise of abundant atmospheric
oxygen 2.5 Gyr ago (Ga); covering the Hadean eon from 4.55t0 4.0 Ga
and Archaean eonfrom4.0 to2.5Ga) may have been conducive to mak-
ing Pmore available (acting as either areagent in prebiotic chemistry
oranutrientfor life), and how the evolution of nascent biosphere may
have affected early P cycling.

Theinventory of Pon the early Earth

Today, terrestrial P is distributed between surface and deep reser-
voirs (Fig.1). Several large geological events dramatically shaped this
present-day distribution, as well as P availability on the early Earth.
Considering P’s moderate volatile behaviour during the condensa-
tion®, the total global P reservoir built up rapidly (over ~10 Myr'®) to
nearly modern levels following the accretionary formation of the Earth
(Fig.1b). After the moon-forming impact, core-mantle differentiation
at >4.4 Garesulted in large-scale redistribution of terrestrial P from
the bulk silicate Earth to the core along with the segregation of iron
and nickel (Fig. 1b), due to the siderophile behaviour of P at high tem-
perature and pressure'”’®, Given the overall higher P content in mete-
orites (-1,000 ppm*, evenin chondrites) than early (ultra)mafic crust
(-30 ppm"), alate veneer of material then could have added a substan-
tialamount of P to the Earth’s surface, probably as amix of phosphates
and phosphides such as schreibersite.

Compositionally and rheologically distinct crustal rock probably
began forming in the early Hadean (<4.4 Ga)”. The composition, tec-
tonic mode and volume of this crust is debated”. However, evidence
for extensive mantle depletion by the early Archaean implies that a
voluminous and enriched crustal component—comparable in bulk
compositiontothe modern crust—developed relatively earlyin Earth’s
history®. If continental crust grew to near-modern levels rapidly then
the P concentration of average upper crust may have increased 1.5- to
2-fold by the start of the Archaean eon” (Fig. 1b).

The continental crustal P reservoir is commonly assumed to be
dominated by the phosphate mineral apatite (Cas(PO,),(OH,CI,F))*.

However, stark differences in P mineralogy are found between Earth’s
mafic and felsic rocks”. Much of Earth’s P in the oceanic crust and
mantleis hosted by maficsilicates (for example, olivine, (Mg,Fe),SiO,,
volcanicglass,~30-100 ppm butin amuch more widespread material),
rather thaninthe form of apatite” . The evolution of the global crust
towards more felsic compositions over time?*=? hence implicates a
corresponding secular evolution of crustal P mineralogy” (Fig. 1c).

Amuch smaller but pivotal Pinventory for life’s origin and evolu-
tion was the hydrosphere. Zirconrecords and modelling efforts suggest
oceans formed in the early Hadean®-*%. The dissolution of P liberated
from crustal rocks and extraterrestrial impactors would have shaped
the global availability of P for prebiotic chemistry, and then for life,
across the Hadean eon. The final and most notable repartitioning
of terrestrial P occurred during the origin and rise of life, probably
in the late Hadean or early Archaean®, which would have resulted in
hydrospheric P entering the biosphere. Biospheric Pwould have been
primarily bound in organic molecules. This organic P reservoir was
probably much smaller than modern P in the biosphere in absolute
quantity, given that total primary productivity has been estimated at
1-10% of the modern level'>**,

In summary, the total P inventory of the Earth quickly grew to a
modernlevel after Earth’s formation, being redistributed into different
reservoirs during major geological events on the Earth. P availability
for prebiotic chemistry during the rise of minor—yet prebiotically
crucial—surficial Preservoirs, such as the hydrosphere, remains poorly
constrained.

Pinprebiotic chemistry
Pinaprebiotic context wouldbe availableiifit was reactive and/or solu-
ble, and ultimately capable of becoming incorporated into prebiotic
molecules (Fig. 2). High P, concentrations may promote the forma-
tion of organophosphates with phosphate as a substrate®. This style
of phosphorylation chemistry employs concentration-dependent
processes to drive formation of organophosphates. In the above
cases, driving phosphorylation via concentrating P; requires sub-
stantial (~100 mM) phosphate concentrations to produce small
quantities of organophosphate’. Prebiotic P availability may also
have been enhanced by conversion into inherently chemically reac-
tive forms, capable of generating prebiotic phosphorylated organic
compounds (Fig. 2a-d). For example, the reactions of P; with nitriles
leads to acylated organophosphates®®, and the reaction of P, with imi-
dazole and cyanate leads to an activated phosphoamidate that can
phosphorylate simple organics® (Fig. 2d). In both systems, the reac-
tivity of an organic compound towards P; in water affords a second-
ary, more reactive P compound that then phosphorylates an organic
substrate.

Reactive, reduced-oxidation-state P was delivered by impacts.
The late veneer of extraterrestrial material accreted by Earth after
core formation delivered some quantity of this material to surface
environments®®, which would have been supplemented by terrestrial
P-reduction pathways'%. This reduced P material would have also
included some amount of organic phosphonates® with a C-P bond,
identified in the carbonaceous meteorite Murchison*. If the late veneer
was dominated by carbonaceous material*, then phosphonates would
have been a substantial constituent of Earth’s early Pinventory.

Forexample, thereaction of schreibersite withammonium hydrox-
ide in water generates amidophosphates such as diamidophosphate
and monoamidophosphate*, both of which have been demonstrated
to phosphorylate organic compounds, leading to polymers*. These
reactions generate reactive Pcompounds through coupling their pro-
ductionwith the oxidation and hydrolysis of schreibersite. If active on
alargescale, these reduced P minerals could have provided areactive
source of P for prebiotic chemistry.

Pyrophosphate, triphosphate and cyclic phosphates are known
to occur as minerals***®, and are produced via some geochemical
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Fig.1/|Modernand ancient Pinventories of the Earth. a, Distribution of Pin the
Earth today. Inside the black dashed line, a schematic cross-section of Earth (not
toscale) is shown (colour-coded). Outside the black dashed line, the percentage
contribution to Earth’s total P reservoir by each layer is shown to scale (width).

b, Semi-quantitative reservoir partitioning of P on Earth over time, with key

Time (Ga)

events illustrated”°°. ¢, End-member scenarios for fraction of total crustal P as
apatite over time (remainder as silicate). The displayed evolution histories reflect
arelative sequence of major geological events as there are still large uncertainties
for their absolute ages.
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Fig.2|Prebiotic versus biotic P availability. Prebiotically available Pis that
which canbeincorporated into and actively partook in prebiotic chemistry,
thatis, solubilized and reactive. a-d, P; (@), moderately reactive phosphite (b),
including organic phosphonates (where H- is replaced by R-); and highly reactive
cyclic trimetaphosphate (c) can all convert to organics containing P (d), for
example, phosphoamidate. e, Transition to nutrient-type regime of P availability,
where enzymatic organophosphate degradation makes inorganic P;available,
enzyme-mediated phosphate uptake makes P; a limiting nutrient and recycling
pathways'” alongside alternative P utilization mechanisms® operate to sustain
the biosphere. Dashed path from the box labelled with iron-bound and organics
denotes limited recycling from this P reservoir.

reactions®®. These materials, especially the cyclic form of triphos-
phate, have been demonstrated to act as phosphorylation reagents
and lead to the production of higher-order organics**%, such as

RNA*. Although a widespread source of polyphosphates is not yet
clear, the oxidation of reduced P compounds may produce these
molecules™.

The above phases highlight many routes to make P available for
theorigin of life. Broadly, these can be generalized into the following:
(1) enhancing the solubility and steady-state concentration of P;to push
reactions towards phosphorylated biomolecules; (2) forming reactive
organophosphates that then react with organics to form lower-energy
organic biomolecules; and (3) supplying reduced P compounds that
then react with oxidants and organics to form biomolecules (Fig. 2).
The steady-state supply of this range of otherwise ephemeral* abiotic
alternative Psources (for example, amidophosphates, polyphosphates,
activated organophosphates) may have persisted for some amount of
time (1Gyr) duetothe continued arrival of reactive Pfromimpacts and
other geologic events*®*, even after the origin of life.

Cellular cycling of P

Inabiological context, available P canbe thought of in terms of nutrient
availability: the abundance of soluble P (including P,and sometimes
reduced species®?, and probably without any relevant substitution of
other elements or molecules) that is accessible to living cells. Rather
thanits ability to react extracellularly (asis the case for prebiotic P avail-
ability), Pavailability inliving systems is dependent on the acquisition
of Panditsintracellular utilization, coupled to the long-term environ-
mental cycling and balancing of P sources and removal by minerals.
This is constrained by the following: (1) P speciation; (2) solubility;
(3) enzymaticactivity and specificity; and/or (4) chelators thatincrease
P release from minerals (Fig. 3).
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Soluble P,

Fig. 3| Cellular acquisition of various P species. Two concentric circles
represent the inner membrane (IM) and outer membrane (OM), and demonstrate
the modes by which cells acquire their intracellular P; pool (red), where
R-implies an organicradical such asasugar or methyl group. a-k, Shaded
regions highlight the mechanisms associated with different P species: yellow,
soluble P; (a); blue, mineral phosphates (for example, ammonium phosphate;

b); grey, organophosphates where ‘R’ represents a carbon substrate bound to

P, viaan ester linkage (c); purple, phosphonates where ‘R’ represents a carbon
substrate covalently bound to the P atom of phosphite (d,e); light orange,
hypophosphite (f,g); dark orange, phosphite (h-k). Panel labels represent the
enzymes responsible for mediating P acquisition and transformations as follows:
P;transporters (for example, the inorganic phosphate transporter system or

the phosphate specific transporter) acquire soluble P from the environment'%>

[NH,"1,[PO,*]

that are environmentally dependent'®® (a); acidification of the environment
solubilizes mineral-bound phosphates (for example ATPase-mediated proton
translocation; b)'°*; organophosphate esters are hydrolysed to P;and an

alcohol (for example extracellular bacterial alkaline phosphatase; ¢)°°; an ATP-
dependent transporter internalizes phosphonates (d), which are transformed to
P,and ahydrocarbon (for example, C-P lyase; €)**; an ATP-dependent transporter
(thatis, HtxBCD) internalizes hypophosphite (f), which is oxidized to phosphite
(thatis, HtxA, which utilizes 2-oxoglutarate and oxygen as co-substrates in the
presence of ferrous iron; not depicted; g)*’; an ATP-dependent transporter (that
is, PtxABC) internalizes phosphite (h), whichis oxidized to P; while generating
NADH (that is, PtxDE; j)*; a phosphite-phosphate antiporter (that is, PtdC)
internalizes phosphite (i), which is then oxidized to P, while generating NADH and
ATP (that is, Ptx-Ptd gene cluster; k)*2. ADP, adenosine diphosphate.

Inorganic P (P)) is also the most bioavailable form of P, as it is
immediately available for enzymatic reactions without prerequisite
chemical modification. In contrast, direct cellular uptake of organic P
(Org-P)israre: only sugar phosphates have been shown to be directly
utilized without hydrolysis at high levels of Org-P**. In modern envi-
ronments, concentrations of P; frequently limit growth> due to high
biological demand coupled with low environmental concentrations*®
that result from the low solubility of common phosphate minerals such
as apatite, adsorption of P; by iron and manganese hydroxyoxides,
and/or its co-precipitation with carbonates®. Consequently, life has
evolved adaptationsto acquire P from the environment (Fig. 3). Many
organisms produce enzymes that allow for the utilization of alternative
P species by hydrolytic release of P, from organophosphorus com-
pounds (for example, phosphoesters, phosphonates) and condensed
phosphates (for example, polyphosphate, pyrophosphate). The best
known and most widely studied of these ‘phosphate-scavenging’
enzymes, alkaline phosphatase, is a non-specific phosphohydrolase

capable of liberating P; from organophosphate monoesters as
well as inorganic phosphoanhydride structures (for example,
pyrophosphate) and even phosphite®®, and is widespread among
bacteria®*°.

Rather thanscavenging for P,, some organisms, such as the preva-
lent marine N-fixing bacterium Trichodesmium, can utilize highly recal-
citrantorganophosphonates, eveninthe presence of more bioavailable
phosphoesters®. Organisms may also use the inorganic phosphonate,
phosphite (HPO,>, +3 valence), as a sole source of P for growth®. The
utilization of phosphite as a nutrient source is termed assimilatory
phosphite oxidation (APO), where HPO,?" is oxidized to PO,>", and sub-
sequently incorporated into cell mass®>*2, APO has been observed for
decades® in bacteriaisolated from natural soils, waters and industrial
samples (for example, wastewater)****. Based on genomic analysis>’,
~1.5% of bacteria are capable of performing APO, and the utilization
of HPO,* as a P source may provide organisms with a selective advan-
tage in P-limiting environments, as HPO,? is a thousand times more
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role in determining final P availability. b, After the origin of life, biological sinks
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transition may have happened early, if P availability was low, but may have

taken 1-3 Gyr if P availability was initially high, although 3.2-Gyr-old Barberton
greenstone belt rocks suggest a biologically active ocean'®. This upwelling might
have become stronger with the large-scale emergence of land at the middle to
late Archaean.

soluble than P;, and its enzymatic oxidation yields energy that can be
harnessed by the cell®*.

In2000, Desulfotignum phosphitoxidans FiPS-3 wasisolated from
anoxic marine mud and represented the first bacterium capable of
dissimilatory phosphite oxidation (DPO)®*. Organisms performing
DPO can utilize HPO,> as the sole electron donor and energy source,
coupling its oxidation to cellular growth and replication. A second
DPO species, Candidatus (Ca.) Phosphitivorax anaerolimi Phox-21
was later identified in wastewater through 16S rRNA gene sequenc-
ing and genome-resolved metagenomics®. More recent comprehen-
sive metagenomic enrichment studies have identified 21 additional
DPO strains from diverse anaerobic environments that are wide-
spread across the tree of life, spanning gram-positive (monoderm)
and gram-negative (diderm) bacteria®. The newly identified, broad

phylogenetic diversity of DPO organisms was recently validated via the
cultivation of the monoderm Phosphitispora fastidiosa, which repre-
sents the second existing DPO isolate®”. The emerging recognition of
the prevalence of DPO microorganisms suggests life impacts P redox
cycling, as demonstrated by the fact that the concentration of HPO,>
used for growth of FiPS-3is a hundred times higher than that required
for utilization of HPO,> as a P source, suggesting that environmental
DPO might also release comparatively large amounts of PO,> to the
environmentinlocations where phosphite concentrations are elevated.

The ability of life to use P sources beyond P, (for example, phos-
phite, organophosphorus compounds; Fig. 3) is either a product
of a more recent evolutionary step to scavenge this vital element
from various existing trace sources, or it could be a relic of an early
environment where such alternative sources were more prevalent.
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Fig. 5| Simplified model of marine P;availability. All results are plotted as
afunction of biosphere size versus modern (K;,,). a, Fixed abiotic P burial
efficiency (K, =107°) with variable extent of biomass P recycling (Ky; when K is
equaltol, all biologically buried P is recycled by life back into the water column).
P weathering flux is fixed at modern level. b, No biomass P recycling. Variable P
weathering flux is relative to modern. ¢, No biomass P recycling. P weathering flux

(Kp.wearn) is fixed at modern level. Variable efficiency of abiotic P sinks (K ,;,)- These
results are broadly consistent with ref. 106 wherein life has caused P to be scarce
insurface environments. Dashed lines roughly demarcate inorganic phosphate
concentration regimes, as set by P mineral precipitation ceilings'>**'””, and are

not fully clear as these are dependent on pH, hence these are noted witha ‘?".

By mapping the phylogenetic diversity of DPO to geological timescales,
itwas suggested that DPO organisms evolved prior to therise of atmos-
pheric 0, (>2.5Ga), supporting hypotheses that reduced P species were
available on early Earth and could have supported the emergence of
life®. Furthermore, given that some of these compounds are believed
to be feedstock molecules for prebiotic chemistry (for example, the
polyphosphates, phosphite, organophosphorus compounds), the cur-
rentusage representsacarry-over fromatime when P species beyond
P,were more prevalent seems a reasonable proposal.

Geological constraints on early P, availability

The low solubility of common phosphate minerals during weathering
hasbeensuggested to present aninherently limiting factor for prebiotic
chemistry®®. We may gain insight into the extent that P mineral solu-
bility during weathering and/or other factors were truly problematic
for prebiotic chemistry by evaluating geological evidence for P, avail-
ability in seawater over time. Water column P; availability is in principle
recorded by P mineral speciationand abundance in sedimentary rocks,
representing the balance over time of P recycling pathways, sources
and sinks (abiotic and biological; Fig. 4).

While still controversial, the oldest rocks preserved at Earth’s
surface do not appear to pre-date the origin of life. Therefore, we prob-
ably cannotgainadirectinsightintotheP cycle of prebiotic Earthfrom
geological observations of ancient rocks. However, the nature of the
early biogeochemical P cycle may offer indirectinsights. For example,
widespread P; scarcity versus abundance in early oceans would have
very different implications for our expectations for P, availability on
prebiotic Earth. The difficulty of making such an inference is that the
P cycleis interlinked with many aspects of the Earth system, and that
many of those crucial parameters remain uncertain for early Earth
(Fig. 4a)®. To unpick these relationships, we ground the remainder of
this Review with asimple model for steady-state closed-system P, con-
centrationsinaqueous environments (Fig. 5; detailsin Supplementary
Information). Initial values for each parameter in the model—weath-
ering input’®, burial rate by biologic processes, burial rate by abiotic
processes and recycling from biomass’—are based on estimates of
themodernP cycle.

Recycling pathways

Lifeis capable of recycling P back into the water column during organic
matter remineralization, extending the oceanic residence time of P
before its eventual long-term deposition within sediments (Fig. 4b)”.
Indeed, freshly weathered P represents a small fraction of all P that is
consumed by life each year in support of primary production’. This
behaviour is explored in Fig. 5a, where recycling >99% of all P buried
by biology results in an average ocean P, concentration comparable
to that observed today”. The capacity of life to recycle P from sinking
biomassis thought to haveincreased as afunction of oxidant availabil-
ity in marine environments (Fig. 6). On the anoxic early Earth, all else
being equal, steady-state P, concentrations may therefore have been
correspondingly lower than today (Fig. 5a). However, a competing
effect arises from biosphere activity which, if also lower, would have
yielded correspondingly elevated steady-state P,concentrations. This
is especially true for prebiotic Earth, where recycling and organic P
burial should in effect have beeninoperable (K = 0 and K,,, = -0, where
Kisthefraction between 0 and 1 of the material cycling into a specific
reservoir, for instance the amount of P that is recycled from biomass
inFig.5a), leadingto (initial) P;availability being determined solely by
abiotic P sources and sinks.

Sources

Today, essentially all freshly weathered crustal P derives from emergent
land. Thereis stilldebate about the history of continental emergence,
but there was substantial land above sea level by the middle to late
Archaean’”. Under a high partial pressure of CO, (pCO,) atmosphere’,
large amounts of P from continental weathering would have afforded
P, concentrations close to today'>” (Fig. 5b). In addition, early conti-
nents may have been more mafic and therefore contained a higher
fraction of P asaminor elementinsilicates (Fig. 1c). Apart from conti-
nental weathering, there is growing evidence for seafloor weathering
(for example, of basalt) serving as a P source in the early seawater as
opposed to representing a major sink, as is true for contemporary
oceans’®”’. Moreover, highly reactive iron phosphide phases delivered
by impactors would have dissolved rapidly®’, although work remains
to be done quantifying these fluxes at early Earth conditions. Hence,
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depending on whether secondary mineral sinks inhibited seafloor P
weathering, the scale of emergent land and the nature of the early C
cycle, steady-state P;availability may have differed strongly compared
with modern (Figs. 5b and 6c¢).

Sinks

The third variable in determining P; availability is the efficiency of P
sinks. This includes Org-P sinks, wherein the rise of a productive bio-
sphere (K,,,; Fig. 5a-c)—orindeed efficient prebiotic chemistry—canbe
expected to reduce P; availability by many orders of magnitude if not
offset by Precycling (Ky). Abiotic sinks today represent a great deal of
permanently buried P, yet also alow percentage of initially buried P,
Varying the efficiency of abiotic sinks therefore has greatest impact
when biological activity is limited or absent. In a prebiotic context,
without P recycling, only with extremely inefficient abiotic P sinks can
high P;availability (greater than millimolar scale) be achieved (Fig.5c).

Itisinformative inthis context to consider the geological evidence
for and against the operation of different abiotic marine P sinks over
Earth’s history (Fig. 6e). A classic scenario is P sorption by iron oxy-
hydroxides in the water column®, rendering less P available to life.
Low contents of P-associated iron oxide phases in Fe-rich Archaean
marine sediments (that is, banded iron formations® and shales®?)
have been considered strong support for this scenario®**. However,
recent evidence suggests these phases many not be authigenic but
instead the products of diagenesis**—therefore possibly irrelevant to
the oceanic P cycle®™. If so, P extraction from the water column may only
have happened where P concentrations were high enough to trigger
precipitation of minerals in which P is a stoichiometric constituent
(Fig. 6e). Of these, the most widely studied are carbonate fluorapatite
(CFA; Cays(PO,,CO,);F) and vivianite (Fe,(PO,), 8H,0), both of which
are observed to precipitate as authigenic phases in some modern
Earth settings.

Today, seafloor weathering produces abundant secondary miner-
als,and Pislargely sorbed toiron oxide alteration products™’> during
basalticalterationin Earth’s oceans. Itis possible that early ferruginous
conditions resulted in vivianite precipitation in the water column or
during seafloor weathering'®®.If so, widespread vivianite precipitation
would have throttled P supply to the oceans that would otherwise have
been competitive with or larger than the coeval continental riverine
P weathering flux, limiting P; availability to around 0.1 uM (Fig. 6e).

Achallengeto this scenariois that thermodynamic considerations
suggest vivianite may be much more soluble in the Si-rich oceans of
early Earth than in modern analogue ferruginous basins®. Solubility
experiments also reported high solubilities of vivianite in the presence
of high Fe(ll), for example, 10 to 10°M dissolved P;at 10* to 10°M
Fe(ll), respectively, due to the aqueous complexation of Fe(I)-P;.
Observations of ancient sediment reveal apparently primary pre-
cipitates of CFA® and elevated P/Caratiosin Archaean carbonates that
were proposed to reflect relatively P-rich ocean water®. In sum, these
recent observations hint that ocean P; availability may instead have
been CFA-limited, ataround 100 pM (Fig. 6e)*°°, though changing pH,
[Ca®*]and alkalinity could have given rise to increases in P/Ca without
achange in phosphate’. Disparate scenarios for early P, availability
converge towards the present, where biological P recycling coupled

to high Pdemand from primary productivity became unambiguously
importantin setting overall marine P;availability (Fig. 6e).

Availability of P,on prebiotic Earth

Geological evidence suggests that marine P; availability would have
been capped, even in the most optimistic prebiotic scenarios (high
P weathering fluxes, minimally efficient P sinks), at around 100 pM
(Fig. 5c). This is within the relevant range for at least some prebiotic P
pathways**, but orders of magnitude lower than that required by many
others (100 mM)®. In order to achieve high P; availability (100 mM),
the chemical composition of the system must itself differ strongly
from that of bulk modern and/or (estimated) early seawater. This is
plausible for a variety of carbonate-rich closed basins, whereby evap-
orative concentration can result in progressive evolution towards
divalent-cation-poor®? or organic-rich® compositions and thereby
favour high saturation ceilings, for example, for CFA. Provided that
other abiotic P sinks (for example, iron oxides) are inefficient and sup-
ply of Pis rapid (for example, ultraviolet (UV) radiation of phosphite
forming P;*® or elevated apatite weathering at high pCO,”’; Fig. 6a—c)
in these same closed-system basins, exceptionally high P; availability
may be achieved. Success may also been obtained at small scales by
exploring environmental forcing processes that temporarily generate
P over-enrichments on small spatial scales, such as fully drying envi-
ronments in evaporating ponds®**, at mineral-water interfaces’*”, at
air-water interfaces’ and at protocell-water interfaces®.

The availability of P; for the origin of life therefore depended
strongly on global parameters, such as atmospheric composition,
high-energy processes (UV radiation, lightning and volcanic activ-
ity), impactor bombardment rate and average crustal composition
(Figs. 4 and 6). These global parameters principally influenced P
sources. At the same time, local processes such as basin water column
composition, evaporationrate and mineral-interface behaviour acted
to determine the efficiency of P sinks. Before the rise of a biosphere,
and especially in closed-system aqueous environments, it is possible
to envisage multiple scenarios where the balance of P sources to sinks
resulted in high P, availability. However, the incorporation of P into
biomolecules via prebiotic chemistry necessarily parallels burial of Pin
organic matter (Fig. 5). Efficient prebiotic chemical pathways utilizing
P would therefore have needed to develop in settings with extremely
high P availability, rapidly invented mechanisms of exploiting P at low
concentrations and/or recycling existing prebiotically synthesized
organophosphates.

Conclusions

The availability of P with respect to conditions in prebiotic environ-
ments and in early biological ecosystems was not necessarily synony-
mous. P availability probably changed as life evolved and altered the
geochemistry of the Earth, and the environmental and chemical condi-
tionsthatled to Pincorporationinto organic moleculesin the absence
of life are unlikely to reflect those that prevail in an active biological
context. However, in settings where large sources and minimal sinks
conspired toinduce high P;availability, similar thresholds from abiotic
P-bearing mineral precipitation would have capped P, concentrations.
This reality allows us to inform our view of P; availability in several

Fig. 6 | Parameter space of global P cycling evolution'*">7%7%78:8%108

a-f, P delivery viaimpactors®***®* (a), diversity of terrestrial primary minerals
inwhich Pisanintrinsic constituent” (b), weathering rate of apatite, based on
two scenarios for pCO, evolution'®"'° (¢), redox-dependent recycling capacity
of Pin oceanic environments'*"*’*'°! (d), end-member scenarios for oceanic

P, availability'>>%¢ (e), redox evolution of near-surface environments™

where the actual amount of oxygen in the early atmosphere is unknown, but
probably between 107 and 107x present day, and a transition near the Cambrian
tomodern O, levels (f) and a geological timeline of Earth history (g). Had,

Hadean; Arch, Archaean, Pptz, Palaeoproterozoic; Mptz, Mesoproterozoic;
Nptz, Neoproterozoic; Phan, Phanerozoic. Arrows pointing up (alongy axis)
indicate spatially or temporally variable processes that could positively perturb
P availability. Arrows pointing down (along y axis) indicate hard ceilings on

P availability, but which may be sensitive to local solution chemistry or basin
dynamics. Red to yellow colour gradientsin all cases are a visual guide from high
to low for agiven quantity. Inb, this is used to convey a rough rate of transition
fromsilicate-hosted to apatite-hosted crustal P.

Nature Geoscience


http://www.nature.com/naturegeoscience

Review article https://doi.org/10.1038/s41561-023-01167-6

plausible prebiotic environments with observations from geology  combination of the following: (1) environments that better solubilized
and with models of P recycling. P; (2) the distribution of P as a minor element in easily weathered min-

We propose a step-change from higher to lower P; availability erals at the Earth’s surface; (3) the presence of energetic P molecules
after the origin of life (Figs. 4-6). This would have resulted froma derived from reduced-oxidation-state P-bearing materials; and (4)
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alack of oxidative and biological P; sinks. We suggest that subaerial
closed-system basins, wherein high P mineral saturation ceilings could
be achieved, and/or microscale environments capable of largely cir-
cumventing usual P saturation ceiling ‘rules’ could have achieved of
the order of 100 mM P, concentrations prior to the rise of Org-P sinks,
sufficient to drive a range of prebiotic chemical pathways reliant on
availableP,.

In contrast to previous suggestions of limited P availability across
Earth’s history, we conclude that P availability (both molecular and as
anutrient) may have been high—atleastlocally—in the era of prebiotic
chemistry and early life. This point of origin may have resulted in a bio-
sphere dependent on P, with the rise of life driving fierce competition
for P in increasingly productive near-surface waters and prompting
increased Precyclinginresponse.

References

1. Westheimer, F. H. Why nature chose phosphates. Science 235,
1173-1178 (1987).

2. Schroeder, G.K., Lad, C., Wyman, P., Williams, N. H. & Wolfenden,
R. The time required for water attack at the phosphorus atom of
simple phosphodiesters and of DNA. Proc. Natl Acad. Sci. USA
103, 4052-4055 (2006).

3. Durr-Mayer, T. et al. The chemistry of branched condensed
phosphates. Nat. Commun. 12, 5368 (2021).

4. Bowlin, M. Q. & Gray, M. J. Inorganic polyphosphate in host and
microbe biology. Trends Microbiol. 29, 1013-1023 (2021).

5. Lang, C., Lago, J. & Pasek, M. A. in Handbook of Astrobiology (Ed.
Kolb, V. M) 361-369 (CRC Press, 2018).

6. Pasek, M. A. in Prebiotic Chemistry and Chemical Evolution of
Nucleic Acids (Ed. Menor-Salvan, C.) 175-197 (Springer, 2018).

7. Goldford, J. E., Hartman, H., Smith, T. F. & Segré, D. Remnants of
an ancient metabolism without phosphate. Cell 168, 1126-1134.
e1129 (2017).

8. Cafferty, B. J., Fialho, D. M., Khanam, J., Krishnamurthy, R. &
Hud, N. V. Spontaneous formation and base pairing of plausible
prebiotic nucleotides in water. Nat. Commun. 7, 11328 (2016).

9. Pasek, M. A. Thermodynamics of prebiotic phosphorylation.
Chem. Rev. 120, 4690-4706 (2019).

10. Hao, J. et al. Cycling phosphorus on the Archean Earth: Part
IIl. Phosphorus limitation on primary production in Archean
ecosystems. Geochim. Cosmochim. Acta 280, 360-377 (2020).

11.  Herschy, B. et al. Archean phosphorus liberation induced by iron
redox geochemistry. Nat. Commun. 9, 1346 (2018).

12. Hess, B. L., Piazolo, S. & Harvey, J. Lightning strikes as a major
facilitator of prebiotic phosphorus reduction on early Earth. Nat.
Commun. 12,1535 (2021).

13. Plane, J. M., Feng, W. & Douglas, K. M. Phosphorus chemistry in
the Earth’s upper atmosphere. J. Geophys. Res. Space Phys. 126,
€2021JA029881 (2021).

14. Lodders, K. Solar System abundances and condensation
temperatures of the elements. Astrophys. J. 591, 1220 (2003).

15. Wood, B. J., Smythe, D. J. & Harrison, T. The condensation
temperatures of the elements: a reappraisal. Am. Miner. 104,
844-856 (2019).

16. Mezger, K., Schénbachler, M. & Bouvier, A. Accretion of the
Earth—missing components? Space Sci. Rev. 216, 27 (2020).

17. Righter, K., Pando, K., Danielson, L. & Lee, C.-T. Partitioning of
Mo, P and other siderophile elements (Cu, Ga, Sn, Ni, Co, Cr,
Mn, V, and W) between metal and silicate melt as a function of
temperature and silicate melt composition. Earth Planet. Sci. Lett.
291, 1-9 (2010).

18. Gu, T, Stagno, V. & Fei, Y. Partition coefficient of phosphorus
between liquid metal and silicate melt with implications for the
Martian magma ocean. Phys. Earth Planet. Inter. 295, 106298
(2019).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cox, G. M., Lyons, T. W., Mitchell, R. N., Hasterok, D. & Gard,

M. Linking the rise of atmospheric oxygen to growth in the
continental phosphorus inventory. Earth Planet Sci. Lett. 489,
28-36 (2018).

Pasek, M. A., Harnmeijer, J. P., Buick, R., Gull, M. & Atlas, Z.
Evidence for reactive reduced phosphorus species in the early
Archean ocean. Proc. Natl Acad. Sci. USA 110, 10089-10094
(2013).

Dhuime, B., Hawkesworth, C. J., Delavault, H. & Cawood, P. A.
Rates of generation and destruction of the continental crust:
implications for continental growth. Phil. Trans. R. Soc. A 376,
20170403 (2018).

Korenaga, J. Hadean geodynamics and the nature of early
continental crust. Precambrian Res. 359, 106178 (2021).
McCoy-West, A. J. et al. Extensive crustal extraction in Earth’s
early history inferred from molybdenum isotopes. Nat. Geosci. 12,
946-951(2019).

Paytan, A. & McLaughlin, K. The oceanic phosphorus cycle.
Chem. Rev. 107, 563-576 (2007).

Green, T. & Watson, E. Crystallization of apatite in natural
magmas under high pressure, hydrous conditions, with particular
reference to ‘orogenic’ rock series. Contrib. Mineral. Petrol. 79,
96-105 (1982).

Haggerty, S. E., Fung, A. T. & Burt, D. M. Apatite, phosphorus and
titanium in eclogitic garnet from the upper mantle. Geophys. Res.
Lett. 21,1699-1702 (1994).

Walton, C. R. et al. Phosphorus mineral evolution and prebiotic
chemistry: from minerals to microbes. Earth-Sci. Rev. 221,103806
(2021).

Greber, N. D. et al. Titanium isotopic evidence for felsic crust

and plate tectonics 3.5 billion years ago. Science 357, 1271-1274
(2017).

Greber, N. D. & Dauphas, N. The chemistry of fine-grained
terrigenous sediments reveals a chemically evolved
Paleoarchean emerged crust. Geochim. Cosmochim. Acta 255,
247-264 (2019).

Tang, M., Chen, K. & Rudnick, R. L. Archean upper crust transition
from mafic to felsic marks the onset of plate tectonics. Science
351, 372-375 (2016).

Wilde, S. A., Valley, J. W., Peck, W. H. & Graham, C. M. Evidence
from detrital zircons for the existence of continental crust and
oceans on the Earth 4.4 Gyr ago. Nature 409, 175-178 (2001).
Zahnle, K., Schaefer, L. & Fegley, B. Earth’s earliest atmospheres.
Cold Spring Harb. Perspect. Biol. https://doi.org/10.1101/
cshperspect.a004895 (2010).

Javaux, E. J. Challenges in evidencing the earliest traces of life.
Nature 572, 451-460 (2019).

Ward, L. M., Rasmussen, B. & Fischer, W. W. Primary productivity
was limited by electron donors prior to the advent of oxygenic
photosynthesis. J. Geophys. Res. Biogeosci. 124, 211-226 (2019).
Powner, M. W., Gerland, B. & Sutherland, J. D. Synthesis of
activated pyrimidine ribonucleotides in prebiotically plausible
conditions. Nature 459, 239-242 (2009).

Liu, Z. et al. Harnessing chemical energy for the activation and
joining of prebiotic building blocks. Nat. Chem. 12, 1023-1028
(2020).

Maguire, O. R., Smokers, I. B. A. & Huck, W. T.S. A
physicochemical orthophosphate cycle via a kinetically stable
thermodynamically activated intermediate enables mild prebiotic
phosphorylations. Nat. Commun. 12, 5517 (2021).

Ritson, D. J., Mojzsis, S. J. & Sutherland, J. D. Supply of phosphate
to early Earth by photogeochemistry after meteoritic weathering.
Nat. Geosci. 13, 344-348 (2020).

Turner, A. M. et al. An interstellar synthesis of phosphorus
oxoacids. Nat. Commun. 9, 3851 (2018).

Nature Geoscience


http://www.nature.com/naturegeoscience
https://doi.org/10.1101/cshperspect.a004895
https://doi.org/10.1101/cshperspect.a004895

Review article

https://doi.org/10.1038/s41561-023-01167-6

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

Cooper, G. W., Onwo, W. M. & Cronin, J. R. Alkyl phosphonic
acids and sulfonic acids in the Murchison meteorite. Geochim.
Cosmochim. Acta 56, 4109-4115 (1992).

Budde, G., Burkhardt, C. & Kleine, T. Molybdenum isotopic
evidence for the late accretion of outer Solar System material to
Earth. Nat. Astron. 3, 736-741(2019).

Gibard, C. et al. Geochemical sources and availability of
amidophosphates on the early Earth. Angew. Chem. Int. Ed. 58,
8151-8155 (2019).

Gibard, C., Bhowmik, S., Karki, M., Kim, E.-K. & Krishnamurthy,

R. Phosphorylation, oligomerization and self-assembly in water
under potential prebiotic conditions. Nat. Chem. 10, 212-217
(2018).

Pasek, M. A., Gull, M. & Herschy, B. Phosphorylation on the early
Earth. Chem. Geol. 110, 10089-10094 (2017).

Britvin, S. N. et al. Cyclophosphates, a new class of native
phosphorus compounds, and some insights into prebiotic
phosphorylation on early Earth. Geology 49, 382-386 (2021).
Pasek, M. A. Schreibersite on the early Earth: scenarios for
prebiotic phosphorylation. Geosci. Front. 8, 329-335 (2017).

Kim, H.-J. & Benner, S. A. Abiotic synthesis of nucleoside
5'-triphosphates with nickel borate and cyclic trimetaphosphate
(CTMP). Astrobiology 21, 298-306 (2021).

Cheng, C. et al. Phosphorylation of adenosine with
trimetaphosphate under simulated prebiotic conditions. Orig. Life
Evol. Biosph. 32, 219-224 (2002).

Akoopie, A., Arriola, J. T., Magde, D. & Miller, U. F. A
GTP-synthesizing ribozyme selected by metabolic coupling to an
RNA polymerase ribozyme. Sci. Adv. 7, eabj7487 (2021).

Omran, A., Abbatiello, J., Feng, T. & Pasek, M. A. Oxidative
phosphorus chemistry perturbed by minerals. Life 12, 198 (2022).
Feng, T., Gull, M., Omran, A., Abbott-Lyon, H. & Pasek, M. A.
Evolution of ephemeral phosphate minerals on planetary
environments. ACS Earth Space Chem. 5, 1647-1656 (2021).
Marchi, S. et al. Widespread mixing and burial of Earth’s Hadean
crust by asteroid impacts. Nature 511, 578-582 (2014).

White, A. K. & Metcalf, W. W. Microbial metabolism of reduced
phosphorus compounds. Annu. Rev. Microbiol. 61, 379-400 (2007).
Markou, G., Vandamme, D. & Muylaert, K. Microalgal and
cyanobacterial cultivation: the supply of nutrients. Water Res. 65,
186-202 (2014).

Wu, J., Sunda, W., Boyle, E. A. & Karl, D. M. Phosphate depletion in
the western North Atlantic Ocean. Science 289, 759-762 (2000).
Hou, E. et al. Global meta-analysis shows pervasive phosphorus
limitation of aboveground plant production in natural terrestrial
ecosystems. Nat. Commun. 11, 637 (2020).

Ruttenberg, K. in Treatise on Geochemistry 2nd edn, Vol. 10,
499-558 (Elsevier, 2014).

Yang, K. & Metcalf, W. W. A new activity for an old enzyme:
Escherichia coli bacterial alkaline phosphatase is a
phosphite-dependent hydrogenase. Proc. Natl Acad. Sci. USA 101,
7919-7924 (2004).

Sebastian, M. & Ammerman, J. W. The alkaline phosphatase PhoX
is more widely distributed in marine bacteria than the classical
PhoA. ISME J. 3, 563-572 (2009).

Lidbury, I. D. et al. A widely distributed phosphate-insensitive
phosphatase presents a route for rapid organophosphorus
remineralization in the biosphere. Proc. Natl Acad. Sci. USA 119,
e2118122119 (2022).

Dyhrman, S. T. et al. Phosphonate utilization by the globally
important marine diazotroph Trichodesmium. Nature 439, 68-71
(2006).

Figueroa, I. A. & Coates, J. D. in Advances in Applied Microbiology
Vol. 98 (eds Sariaslani, S. & Gadd, G. M.) 93-117 (Academic Press,
2017).

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Metcalf, W. W. & Wolfe, R. S. Molecular genetic analysis of
phosphite and hypophosphite oxidation by Pseudomonas stutzeri
WM8S. J. Bacteriol. 180, 5547-5558 (1998).

Schink, B. & Friedrich, M. Phosphite oxidation by sulphate
reduction. Nature 406, 37 (2000).

Figueroa, I. A. et al. Metagenomics-guided analysis of microbial
chemolithoautotrophic phosphite oxidation yields evidence of

a seventh natural CO, fixation pathway. Proc. Natl Acad. Sci. USA
115, E92-E101(2018).

Ewens, S. D. et al. The diversity and evolution of microbial
dissimilatory phosphite oxidation. Proc. Natl Acad. Sci. USA 118,
2020024118 (2021).

Mao, Z. et al. Phosphitispora fastidiosa gen. nov. sp. nov., a new
dissimilatory phosphite-oxidizing anaerobic bacterium isolated
from anaerobic sewage sludge. Int. J. Syst. Evol. Microbiol. 71,
005142 (2021).

Schwartz, A. W. Phosphorus in prebiotic chemistry. Phil. Trans. R.
Soc. B 361, 1743-1749 (2006).

Jusino-Maldonado, M. et al. A global network model of abiotic
phosphorus cycling on Earth through time. Sci. Rep. 12, 9348
(2022).

Hartmann, J., Moosdorf, N., Lauerwald, R., Hinderer, M. & West, A.
J. Global chemical weathering and associated P-release—the role
of lithology, temperature and soil properties. Chem. Geol. 363,
145-163 (2014).

Tostevin, R. & Mills, B. J. Reconciling proxy records and models of
Earth’s oxygenation during the Neoproterozoic and Palaeozoic.
Interface Focus 10, 20190137 (2020).

Kipp, M. A. & Stlieken, E. E. Biomass recycling and Earth’s early
phosphorus cycle. Sci. Adv. 3, eaao4795 (2017).

Follmi, K. The phosphorus cycle, phosphogenesis and marine
phosphate-rich deposits. Earth-Sci. Rev. 40, 55-124 (1996).
Korenaga, J., Planavsky, N. J. & Evans, D. A. D. Global water

cycle and the coevolution of the Earth’s interior and surface
environment. Phil. Trans. R. Soc. A 375, 20150393 (2017).
Flament, N., Coltice, N. & Rey, P. F. The evolution of the &Sr/%Sr
of marine carbonates does not constrain continental growth.
Precambrian Res. 229, 177-188 (2013).

Catling, D. C. & Zahnle, K. J. The Archean atmosphere. Sci. Adv. 6,
eaax1420 (2020).

Hao, J., Knoll, A. H., Huang, F., Hazen, R. M. & Daniel, I. Cycling
phosphorus on the Archean Earth: Part I. Continental weathering
and riverine transport of phosphorus. Geochim. Cosmochim. Acta
273, 70-84 (2020).

Rasmussen, B., Muhling, J. R., Suvorova, A. & Fischer, W. W.
Apatite nanoparticles in 3.46-2.46 Ga iron formations: evidence
for phosphorus-rich hydrothermal plumes on early Earth. Geology
49, 647-651(2021).

Syverson, D. D. et al. Nutrient supply to planetary biospheres from
anoxic weathering of mafic oceanic crust. Geophys. Res. Lett. 48,
€2021GL094442 (2021).

Pasek, M. A. & Lauretta, D. S. Aqueous corrosion of phosphide
minerals from iron meteorites: a highly reactive source

of prebiotic phosphorus on the surface of the early Earth.
Astrobiology 5, 515-535 (2005).

Jones, C., Nomosatryo, S., Crowe, S. A., Bjerrum, C. J. & Canfield,
D. E. Iron oxides, divalent cations, silica, and the early Earth
phosphorus crisis. Geology 43, 135-138 (2015).

Planavsky, N. J. et al. The evolution of the marine phosphate
reservoir. Nature 467, 1088-1090 (2010).

Reinhard, C. T. et al. Evolution of the global phosphorus cycle.
Nature 541, 386-389 (2017).

Konhauser, K. O., Lalonde, S. V., Amskold, L. & Holland, H. D. Was
there really an Archean phosphate crisis? Science 315, 1234-1234
(2007).

Nature Geoscience


http://www.nature.com/naturegeoscience

Review article

https://doi.org/10.1038/s41561-023-01167-6

85. Tosca, N. J., Jiang, C. Z., Rasmussen, B. & Muhling, J. Products
of the iron cycle on the early Earth. Free Radic. Biol. Med. 140,
138-153 (2019).

86. Johnson, B. R. et al. Phosphorus burial in ferruginous SiO,-rich
Mesoproterozoic sediments. Geology 48, 92-96 (2020).

87. Derry, L. A. Causes and consequences of mid-Proterozoic anoxia.
Geophys. Res. Lett. 42, 8538-8546 (2015).

88. Brady, M. P., Tostevin, R. & Tosca, N. J. Marine phosphate
availability and the chemical origins of life on Earth. Nat.
Commun. 13, 5162 (2022).

89. Ingalls, M., Grotzinger, J. P., Present, T., Rasmussen, B. &

Fischer, W. W. Carbonate-associated phosphate (CAP) indicates
elevated phosphate availability in Neoarchean shallow marine
environments. Geophys. Res. Lett. 49, e2022GL098100 (2022).

90. Zhao, M., Zhang, S., Tarhan, L. G., Reinhard, C. T. & Planavsky, N.
The role of calcium in regulating marine phosphorus burial and
atmospheric oxygenation. Nat. Commun. 11, 2232 (2020).

91. Crockford, P. & Halevy, |. Questioning the paradigm of a
phosphate-limited Archean biosphere. Geophys. Res. Lett. 49,
€2022GL099818 (2022).

92. Toner, J. D. & Catling, D. C. A carbonate-rich lake solution to the
phosphate problem of the origin of life. Proc. Natl Acad. Sci. USA
117, 883-888 (2020).

93. Burcar, B. et al. Darwin’s warm little pond: a one-pot reaction for
prebiotic phosphorylation and the mobilization of phosphate
from minerals in a urea-based solvent. Angew. Chem. Int. Ed. 55,
13249-13253 (2016).

94. Damer, B. & Deamer, D. The hot spring hypothesis for an origin of
life. Astrobiology 20, 429-452 (2020).

95. Jordan, S. F. et al. Promotion of protocell self-assembly from
mixed amphiphiles at the origin of life. Nat. Ecol. Evol. 3,
1705-1714 (2019).

96. Herschy, B. et al. An origin-of-life reactor to simulate alkaline
hydrothermal vents. J. Mol. Evol. 79, 213-227 (2014).

97. Kim, H. J. et al. Evaporite borate-containing mineral ensembles
make phosphate available and regiospecifically phosphorylate
ribonucleosides: borate as a multifaceted problem solver in
prebiotic chemistry. Angew. Chem. Int. Ed. 128, 16048-16052
(2016).

98. Deal, A. M., Rapf, R. J. & Vaida, V. Water-air interfaces as
environments to address the water paradox in prebiotic
chemistry: a physical chemistry perspective. J. Phys. Chem. A125,
4929-4942 (2021).

99. Cornell, C. E. et al. Prebiotic amino acids bind to and stabilize
prebiotic fatty acid membranes. Proc. Natl Acad. Sci. USA 116,
17239-17244 (2019).

100. Krijt, S. et al. Chemical habitability: supply and retention of life's
essential elements during planet formation. Preprint at https://
arxiv.org/abs/2203.10056 (2022).

101. Kipp, M. A. & Stueken, E. E. Biomass recycling and Earth’s early
phosphorus cycle. Sci. Adv. 3, eaao4795 (2017).

102. Hudek, L., Premachandra, D., Webster, W. & Brau, L. Role of
phosphate transport system component PstB1in phosphate
internalization by Nostoc punctiforme. Appl. Environ. Microbiol.
82, 6344-6356 (2016).

108. Lis, H., Weiner, T., Pitt, F. D., Keren, N. & Angert, A. Phosphate
uptake by cyanobacteria is associated with kinetic fractionation of
phosphate oxygen isotopes. ACS Earth Space Chem. 3, 233-239
(2018).

104. Alori, E. T., Glick, B. R. & Babalola, O. O. Microbial phosphorus
solubilization and its potential for use in sustainable agriculture.
Front. Microbiol. 8, 971 (2017).

105. Blake, R. E., Chang, S. J. & Lepland, A. Phosphate oxygen isotopic
evidence for a temperate and biologically active Archaean ocean.
Nature 464,1029-1032 (2010).

106. Jusino-Maldonado, M. et al. A global network model of abiotic
phosphorus cycling on Earth through time. Sci. Rep. 12, 9348
(2022).

107. Anderson, L. A. & Sarmiento, J. L. Global ocean phosphate and
oxygen simulations. Glob. Biogeochem. Cycles 9, 621-636 (1995).

108. Lyons, T. W., Reinhard, C. T. & Planavsky, N. J. The rise of oxygen in
Earth's early ocean and atmosphere. Nature 506, 307-315 (2014).

109. Kadoya, S., Catling, D. C., Nicklas, R. W., Puchtel, I. S. & Anbar, A.

D. Mantle data imply a decline of oxidizable volcanic gases could
have triggered the Great Oxidation. Nat. Commun. 11, 2774 (2020).

10. Krissansen-Totton, J. & Catling, D. C. Constraining climate sensitivity
and continental versus seafloor weathering using an inverse
geological carbon cycle model. Nat. Commun. 8, 15423 (2017).

Acknowledgements

C.R.W. acknowledges the NERC and UKRI for support through a
NERC DTP studentship, grant number NE/LO02507/1. S.E. and J.D.C.
acknowledge support from the US DOE, grant number DE-SC0020156.
C.R.W. acknowledges funding from the Leverhulme Centre for Life in
the Universe and Institute for Life and Planets in the Universe (grant
title: ‘Did cosmic dust fertilize prebiotic chemistry?’). Funding for
research on phosphorus redox cycling was generously provided to
J.D.C. by the EBI-Shell Research Program. S.E. was supported by the
EBI-Shell Directors’ fellowship. C.R. acknowledges support from the
NASA Interdisciplinary Consortia for Astrobiology Research (ICAR)
and the NASA Exobiology Program. J.H. acknowledges support
from the Strategic Priority Research Program of Chinese Academy
of Sciences (XDB 41000000), National Key R&D Program of China
(2021YFAQ718200), CAS Hundred-Talents Program and CIFAR Azrieli
Global Scholarship. M.A.P. was supported by the NASA Exobiology
Program (80ONSSCC18K1288 and 8ONSSC22K0509).

Author contributions
C.RW., J.H,S.E., J.D.C. and M.A.P. planned and wrote the paper. Data
analysis was performed by all authors, who also edited the text.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41561-023-01167-6.

Correspondence and requests for materials should be addressed to
Jihua Hao or Matthew A. Pasek.

Peer review information Nature Geoscience thanks Miquela Ingalls,
Ziwei Liu and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work. Primary Handling Editor: Rebecca
Neely, in collaboration with the Nature Geoscience team.

Reprints and permissions information is available at
www.nhature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2023

Nature Geoscience


http://www.nature.com/naturegeoscience
https://arxiv.org/abs/2203.10056
https://arxiv.org/abs/2203.10056
https://doi.org/10.1038/s41561-023-01167-6
http://www.nature.com/reprints

	Phosphorus availability on the early Earth and the impacts of life

	The inventory of P on the early Earth

	P in prebiotic chemistry

	Cellular cycling of P

	Geological constraints on early Pi availability

	Recycling pathways

	Sources

	Sinks


	Availability of Pi on prebiotic Earth

	Conclusions

	Acknowledgements

	Fig. 1 Modern and ancient P inventories of the Earth.
	Fig. 2 Prebiotic versus biotic P availability.
	Fig. 3 Cellular acquisition of various P species.
	Fig. 4 P sources, sinks and recycling pathways.
	Fig. 5 Simplified model of marine Pi availability.
	Fig. 6 Parameter space of global P cycling evolution11,27,52,72,77,78,89,108.




