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Microbial denitrification converts fixed nitrogen species into gases in
extant oceans. However, it is unclear how such transformations occurred

within the early nitrogen cycle of the Archaean. Here we demonstrate under
simulated Archaean conditions mineral-catalysed reduction of nitrite via
green rust and magnetite to reach enzymatic conversion rates. We find
thatinan Fe?*-rich marine environment, Fe minerals could have mediated
the formation of nitric oxide (NO) and nitrous oxide (N,O). Nitrate did

not exhibit reactivity in the presence of either mineral or aqueous Fe*';
however, both minerals induced rapid nitrite reduction to NO and N,0.
While N,O escaped into the gas phase (63% of nitrite nitrogen, with green
rust as the catalyst), NO remained associated with precipitates (7%), serving
as a potential shuttle to the benthic ocean. Diffusion and photochemical
modelling suggest that marine N,O emissions would have sustained 0.8~
6.0 parts per billion of atmospheric N,O without a protective ozone layer.
Our findings imply a globally distributed abiotic denitrification process
that feasibly aided early microbial life to accrue new capabilities, such as
respiratory metabolisms.

Before the rise of O, during the Great Oxidation Event (GOE), the
Archaean ocean received oxides of nitrogen (NO,) by deposition of
abiotic nitrogen fixation products’. As a consequence, nitrite (NO,")
and nitrate (NO;") reached seawater concentrationsin the lower micro-
metre range' *. While microbial denitrification plays adominantrolein
modernoceansinrecyclingNO,” into gaseous phases, such pathways
were not available in the Archaean without active NO, reductases. A
non-enzymatic process reducing fixed NO,” into gases is chemodenitri-
fication, whichis of particular interest because nitrous oxide (N,0) can
beaprimaryproduct®”’. The Archaean atmosphere before the GOE was
probably dominated by N, and CO,, with ppm levels of CO, CH,and H,
(ref.®). Theintroduction of even trace amounts of more oxidized gases,
such as N,0, could have created a critical source of thermodynamic
disequilibrium to drive primitive ecosystems. Furthermore, N,O is a
strong greenhouse gas and has been considered to induce a warmer

climate under afaintyoung Sun’. Stanton et al.”’ first showed through
experiments and modelling that aqueous Fe** could have acted as a
driver for chemodenitrification to form N,O abiotically in Proterozoic
oceans. Yet, N,O production rates established for the early marine
environment, thus far, have been around four orders of magnitude
lower thanrates reported fromisotope tracer measurementsin modern
oxygenminimum zones (Table1), underlining the catalyticimportance
of denitrification enzymes for rapid nitrogen cycling. As aresult, it has
been hypothesized that N,O was virtually absent on the anoxic early
Earth, especially without a protective ozone (O5) layer to compensate
for elevated photolytic N,O destruction” ", While under ferruginous
conditions aqueous Fe?* has not stimulated N,O production close to
microbially mediated rates (Table 1), mineral phases bear the potential
to reach suchrates and could have therefore provided efficient path-
ways to channel fixed nitrogen back into the Archaean atmosphere.
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Fig.1|Molecular NO,” consumption and associated NO and N,O production
with Fe minerals or aqueous Fe*'. a-e, Dissolved NO;”and NO,” in anoxic
artificial seawater solution were quantified concomitantly to NO and N,O in
the headspace. The results from incubations with initial NO,” concentrations
inthe high (20-35 pM) range are shown (all incubation results are provided
inSupplementary Table 1). The y axes depict total quantities (gas + liquid
phase) and are sometimes interrupted by breaks to better illustrate changes.
a,NO; amended microcosms with green rust and magnetite. b, NO,”amended
microcosms with green rust and magnetite. ¢, NO, reductionand N,O

production under varying green rust concentrations. After initial rapid NO,”
consumption, the reaction may become mineral surface limited, hindering the
reduction of more NO, . d, The range of green rust surface area was informed by
naturally occurring Fe mineral particles in modern Archaean ocean analogues
(Supplementary Information). e, NO formation with 33 pM initial NO,” and
amineral concentration identical to b. The arrow indicates the addition of
concentrated hydrochloric acid, resulting in subsequent mineral particle
dissolution and outgassing of NO. The data are presented as mean values + s.d.
(n=3).

Here we evaluated the role of the mineral-catalysed formation
of NO and N,0 as amarine source pathway under anoxic, ferruginous
conditions.NO has been measured in mixtures of NO,” and highly con-
centrated Fe?* solutions®, and inan MoS, suspension under ageoelectric
current, butithas only been speculated tobe produced in Fe mineral
suspensions®’. The ferrous—ferric hydroxy salt carbonate green rust
(GR; [Fe* iy Fe**, (OH),I* - [(x/2)CO,* - (m/2)H,01") has been shown
to precipitate from Archaean seawater-analogue solutions, consistent
with thermodynamics predicting a predominance of GRinthe Fe sink
fraction along the water column before 2.5-2.7 Ga®. Settling GR parti-
cles could have provided atransport mechanism for trace compounds
to the seafloor”, where reducing conditions partially converted GR to
magnetite (Fe;0,), an important constituent of banded iron forma-
tions. Because NO,”and NO, canreact spontaneouslyin the presence
of reduced Fe'* ™%, we tested the reactivity of the mixed-valence Fe
minerals GR and magnetite with NO,” and NO;™ at low (1-5 pM), high
(20-35 pM) and excessive (200-350 pM) abundances, and character-
ized their potential to produce NO and N,O at relevant rates for the
Archaeanocean-atmosphere system. To do so, we used mineral particle
concentrationsrecorded for modern analogues as a proxy for mineral
abundance (Supplementary Figs. 1-4). We experimentally simulated
ferruginous conditions with a simple end-member artificial seawater
recipe usinga20% CO,-HCO, buffer devoid of sulfur. Subsequent flux

and photochemical calculations suggested that mineral-catalysed NO
and N,O formation constituted a substantial marine source of gaseous
nitrogen oxides on the anoxic early Earth.

AbioticNO, reductionunder simulated Archaean
conditions

First, we compared the reactivity of NO; and NO,” with GR, magnetite
and aqueous Fe?* separately. For all reductants, the consumption of
NO, and production of N,O was negligible (<0.03 nmol h™%; Fig. 1a), even
over aprolonged period of 100 d.In contrast, NO, showed reactivityin
the presence of both mineral catalysts and was stable in controls with
500 pM aqueous Fe*". The contrasting reactivity of the nitrogen oxides
is reflected in the solid-phase Fe?'/Fe* ratio determined at the end of
the experiment (Fig. 2), revealing a trend of higher mineral oxidation
withincreasing NO, concentration. Magnetite and GR showed dispa-
rate potential to produce N,0. Concomitant with a more rapid NO,~
consumption, N,O production rates were more than ten times higher
when GR was the catalyst (Fig. 1b). At GR surface areas observed for
the Archaean ocean analogue Lake Matano, Indonesia® (-10° m*ml™;
Fig.1c,d), abiotic N,O production rates were highly similar to (low NO,")
or exceeding (high NO,") biotic production rates measured recently in
the Eastern Tropical North Pacific?>? (Table 1). Asareference, modern
NO, concentrations are near the bottom of the experimental range
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Table 1| N,O and NO production rates of the modern and
early marine environment and from cultured microbial

species

Earth System N,O/NO production  Reference(s)
period rate (nMd™)
N,O
Modern Eastern Tropical North 0.5-5.0 Refs. 207!
Pacific
Modern Arabian Sea 0.005-0.080 Ref. *°
Modern Eastern Tropical South 6.0-43.2 Ref. ¢©
Pacific
Modern Eastern Tropical North 1.5-3.5 Ref. ©'
Atlantic
Modern Peruvian coastal 5-49 Ref. &
upwelling zone
Modern Cultured Nitrosomonas ~ 2-3 Ref. &
marina C-113a
Modern Cultured Nitrosomonas ~ 1.4-4.2 Ref. ©
marina NM22
Modern Cultured Nitrosococcus ~ 1.2-3.7 Ref. ©
oceani NC10
Modern Cultured Nitrosopumilus  0.4-24.3 Ref. ©'
maritimus SCM1
Early Simulated ferruginous 0.0001-0.0100 Ref.©
ocean with aqueous Fe?*
Early Simulated ferruginous 0.3-17.9° This study
ocean with GR particles
NO
Modern Equatorial Pacific, near ~ 34.6-103.7 Ref. ¢4
170° West
Modern Yellow Sea 129.6 Ref. ©°
Modern Cultured Nitrosopumilus 4,800 Ref. ©
maritimus SCM1
Early Simulated ferruginous >7375° This study

ocean with GR particles

2Derived from incubations with low NO,” abundances and 0.005-0.366 m*ml™ GR surface.
PEstimate of total (free and mineral-associated) NO based on particle dissolution after 50h in
incubations with high NO,” abundances.

employed here, which extends higher to account for arange of possible
Archaean NO, abundances (see discussion below).

The conversion of NO, to N,O was not equimolarily balanced and
we therefore considered the accumulation of NO asintermediary spe-
cies’. Afterinitially observing modest NO accumulation, we injected
concentrated hydrochloric acid to dissolve mineral particles and
release any nitrogen bound to mineral surfaces. Indeed, the particle
dissolution was followed by a spike in headspace NO (Fig. 1e). At least
92% of the total NO was bound to GR (97% was bound to magnetite). To
rule outreaction of the acid withresidual NO, ", we conducted controls
withsulfuricacidand NO, (Supplementary Table 3). Other controls
evaluating the stability of NO in the mineral suspension included
acid injection at later time points in time-extended experiments.
NO yields at 220 h (<0.5 M NO,") were similar to those at 50 h after
NO, addition (Supplementary Fig. 5 and Supplementary Table 3).
We calculated the NOyield inrespect to total NO,” and, accordingly,
7% reacted to NO (compared to 63% that reacted to N,0) with GR as
the catalyst and 87% reacted to NO (compared to 8% that reacted to
N,0) with magnetite as catalyst. The remaining product pool could
be N, (ref.”) and only constituted a minor fraction. Our data show
that mineral-associated NO—presumably in the form of nitrosyl spe-
cies”—is an important byproduct and geochemically stable in the
presence of Fe mineral phases.

2.50

2.25

2.00

1.75

Fe?*/Fe® solid-phase ratio

1.50
055 -
b «
*%
0.50 -
0.45 -
0.40 -
0.35 ! !
O+ oV () (O3 o
A $% X © . &
8 ) K K
0 N ee%\ 2
J (o
< <

Fig.2|Solid-phase ratios of reduced and oxidized Fe in green rust and
magnetite. a,b, Solid-phase ratios of reduced and oxidized Fe in green rust (a)
and magnetite (b). The data were collected after acid digestion at the end of
incubations. The dotted lines indicate stoichiometric green rust and magnetite,
respectively. For total Fe abundances, see Supplementary Table 2. *P=0.02 and
*P=0.006 (two-sided Student’s t-test). The columns indicate mean values and
error bars denote ones.d.basedonn=2(a)andn=3(b).

N,O0 accumulation triggered by marine emissions
Toelucidate theimpact of the experimentally derived productionrates
on N,O dispersion in seawater and emissions to the Archaean atmos-
phere, we combined diffusion modelsinto a simple flux balance model
(Supplementary Information). We considered a100 m deep oceanslab
beneath the photic zone as the part of the water column with maximum
overlap of NO,” ions from the surface and GR formation fuelled by
upwelling Fe*"-rich water from the depths. An estimate of the GR par-
ticle concentration in the Archaean ocean was informed by observed
Fe particle numbers from seven modern marine and freshwater anoxic
basins (Fig.1d), including Kabuno Bay, East Africa®. The peak Fe** con-
centration in the particulate fraction of Kabuno Bay waters (11 uM)
closely reflects concentrations used for the thermodynamic modelling
of GR precipitation in Archaean seawater”, which is why we used the
Kabuno Bay level as areference and enveloped that value with putative
lower and upper boundaries of 50% and 500%. Archaean seawater Fe?*
could have reached concentrations of 55 uM, as constrained by Fe*
toxicities on cyanobacteria®* and the appearance of herringbone and
micritic carbonates™?”. At that upper boundary and under low (con-
servative) NO, conditions, net N,O emissions conceivably reached
235 nmol m2h™(95% confidence interval =98.1-413.9 m 2 h%; Sup-
plementary Figs. 6 and 7 and Supplementary Table 4), implicating four
times the modern marine average flux”. Overall, N,O emissions from the
ferruginous oceangradually increased with GR particle concentration.
To simulate the effect of N,O fluxes triggered by mineral catalysis
into an anoxic Archaean atmosphere, we applied a photochemical
model®. We probed four different N,O fluxes corresponding to low
and high NO, levels and Fe?* concentrations in GR phases around the
Kabuno Bay reference (Supplementary Table 4). Although the upper
boundary of our estimates implicates near-modern N,O abundancesin
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Fig.3|AtmosphericN,0 under the influence of mineral-catalysed N,0
production in the Archaean ocean. a, Atmospheric N,0 abundance by altitude,
based on fluxes assuming green rust phases in Kabuno Bay (KB) equivalents with
low and high seawater NO, " levels. Background N,O formation occurred via the
reactionN, + O('D) + M > N,0 + M, and O('D) was produced by photodissociation
of CO, with photons more energetic than 167 nm. N,O can also be derived
directly through dehydrative dimerization of HNO that did not polymerize

N,O concentration [ppb]

intoNO; or NO,™ (ref.>*). N,O profiles do not account for N,O from the HNO
pathway. b, Atmospheric N,0 abundances when a fractal haze layer is included
in the photochemical model. We adopt the fractal haze predicted by ref. > for the
Archaeanatmosphere, which has an optical depth of ~10 at 200 nm and only ~0.6
at500 nm. The bars to therightillustrate the relative haze absorption based on
data fromref.*. N,O builds up to much higher abundances because of the strong
shielding effect of the haze.

thetroposphere (0-13 kmaltitude; Fig 3), N,O concentrations derived
from low NO, seawater levels, and predicted to be 0.8-6.0 parts per
billion (ppb), are more realistic. These concentrations match mixing
ratios in previous Proterozoic atmosphere models assuming 1% of
present O, levels'®". However, a striking difference is the inclusion of
an O, protective layer in previous models, which was assumed to be
present after the GOE, that is in the Proterozoic. Our photochemical
model produced an ozone column of ~9.6 x 10" molecules per cm,
whichis less than the present-day level by four orders of magnitude
and less than previously modelled Proterozoic levels by around three
orders of magnitude. Thus, without the aid of O, shielding, marine
mineral-catalysed N,O production generated tropospheric N,O levels
akin to those in oxygenated atmospheres later in Earth’s history.

The mainsink of N,Ois photolysis by radiationat <230 nm* inthe
stratosphere, which governs the shape of the concentration profiles
(Fig. 3a). In the Archaean atmosphere, N,O abundances could have
been higher due to: (1) additional sources; and (2) protective agents
againstultraviolet light. For instance, high-energy particles fromsolar
flares led to N,O formation that was most active at higher altitudes
and could complement surface sources®’. These pathways were per-
haps more pronouncedinthe Hadean or early Archaean when the Sun
was more active and the magnetic field openings were greater at the
poles.Furthermore, in the presence of methane hazes, N,O could have
been shielded through strong ultraviolet absorption by fractal haze
particles®, which prolonged its lifetime. A sensitivity study using the
photochemical model shows that, with a fractal haze, N,0 concentra-
tionsderived fromlowNO, seawater levels can build up tooneto seven
times the present-day atmospheric level (Fig. 3b). One may ask whether
this buildup of abiotic N,O may constitute a false positive scenario for
using N,O as a biosignature gas for terrestrial exoplanets akin to the
Archaean Earth. We suggest that this would not be atrue false positive
because the high abundance of methane, which is the prerequisite of
the fractal haze layer, is probably biogenicin the first place.

Despite the extent of tropospheric N,O predicted by our model,
effects on the planetary climate were probably modest because N,0

would not be sufficiently concentrated to markedly increase the infra-
red atmospheric opacity in CO, window regions. Especially under high
CO,atmospheres, the N,O radiative forcing is diminished since it may
not occupy otherwise transparent infrared windows. The infrared
window between 6 and 8 pm could potentially be filled by N,0 absorp-
tion, but this is dependent on atmospheric methane, which absorbs
at similar wavelengths®. Since methane concentrations were prob-
ably >100 parts per million by volume®, greenhouse warming by N,O
under our simulated conditions therefore contributed only weakly to
awarmer climate under the faint young Sun of the Archaean’.

Fe mineral reactions as a potent sink for marineNO,
Because of prevailing ferruginous conditions, mineral reactions were
probably limited by abiotic nitrogen fixation rates rather than mineral
surface area. Previous seawater NO,~ estimations (8.7-24,000 pM?,
1-10,000 pM*, <1 uM* and 0.2-2 uM>*) contain a large uncertainty.
For comparison, modern NO, concentrations reach ~1.5 uM around
oxygen minimum zones, butin contrast with the Archaean ocean, oxi-
doreductases effectively suppress NO, accumulation®. While previous
estimates refer to the average bulk seawater composition, top-down
gradients of NO,” or conical zones of higher NO,” concentrations
beneath rainout areas contributed perhaps toamore heterogeneous
distribution. In such zones, NO,” may have reached steady-state con-
centrations well above the low NO, range (1-5 pM) designated here.

Our experimental data suggest rapid consumption of seawater
NO, (NO, inparticular), revealing asink distributed over the pelagic
oceanthat has thus far not been accounted for. Previously proposed
geochemical reactions that consumed dissolved NO, specieson the
early Earthincluded reduction to ammonia® and reduction of NO; ",
NO, and N, during water-rock interactions between hydrothermal
fluids and the oceanic crust®?**, However, abiotic NO,” conver-
sion to ammonia is not significant at pH < 7.3 (ref. **)—a regimen
that dominated the early oceans® and therefore restricted this
NO, sink to more alkaline environments, such as ultramafic-hosted
hydrothermal vents. Because NO,” was photo-reduced to NO, and
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Fig. 4| Affinity landscapes. a, Reduction of N,O gas by molecular hydrogen (H,).
b, Reduction of NO; by H,. ¢, Reduction of NO by H,. d, Magnetite reduction by
H,atpH7.3.e, CO,reduction by H, (methanogenesis). The coloured curves in
each plot represent lines of constant affinity, set 10 kcal apart. The black boxes
represent regions of probable species activities (that is, each of these regions is
aligned on the scale bar to the right for easier comparison between reactions).
More details of the reaction stoichiometry are provided in the Supplementary
Information.

mineral-catalysed reduction of NO, is several orders of magnitude
faster than photo-reduction of NO,™ (ref. *), reaction on Fe min-
eral surfaces constituted a sink for fixed nitrogen from both the
NO; and NO, pool. We henceforth tested whether NO,” consump-
tion on mineral particles and in sediments exhausted seawater
NO,", possibly impeding mineral-catalysed NO and N,O production
(Supplementary Information). Assuming a combined NO, flux of
2.5x10" mol N yr'! from lightning events*’, volcanic eruptions*
and meteoriticimpacts*?, GR particle surfaces equivalent to 200%
those of Kabuno Bay draw the NO, concentration down to 8.4 pM.
At higher GR abundances, the reactants became exhausted and
any NO, from NO;™ photo-reduction or deposited to the ocean
directly converted to NO and N,O. Importantly, abiotic fluxes were
co-regulated by the influx of NO, into the ocean and the amount
of GR suspended in seawater. If N,O formation decreased due to
reactant limitation, atmospheric N,O may have reached sub-ppb
concentrations, but nolower than HNO-derived N,0 concentrations
(>0.5 ppb; Fig. 3).

Effects of NO and N,O on early anaerobic
microbial life

With the assumption that individual denitrification steps evolved
consecutively, our results provide ageochemical explanation for bio-
chemical patterns known for over three decades. A primitive form of
NO and N,0 reduction probably preceded aerobic respiration based
on the structural resemblance of NO** and N,0***° reductases with
components of cytochrome c oxidase, including hydrogen bond and
metal configuration, Caligation*” and phylogenetic analyses**%, This
conceptis supported by a simple make-up of the respiratory chains
involving quinone-dependent NO reductase and membrane-bound
N,O reductases, as present insome Gram* bacteria**®. Because of their
dependence onacomplex cytochrome c maturation system, NO,” and
NO, reductases probably evolved later®,

To constrain the effects of N,O on early microorganisms, we esti-
mated dissolved abundances based on atmosphere-to-seawater dif-
fusion. Accordingly, at least 0.04-4.70 nM N,O was dissolved in the
ferruginous seawater based on mere equilibration with the Archaeanair
without haze (Supplementary Table 4). True concentrations were prob-
ably higher in proximity around actively N,0-generating GR particles.
Contemporary microbial N,O consumption is based on high-affinity
enzymes adapted tolow N,O steady-state concentrations*. For exam-
ple, 30 nM N,0 is readily metabolized in anoxic seawater®, but the
minimum threshold for marine N,O respirationis probably much lower
(S.Yoon, personal communication).

Under generally accepted Archaean ocean conditions, N,O reduc-
tion to N, is thermodynamically favourable but kinetically hindered
without enzymatic catalysis, makingit anideal potential energy source.
For instance, coupled to H, oxidation (H, as a simple and available
reductant), an affinity of up to 300 kcal per electron accepted by N,O
is significantly higher than that of any other redox reaction tested.
Moreover, GR shuttling may have been effective for NO molecules to
reachbenthic microbial life, acting as abiological electron sink*’. The
availability of NO was essential for early denitrifying microorganisms
because marine sediments in the Archaean lacked nitrification as a
source of NO,. The reduction of the available NO, (Fig. 4a—c) achieves
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a higher energy yield than magnetite reduction (Fig. 4d) and metha-
nogenesis (Fig. 4e), underscoring their benefit to microbial life in a
sulfate-poor marine environment.
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N,O or polymerized into NO,” and NO, ™ (ref.**). These nitrogen oxides became
interspersed into the surface ocean as plumes by rainout. Any NO;™ constituted
asource of NO,™ through photo-reduction*. Upwelling Fe*' precipitated into Fe
oxyhydroxides and green rust in the Fe redoxcline. Driven by Fe mineral catalysis,
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NO, wasreduced to N,O. The abiotic nitrogen cycle was closed by photolytic
destruction of emitted N,O to N,. As abyproduct, NO molecules remained bound
atmineral particles as nitrosyl. This way, green rust may have served asan NO
shuttle enabling transportinto the deep ocean. Sinking green rust transformed
into Fe*" carbonates, Fe?" silicates and magnetite, which then were deposited.
The dashed lines mark diffusive or gravitational transport, whereas solid lines
indicate chemical reactions. Adapted fromref. .

Conversely, NO and N,O could have been damaging to micro-
organisms. The inhibitory effects of the NO molecule are caused by
radical production and nitrosative stress*, which forced microbial
cellstorapidly reduce NO using NO reductase-type enzymes. Given the
negative effects of NO on phototrophs®*? (15 nM NO halted growth),
mineral-catalysed NO formation could have corrupted the capability of
phototrophic communities to harvest light energy. In contrast with its
energetic benefits, N,O canbind and inactivate vitamin B,,*>**. Among
diverseroles as cofactorin essential cellular processes, vitamin B, isa
key metabolite for methanogens because its cobalt(1) centre serves as
amethyl acceptor during methanol-to-methane transformation®. For
example, methanogensin tropical soils have shown metabolic sensitiv-
ity to N,O as low as 4 nM*®, which could have feasibly accumulated in
ferruginous waters (Supplementary Table 4). Whether NO and N,O had
positive or negative net effects on early microorganisms remains elu-
sive but, in either case, amineral source of these compoundsinevitably
exerted selective pressure and shaped the composition of Archaean
microbial communities.

Our study suggests that a considerable portion of NO,  in the fer-
ruginous Archaean ocean was diverted to NO and N,0, leading to more
oxidized products compared with other sink pathways (ending in N,
or ammonia). Given GR phases at 100% Kabuno Bay equivalence, low
seawater NO, levelsanda70% ocean cover of Earth’s surface, N,O emis-
sions exported 2.1 TgN yr'into the Archaean atmosphere. We regard
anybiological N,O production (for example, through ammonia oxida-
tion) that would have added to this flux as trivial in the reducing milieu
ofaferruginous ocean. Substantial amounts of mineral surface-bound

NO could have been transported down to the seafloor by the settling
of GR precipitates. Assuming a particle sinking velocity of 50 md™*
(ref. %), 1.2 TgN yr* in the form of NO could have reached ocean
sediments. Thus, the degree of thermodynamic disequilibria in
the redox balance of the Archaean nitrogen cycle may have been
underestimated*®. We also caution to use N,O as a unique biosigna-
ture in exoplanet exploration. It is possible that conditions for the
mineral-catalysed N,O production on early Earth-like exoplanets are
even more favourable, resulting in N,O atmospheric concentrations
exceeding modern ones (higher abiotic nitrogen fixation rates and a
higher Fe mineralload). Signals from low-methane atmospheres could
beinterpreted as false positives without any biological basis.

We provide evidence that higher O, levels are not required toreach
ppb N,O concentrations before the GOE and presentaconcept ofacom-
plete abiotic N,O cycle closed by mineral-catalysed reactions (Fig. 5),
hundreds of millions of years before the biological and more efficient
production and consumption of N,O". Although the effects of abiotic
N,O production on the early climate were probably modest, marine
sources of NO and N,O could have notably influenced the evolution and
survival strategies of Archaean life. Rather than being amainly biological
invention, the reduced branch of the abiotic nitrogen cycle, driven by
chemicalkinetics highly similar to those of modern enzymatically medi-
ated conversions (Table 1), was seemingly co-opted by early organisms.
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Methods

Mineral synthesis

Carbonate GR was synthesized according to the following. In brief,
18.2 MQ-cmwater was made anoxic by boiling and sparging with CO,/
N, (20:80). An anoxic 0.4 M Fe**/Fe** solution (0.11) was prepared by
mixing 7.42 g FeSO, - 7 H,0 (>99%; Sigma-Aldrich) and 2.66 g anhy-
drous Fe,(S0,), (97%; Sigma-Aldrich). An alkaline, anoxic solution of
0.466 M Na,CO, (Thermo Fisher Scientific) in 0.8 M NaOH (Thermo
Fisher Scientific) (0.11) was prepared by dissolving NaOH first under
aconstant stream of CO,/N, gas, after which Na,CO; was added. Both
solutions were stirred continuously at 500 r.p.m. The alkaline solution
wasinjected into the Fe?'/Fe*" solution using CO,/N, flushed syringes.
Precipitation occurred immediately and the suspension was stirredin
the dark for 24 h. Magnetite was synthesized as nanoparticles following
previously described protocols®®*’,

Mineral harvest

GR and magnetite precipitates were washed in an anaerobic chamber
(0.5%H,inN,; Coy Laboratory Products) using a vacuum filtration unit
(130-4020; Nalgene) and 0.45 pm cellulose acetate filter membranes
(Sartorius). Anoxic 18.2 MQ-cm water was poured onto the precipitates
foraminimum of eight cycles (pouring followed by extracting water).
When thefiltrate flow decreased to aminimum, the wet mineral paste
was removed from the filter. Wet carbonate GR (73.8% water content)
and wet magnetite (47.2% water content) were added to microcosms.
Thewet minerals were also used for mineralogical characterization by
X-ray diffraction (XRD) and microscopy. For Brunauer-Emmett-Teller
(BET) analysis, a defined amount of precipitate was dried in small boxes
filled with drierite and placed into the anaerobic chamber. The dry
weight was constant after 3-5d.

XRD

Powder XRD was conducted on a subset of samples after synthesis
and washing of the mineral products. A glycerol smear was prepared
with 10 mg sample in the anaerobic chamber and sealed in a glass
vial to prevent oxidation before analysis. To collect the XRD data, the
sample was removed from the vial and spread across a quartz zero
background plate that was placed onto a horizontal stage in a Bruker
D-5000 diffractometer equipped with a Copper Ka X-ray tube (30 kV;
A =1.791A). Signal peaks were compared to reference diffractograms
in the RRUFF database. Instrument broadening was determined by a
standard polycrystalline aluminasample. XRD data were analysed with
the CrystalDiffract software version 6.8.2 for Mac.

Scanning and transmission electron microscopy

Samples for scanning electron microscopy (SEM) imaging were
mounted on aluminium pin stubs with double-sided carbon tabsin a
glove box and transportedin asealed jar under an anoxicatmosphere
tothe microscope. Samples were not sputter coated. Images were taken
onan XL30 ESEMFEG (Philips) operated at a30 kV accelerating voltage
and a 21 pA beam current. Transmission electron microscopy (TEM)
samples were dispersed onaLacey Carbon filmusing 200 mesh copper
grids. Theinstrument used was aCM200 Field Emission Microscope at
200 kV (Philips) withaspherical aberration coefficient C;=1.2 mmand
a point-to-point resolution of 0.25 nm. Imaging was done on a Gatan
Orius CCD system.

BET surface area measurements

For analysis of the BET surface area, dried mineral precipitate was
weighed inside the anaerobic chamber and added to a Florence
glass flask that was closed with a rubber stopper for transport to the
instrument. The BET surface in replicate samples (n =3 for GR and
n =2 for magnetite) was quantified using N, gas on a TriStar 11 3020
analyzer (Micromeritics). The instrument has a limit of detection of
1m?. Our results (Supplementary Table 4) are roughly consistent with

previously determined BET values of 47 m? g™ for GR” and 95 m? g™
for magnetite’.

We performed calculations of the mineral surface area for both
minerals to supplement our measurements. To derive the mineral
density, we calculated the average crystallite size by inserting the full
width at half maximum, as determined from the diffractograms and the
Bragg angle of the GR 0 0 3 reflection and of the magnetite 311reflec-
tion, into the Scherrer equation. The mineral density was calculated
using the formulap = (M x 2)/(V, x 0.60225), where Mis molar mass, Z
isthe number of molecules per crystallite and V. is the crystallite size.
The density and grain volume, as measured by TEM/SEM. were used
to calculate the grain mass. The final value in m? g was derived from
the grain mass and the grain surface area (TEM/SEM). For magnetite,
we calculated a surface area of 88.8 m*g . For GR, we calculated a
minimum approximation (surface of GR sheets only) of27.6 m? g *and
a maximum approximation (including the surface between sheets)
of 538.5m?g™. Thus, our measured value for magnetite is somewhat
lower than the calculated and literature value. The measured value for
GRisingood agreement with the literature value and at the lower end
of the calculated range.

Incubation conditions

Interactions of nitrogen oxides with Fe minerals were tested in anoxic
microcosms designed to mimic Archaean ocean conditions as closely
as possible. Borosilicate glass bottles (30-120 ml) were closed with
thick butyl rubber stoppers and a headspace of 20% CO, in N, was
used throughout the experiment. All glassware was washed with2 M
HCl before use. The liquid phase constituted one-third of the micro-
cosm total volume. We used a published recipe for artificial Archaean
seawater’” and omitted any sulfur species (0.56 M NaCl and 0.01 M
NaHCO,). The pH was initially set to 7.3 using a CO,-HCO;™ buffer. We
boiled 18.2 MQ-cm water and sparged it with CO,/N, (20:80) while it
was cooling onice. Salts were added during the sparging. The anoxic
solution was then dispensed with a pipetor into microcosms in an
anaerobic chamber (0.5% H, in N,; Coy Laboratory Products). Nitrate
and nitrite stock solutions were prepared with their respective sodium
salts, NaNO, (=99%; Thermo Fisher Scientific) and NaNO, (=97%; Acros
Organics) and dissolved in artificial seawater. The solutions were then
sparged with N, and filter sterilized (0.8/0.2 pm pore seize; VWR) in
the anaerobic chamber. Controls with aqueous Fe*" were prepared in
anoxic artificial seawater and FeCl, (=99%; Thermo Fisher Scientific).
The mineral surface area was controlled by the mineral mass added.
Wet minerals were weighed in the anaerobic chamber and distributed
into microcosms using ethanol-washed plastic spatulas. Before the
start of theincubations with the injection of the NO, solution, mineral
agglomerates were dissipated in an ultrasonic bath (Ultrasonic Cleaner
2510; Branson Ultrasonics). Microcosms were shaken at 250 r.p.m.
in the dark and at room temperature for the entire duration of the
experiment. Controls were incubated in the anaerobic chamber to
test for potential leaking through stoppers, which did not occur. To
dissolve mineral particles during incubations, 1.6 ml concentrated
12 NHClor37 NH,SO, wasslowlyinjected throughbottle septato10 ml
mineral-seawater suspension. Dissolution of solid particles occurred
instantly and the liquid first turned turbid orange-green and then clear
green-yellow (HCI) or light yellow (H,SO,) within 15-20 h. The last
measurement of NO in the headspace was taken when the liquid was
clear (Supplementary Fig. 5).

Dissolved nitrite, nitrate, ammonium, ferrous and ferriciron
measurements

All dissolved analytes were quantified spectrometrically with plate
assays. Nitrite in solution was quantified with the Griess Reagent
(G2930; Promega). Nitrate was first reduced to nitrite by vanadium(11r)
chloride and then quantified as nitrite”. Ammonium production was
verified with the salicylic acid assay”™. To determine the Fe?'/Fe®"
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solid-phase ratio, mineral particles were settled, after which super-
natant artificial seawater was removed from the microcosms. Anoxic
acidic extraction of GR and magnetite was conducted by completely
dissolving mineral samplesin 6 MHCI, followed by incubationat 70 °C
for 24 hunder 100% N, headspace to prevent abiotic oxidation®®. The
samples were then further diluted 1:10 in 1M HCI. Ferrous and ferric
ionsinthe extracts were measured by reaction with ferrozine following
the method of Stookey™.

N,O gas measurements

To quantify N,O production, 200 pl headspace gas was sampled with
a gas-tight syringe (VICI Precision Sampling) and injected into a gas
chromatograph (SRl Instruments) equipped with an electron-capture
detector (ECD). Two continuous HayeSep D columns were kept at 90 °C
(oven temperature) and N, (UHP grade 99.999%; Praxair) was used
as the carrier gas. The ECD current was 250 mV and the ECD cell was
keptat350 °C. The N,O measurements were calibrated using custom-
ized standard mixtures (Scott Specialty Gases; accuracy +5%) over a
range of 0.25-100 parts per million by volume. Gas accumulation in
the microcosms was monitored over time. Gas concentrations were
corrected using Henry’s law and the dimensionless concentration
constant k,,*(N,0O) = 0.6112 to account for gas partitioning into the
aqueous phase at 25 °C.

NO gas measurements

NO was quantified in the microcosm headspace with a
chemiluminescence-based analyzer (LMA-3D NO, analyzer; Uni-
search Associates). Headspace gas (50 pl) was withdrawn with a
CO,-N,-flushed gas-tight syringe and injected into the analyzer. The
injection port was customized to fit the injection volume and consisted
of a T-junction with an air filter at one end and a septum at the other
end. Aninternal pump generated a consistent airflow. Inshort, sample
NOwas oxidized to NO, by a CrO, catalyst. The NO, flew across a fabric
wick saturated with a Luminol solution. Luminol was obtained from
Drummond Technology (Canada). Readings were corrected for back-
ground NO, every 15 min (zeroing). The shell airflow rate was kept at
500 ml min™and the span potentiometer was set to 8. Measurements
were calibrated witha 0.1 ppm NO (in N,) standard (<0.0005 ppm NO,;
Scott-Marin) over arange of 5-1,000 parts per billion by volume. Gas
concentrations were corrected using Henry’s law and the dimensionless
concentration constant k,“(NO) = 0.0465 to account for gas partition-
inginto the aqueous phase at 25 °C.

Flux modelling

The partial fluxes of the overall flux balance @4 + @, = @, Wwere
normalized to a 100 m vertical slab with 1 m? basis. The upper 100 m
ocean water is typically considered to be well mixed; hence, reactant
and catalyst are homogeneously distributed in that space. Depending
on the water depth, a portion of the NO, could reach the ocean floor,
which is why we added a generic sediment flux (®,.,) to the balance
equation. The dominant flux would emerge from floating GR mineral
particles (®,,,) thatare distributed along the water column. For simplic-
ity, we assume that all GR had aged into magnetite in the sediment and
all floating particles were GR phases. We refer to the Supplementary
Information for a more detailed description of the derivation of the
partial fluxes, the error propagation method and thermodynamic
calculations.

Photochemical modelling

We have used an atmospheric photochemistry model to simulate the
effects of N,O emission into an anoxic atmosphere akin to that of the
ArchaeanEarth’s. The photochemistry model used”*”® has been validated
by computing the atmospheric compositions of present-day Earth and
Mars, as the outputs agreed with the observations of major trace gases
in Earth’s and Mars” atmospheres’”’. For example, Fig. 2-2 of ref.”” shows

that the model reproduces the vertical profile of the mixing ratio of
N,O in modern Earth’s atmosphere using a globally averaged emis-
sion rate (1 x 10° molecules per cm per s). For this work, we simulate a
1-bar atmosphere of 95% N, and 5% CO, to approximate the anoxic and
CO,-rich environment of the Archaean Earth’®. We used the ultraviolet
and optical spectrum of the present-day Sun to drive the photochemical
model because the solar flux in 200-230 nm, which causes the photo-
dissociation of N,0, depends weakly on the age”. We have updated the
absorption cross-sections of CO,and H,0 using the latest experimental
results®. We assume a surface temperature of 288 K and astratospheric
temperature of 200 K, and adopt the eddy diffusion coefficient derived
from the number density profiles of trace gases on Earth®'. The photo-
chemistry modelincludes acomprehensive reaction network for O,H, C,
NandSspecies, including sulfur and sulfuricacid aerosols, and includes
volcanic outgassing of CO, H,, SO, and H,S. The outgassing rate is not
high enough to produce an H,SO, aerosol layer in the atmosphere and
these gases do notimpact the lifetime of N,O significantly.

Data availability
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Code availability
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