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1  | INTRODUC TION

1.1 | A Proterozoic N2O greenhouse

The Mesoproterozoic was a time of relative warmth bracketed 
by Paleoproterozoic and Neoproteozoic low- latitude glaciation 

(“Snowball Earth” events; Harland & Bidgood, 1959; Hoffman, 2013; 
Kirschvink, 1992). A higher atmospheric inventory of greenhouse 
gases would have been necessary to counter the ~10% dimmer Sun 
in the Mesoproterozoic (Gough, 1981; Kasting, 1993). Despite origi-
nal predictions of high Mesoproterozoic CO2, revised estimates sug-
gest	≤10×	preindustrial	atmospheric	 levels	 (PIAL),	or	<2,800	ppmv	

 

Received:	5	April	2018  |  Revised:	23	June	2018  |  Accepted:	2	July	2018
DOI:	10.1111/gbi.12311

O R I G I N A L  A R T I C L E

Nitrous oxide from chemodenitrification: A possible missing 
link in the Proterozoic greenhouse and the evolution of aerobic 
respiration

Chloe L. Stanton1,2 | Christopher T. Reinhard1 | James F. Kasting2  |  
Nathaniel E. Ostrom3,4 | Joshua A. Haslun5 | Timothy W. Lyons6 | Jennifer B. Glass1

1School of Earth and Atmospheric 
Sciences,	Georgia	Institute	of	Technology,	
Atlanta, Georgia
2Department of Geosciences, Pennsylvania 
State University, University Park, 
Pennsylvania
3Department	of	Integrative	
Biology, Michigan State University, East 
Lansing,	Michigan
4DOE	Great	Lakes	Bioenergy	Research	
Institute,	Michigan	State	University,	East	
Lansing,	Michigan
5Biochemistry and Molecular 
Biology, Michigan State University, East 
Lansing,	Michigan
6Department of Earth Sciences, University 
of California, Riverside, California

Correspondence
Jennifer	B.	Glass,	School	of	Earth	and	
Atmospheric	Sciences,	Georgia	Institute	of	
Technology, Atlanta, GA.
Email:	Jennifer.Glass@eas.gatech.edu

Funding information
National Aeronautics and Space 
Administration, Grant/Award Number: 
NNA15BB03A	and	NNX14AJ87G;	Biological	
and Environmental Research, Grant/Award 
Number: DE-FC02-07ER64494 and DE-
SC0018409; Division of Earth Sciences, 
Grant/Award Number: EAR-1053432; U.S. 
Department of Energy

Abstract
The potent greenhouse gas nitrous oxide (N2O) may have been an important con-
stituent of Earth’s atmosphere during Proterozoic (~2.5–0.5 Ga). Here, we tested the 
hypothesis that chemodenitrification, the rapid reduction of nitric oxide by ferrous 
iron, would have enhanced the flux of N2O from ferruginous Proterozoic seas. We 
empirically derived a rate law, 

d
[

N2O
]

dt
=7.2×10−5[Fe

2+
]0.3[NO]1 , and measured an 

isotopic site preference of +16‰ for the reaction. Using this empirical rate law, and 
integrating across an oceanwide oxycline, we found that low nM NO and μM- low mM 
Fe2+ concentrations could have sustained a sea- air flux of 100–200 Tg N2O–N year−1, 
if N2 fixation rates were near- modern and all fixed N2 was emitted as N2O. A 1D 
photochemical model was used to obtain steady- state atmospheric N2O concentra-
tions as a function of sea- air N2O flux across the wide range of possible pO2 values 
(0.001–1	PAL).	At	100–200	Tg	N2O–N year−1	and	>0.1	PAL	O2, this model yielded 
low- ppmv N2O, which would produce several degrees of greenhouse warming at 
1.6 ppmv CH4 and 320 ppmv CO2. These results suggest that enhanced N2O produc-
tion in ferruginous seawater via a previously unconsidered chemodenitrification 
pathway may have helped to fill a Proterozoic “greenhouse gap,” reconciling an ice- 
free Mesoproterozoic Earth with a less luminous early Sun. A particularly notable 
result was that high N2O fluxes at intermediate O2	 concentrations	 (0.01–0.1	PAL)	
would have enhanced ozone screening of solar UV radiation. Due to rapid photolysis 
in the absence of an ozone shield, N2O is unlikely to have been an important green-
house gas if Mesoproterozoic O2	was	0.001	PAL.	At	low	O2, N2O might have played 
a more important role as life’s primary terminal electron acceptor during the transi-
tion from an anoxic to oxic surface Earth, and correspondingly, from anaerobic to 
aerobic metabolisms.
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CO2 (Kah & Riding, 2007; Sheldon, 2013), which would require 
>100 ppmv methane (CH4) to maintain globally ice- free conditions 
(Fiorella & Sheldon, 2017). However, efficient coupling of anaero-
bic CH4 oxidation and sulfate reduction in Mesoproterozoic oceans 
likely capped CH4	 at	 ~10	ppmv	 (Olson,	 Reinhard,	 &	 Lyons,	 2016),	
suggesting that another gas might have been required to help fill the 
Mesoproterozoic greenhouse deficit along with CH4 fluxes from ter-
restrial settings (Zhao, Reinhard, and Planavsky (2017).

A third greenhouse gas, nitrous oxide (N2O), may have contributed to 
maintaining an ice- free Mesoproterozoic Earth (Buick, 2007; Roberson, 
Roadt, Halevy, & Kasting, 2011). Due to low chemical reactivity of N2O 
at Earth’s surface, the ultimate sink for N2O is stratospheric photolysis 
(Kaiser, Röckmann, Brenninkmeijer, & Crutzen, 2003), which is faster in 
the absence of ozone (O3) generated from O2 (Roberson et al., 2011). 
Thus, if N2O production was sufficiently high, the longer atmospheric 
lifetime of N2O after ~2.4 Ga may have made it a larger player in the 
Mesoproterozoic greenhouse (Roberson et al., 2011).

1.2 | Enzymatic N2O sources and sinks: 
evolution and metal requirements

Microbial enzymes can produce and consume N2O (Glass & Orphan, 
2012; Stein, 2011; Stein & Yung, 2003; Zhu- Barker, Cavazos, 
Ostrom, Horwath, & Glass, 2015) using iron and copper metalloco-
factors, respectively. The biological nitrogen cycle (e.g., nitrogen fix-
ation, nitrification and denitrification) had likely evolved by the late 
Archean or early Proterozoic (Boyd & Peters, 2013; Boyd et al., 2011; 

Canfield, Glazer, & Falkowski, 2010a; Fennel, Follows, & Falkowski, 
2005; Garvin, Buick, Anbar, Arnold, & Kaufman, 2009; Godfrey & 
Falkowski,	2009;	Jones,	Stres,	Rosenquist,	&	Hallin,	2008;	Klotz	&	
Stein,	2008;	Moore,	Jelen,	Giovannelli,	Raanan,	&	Falkowski,	2017;	
Stüeken, Buick, Guy, & Koehler, 2015; Zerkle et al., 2017; Zumft & 
Kroneck, 2006). A depiction of the Mesoproterozoic nitrogen cycle 
is	shown	in	Figure	1.	It	is	possible	that	abiotic	processes	generated	
additional marine NO−

x
	(Laneuville,	Kameya,	&	Cleaves,	2018).

While Fe2+ was likely plentiful in low- O2 Mesoproterozoic oceans 
(Poulton & Canfield, 2011), scarcity of other bioessential metals might 
have exerted important controls on the Proterozoic nitrogen cycle 
(Anbar & Knoll, 2002; Glass, Wolfe- Simon, & Anbar, 2009; Godfrey 
& Falkowski, 2009; Reinhard et al., 2013; Saito, Sigman, & Morel, 
2003). Buick (2007) posited that Proterozoic oceans had low dis-
solved	Cu	due	to	the	low	solubility	of	Cu	sulfides	(Emerson,	Jacobs,	
&	Tebo,	1983;	Jacobs,	Emerson,	&	Skei,	1985;	Kremling,	1983;	Morse	
&	Luther,	1999)	and	that	Cu	limitation	may	have	limited	activity	of	the	
last enzyme in denitrification, nitrous oxide reductase (NOS), which 
requires Cu as a cofactor for N2O reduction to N2. Accumulation 
of N2O under Cu limitation occurs in denitrifying bacterial isolates 
(Granger & Ward, 2003), but not in natural waters (Twining, Mylon, 
& Benoit, 2007; Ward et al., 2008). Further, recent data suggest that 
marine Cu concentrations likely remained relatively stable through-
out Earth history (Fru et al., 2016), making Cu limitation of Proterozoic 
N2O reduction less feasible as a N2O accumulation pathway. There is 
thus impetus for considering other potential pathways for producing 
N2O that do not rely on Cu- limited denitrification.

F IGURE  1 An updated model for the Proterozoic marine nitrogen cycle. The dashed black line indicates the oxycline, with (sub)oxic 
seawater	above	(see	Lyons	et	al.	(2014)	for	more	details)	and	anoxic	seawater	below.	All	colored	arrows	represent	biological	reactions,	with	
exceptions of chemodenitrification (bolded orange) and atmospheric chemistry (light blue). At low atmospheric O2, N2O photolysis recycles 
N2O to N2; at high atmospheric O2, the O3 screen prevents N2O photolysis, allowing for N2O photo- oxidation to NO, which subsequently 
reacts with O3 to yield NO2. Vertical diffusion of chemical species is represented by black arrows. Yellow arrows indicate N2 fixation (Boyd 
&	Peters,	2013;	Stüeken	et	al.,	2015)	and	ammonification.	Green	arrows	indicate	nitrification	(Caranto	&	Lancaster,	2017;	Klotz	&	Stein,	
2008;	Kozlowski	et	al.,	2016).	Orange	arrows	indicate	denitrification	(Garvin	et	al.,	2009;	Jones	et	al.,	2008;	Stolz	&	Basu,	2002)	with	the	“?”	
representing copper limitation of the last step (N2O reduction to N2) as proposed by Buick (2007). Dark blue arrows indicate anammox (Klotz 
& Stein, 2008). Chemodenitrification, the reduction in oxidized N to gaseous N by Fe2+, is shown in bold arrows. See text for additional 
details [Colour figure can be viewed at wileyonlinelibrary.com]
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1.3 | Sources of nitrous oxide from 
ferruginous oceans

Numerous abiotic chemical reactions can readily produce N2O (Zhu- 
Barker et al., 2015). A particularly relevant abiotic N2O production 
pathway in the Mesoproterozoic could have been chemodenitrifica-
tion, the rapid chemical reaction of Fe2+ with oxidized nitrogenous 
intermediates, which yields N2O as the primary product (Zhu- Barker 
et al., 2015). Today, this chemical reaction occurs in the presence of 
high Fe2+ concentrations, such as in sediment porewaters (Buchwald, 
Grabb, Hansel, & Wankel, 2016; Wankel et al., 2017) and hypersaline 
lake waters (Ostrom, Gandhi, Trubl, & Murray, 2016; Samarkin et al., 
2010). Chemodenitrification has also been observed in bacterial cul-
tures of Anaeromyxobacter dehalogenans, which grows by coupled 
metal- nitrogen cycling. This bacterium reduces Fe3+ to Fe2+, which in 
turn chemically reacts with NO−

2
 to produce N2O via chemodenitrifi-

cation. The N2O is then used as a terminal electron acceptor for bac-
terial	growth	(Onley,	Ahsan,	Sanford,	&	Löffler,	2018).	We	posit	that	
chemodenitrification of oxidized nitrogen intermediates to N2O was 
more prevalent in the ferruginous oceans of the Mesoproterozoic 
compared to anemic modern seawater, provided that the reductive 
and oxidative branches of nitrogen cycle were operational at the 
time (Figure 1).

Chemodenitrification can occur with nitrite (NO−

2
 ) and nitric 

oxide (NO) (Zhu- Barker et al., 2015), both of which are intermedi-
ates	 in	nitrification	and	denitrification	(Caranto	&	Lancaster,	2017;	
Kozlowski, Stieglmeier, Schleper, Klotz, & Stein, 2016; Ye, Averill, & 
Tiedje, 1994), and accumulate in environments where these path-
ways do not go to completion (Schreiber, Wunderlin, Udert, & Wells, 
2012). Nitric oxide can also form during lightning strikes, although 
this source has likely not been significant since the Archean (Navarro- 
Gonzalez, Mckay, & Mvondo, 2001). As NO is very reactive, its con-
centrations in environmental settings are highly variable, and can be 
elevated in zones of rapid N- cycling (Schreiber et al., 2012; Ward 
& Zafiriou, 1988). We chose to focus on NO because it is a central 
reactive intermediate in the nitrogen cycle (Figure 1), and because 
a thorough treatment of the kinetics and isotope fractionation of 
chemodenitrification via NO−

2
 and Fe2+ has recently been presented 

(Jones,	Peters,	Lezama	Pacheco,	Casciotti,	&	Fendorf,	2015).
In	this	study,	we	characterized	the	reaction	kinetics	and	isotope	

signature of N2O produced by chemodenitrification from NO reduc-
tion by Fe2+ in anoxic seawater at pH 7:

The empirical rate law was coupled with a 1D photochemical 
model to estimate steady- state seawater NO concentrations, sea- 
air N2O fluxes, atmospheric N2O concentrations, and resulting 
greenhouse	warming	across	 the	wide	estimates	 (0.001–0.1	PAL)	
of Mesoproterozoic O2	 (Lyons,	 Reinhard,	 &	 Planavsky,	 2014),	
and to explore potential implications for the evolution of aerobic 
respiration.

2  | E XPERIMENTS AND MODEL S

2.1 | Experimental design

All glassware was acid- washed in 1.2 N HCl for >12 hr to remove 
contamination. All experiments were performed at room tem-
perature in an anoxic chamber with 97% N2 and 3% H2 atmos-
phere	(Coy	Laboratory	Products,	Grass	Lake,	MI).	Stock	solutions	
of FeSO4·7H2O, NaNO3, and NaNO2 were prepared in ultrapure 
water, sparged with N2	 for	 ≥10	min,	 and	 equilibrated	 in	 the	 an-
oxic chamber prior to use. Glass serum bottles (38- ml) were filled 
with 20 ml anoxic (N2-	sparged	 for	 ≥1	hr)	 synthetic	 ocean	 water	
composed of the basal media “Aquil” (Price et al., 1988). The syn-
thetic seawater was pH 7.8 (see justification below) and contained 
28.8 mM (modern ocean) sulfate (see Discussion). The synthetic 
seawater was amended with Fe2+ (10–1,000 μM) and stoppered 
with black butyl stoppers and crimp seals. Background headspace 
N2O	was	≤10	nmol	(<5%	of	final	N2O). At the zero time- point, NO 
gas	 (≤2	ml)	 was	 injected	 to	 yield	 13–44	μM dissolved NO (see 
Supporting information Figure S1 for description of chemical 
NO synthesis). Additional experiments were also performed with 
1 mM Fe2+, and 1 mM NO2

- or 1 mM NO−

3
 . Control experiments 

with 1 mM Fe2+ and no amended NO, or with 13 μM NO and no 
added Fe2+,	produced	<1	nmol	N2O. Bottles were incubated in the 
anoxic chamber for up to 48 hr. One milliliter of headspace was 
sampled at regular intervals and injected into He- sparged 7- ml 
screw cap septum vials sealed with Tuf- Bond™ PTFE/silicone disks 
(Thermo Scientific™) prior to sampling. Solution pH was tested 
at the beginning and end of the experiment and remained 7.8 
throughout.

2.2 | Gas chromatography

Samples (1 ml) were removed from each septum vial by syringe 
and injected into a gas chromatograph with a HayeSep N column 
and a 63Ni electron capture detector for N2O detection (GC- ECD, 
SRI).	A	1-	ppm	N2O standard (Scotty) was used for GC- ECD cali-
bration. Peak area was used to quantify nmols of N2O injected, 
which was then converted to nmols of N2O in the original bottle 
headspace.

2.3 | Isotope ratio measurements

Experiments to measure the isotopic composition of N2O pro-
duced during abiotic NO (0.1 μM) reduction by Fe2+ (72 μM Fe2+) 
were performed using the same protocol described above, though 
outside of an anoxic chamber, with ~30% N2O yield. N2O was 
preconcentrated and then purified with chemical traps to remove 
H2O and CO2,	with	 an	Elementar	Trace	Gas	 Inlet	 System	before	
introduction to a Porapak- Q column to chromatographically sepa-
rate any residual CO2 from N2O. The N2O was then introduced to 
the	 Elementar	 Isoprime	mass	 spectrometer	 for	measurement	 of	
the δ15N, δ18O, and SP of N2O (Sutka et al., 2006).

2NO+2Fe
2+

+5H2O→N2O+2Fe(OH)3+4H
+

;ΔG
◦�

r
=−123kJ/mol
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2.4 | Atmospheric modeling

A 1D model of atmospheric photochemistry, developed by Kasting 
(1982) and subsequently updated with newer rate constants by Segura 
et al. (2003) (see Supporting information Table S1 for compilation of 
reaction rates), was used to evaluate atmospheric N2O as a function 
of upward N2O	flux	 (1.0	×	10

9–1.3	×	1011 N2O molecules cm−2s−1 or 
8–1,000 Tg N2O–N year−1)	at	0.001–1×	PAL	O2. The model is coded 
by solving flux and continuity equations for 34 species at 100 1- km 
intervals through the atmospheric column. The two equations are 
combined and split into 3,400 time- dependent ordinary differen-
tial equations, which are then solved by integrating to steady state 
using	the	reverse	Euler	numerical	method	(a	fully	implicit	scheme).	In	
doing this calculation, the model also calculates O3 vertical profiles 
and column depths, the latter of which are reported in the Results 
and Discussion. Ozone column depth affects solar ultraviolet flux at 
Earth’s surface, which may have implications for biological evolution.

3  | RESULTS AND DISCUSSION

3.1 | Chemodenitrification kinetics

We base our rate law for chemodenitrification on the following equation:
(

d
[

N2O
]

dt
=k[Fe

2+
]a[NO]b[H

+

]c

)

, where k represents a rate con-
stant and a, b, and c represent orders of reaction for Fe2+, NO, 
and H+, respectively. These constants were calculated from N2O 
production rates (Figure 2) using the method of initial rates. By 
varying only one reactant at a time across multiple experiments, 
we obtained a, b, and c based on the relationship between the log 
of the initial reactant concentration and the log of the initial rate, 
with the order of the reaction for each reactant equal to the slope 
of the linear trend line (Figure 3). For the reaction of interest, we 
calculated that a is 0.3 and b is 1.0.

Ocean pH has likely increased throughout Earth history due 
to declining atmospheric CO2, from pH ~6.5–7 in the Archean to 
pH 7.5–9 in the Phanerozoic (Halevy & Bachan, 2017; Krissansen- 
Totton, Arney, & Catling, 2018). For simplicity, we assume in our 
calculations that the pH of the Proterozoic was the same as in our 
experiments (7.8), although it is important to note that Proterozoic 
marine pH was likely below this (Halevy & Bachan, 2017; Krissansen- 
Totton et al., 2018). Under this assumption, c drops out of the rate 
law, and k	 can	 be	 solved	 for	 7.2	×	10−5s−1, yielding the rate law 
d
[

N2O
]

dt
=7.2×10−5[Fe

2+
]0.3[NO]1 . Experiments with 1 mM Fe2+ and 

13–44 μM NO produced 300–700 nmol N2O (Figure 1), whereas ex-
periments with 1 mM Fe2+ and 1 mM NO2

- produced only 45 nmol 
N2O, and those with 1 mM Fe2+ and 1 mM NO−

3
	produced	<1	nmol	

N2O (data not shown). Therefore, we conclude that NO would have 
been a much more reactive N2O source in the presence of abundant 
Fe2+ than NO−

2
 or NO−

3
.

It	 is	 important	 to	 note	 that	 these	 kinetic	 experiments	 do	 not	
account for possible effects of pH, metal catalysts (e.g., Cu), and Fe 
minerals, all of which have been shown to stimulate chemodenitrifi-
cation (Coby & Picardal, 2005; Cooper, Picardal, Schimmelmann, & 
Coby,	2003;	Kampschreur,	Kleerebezem,	De	Vet,	&	Van	Loosdrecht,	
2011; Moraghan & Buresh, 1977; Nelson & Bremner, 1970; Onley 
et al., 2018). While the slightly lower pH of Proterozoic seawater 
may have slightly slowed N2O production, the presence of Fe min-
erals (e.g., ferrihydrite, siderite, green rust) would have stimulated 
N2O production. Thus, the empirical rate law is a best approxima-
tion under the current experimental conditions.

3.2 | Isotopic site preference of 
chemodenitrification

Isotopic	 equilibrium	 between	 δ15N- NO and δ15N- N2O was ob-
tained rapidly in our experiments, on timescales of minutes to 

FIGURE  2 N2O production after injection (at 0 minutes) of 
variable concentrations of NO (circles; with 1 mM Fe2+) or Fe2+ 
(squares; with 20 μM NO) into anoxic synthetic ocean water at pH 7.8

µ

µ

µ

µ

µ

µ

F IGURE  3 The effect of the initial reactant concentration 
(log[NO] (circles) or log[Fe2+] (squares), in M) on the initial rate 
(rate0) of N2O production (in Ms−1). The log/log plot yields lines 
with slopes equal to the order of reaction for each reactant (in bold 
in the equations next to each line). The sample color scheme is the 
same as in Figure 2
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hours, suggesting equilibrium fractionation (Supporting information 
Figure	S2).	In	contrast,	δ18O displayed kinetic fractionation (Table 1; 
Supporting information Figure S2), indicating minimal exchange 
of H2O during NO to N2O	 conversion.	 Isotopic	 site	 preference	
(SP = δ15Nα -  δ15Nβ), the difference in δ15N between N2O’s center α N 
atom and the outer β N atom, distinguishes microbial N2O produced 
during	denitrification	(−10	to	0‰)	from	that	derived	from	nitrifica-
tion (+30 to 37%; Ostrom & Ostrom, 2012). The SP of N2O produced 
abiotically from NO, 15.9 ± 3.2‰, was slightly more positive than 
the 10‰ reported for N2O produced from abiotic NO−

2
 reduction by 

Fe2+	at	pH	7	 (Jones	et	al.,	2015)	and	significantly	greater	 than	 the	
−5.9‰	SP for microbial NO reduction to N2O by bacterial nitric oxide 
reductase (Yamazaki et al., 2014).

3.3 | Oxygen minimum zones as 
Mesoproterozoic analogs

Other than their lower Fe2+ and higher SO2−

4
 content, modern 

OMZs are relevant analogs for studying the Mesoproterozoic 
pelagic nitrogen cycle. The oxyclines overlying OMZs are the 
dominant modern ocean source of N2O to the atmosphere 
(Arévalo-	Martínez,	 Kock,	 Löscher,	 Schmitz,	 &	 Bange,	 2015;	
Babbin,	 Bianchi,	 Jayakumar,	 &	 Ward,	 2015;	 Freing,	 Wallace,	 &	
Bange, 2012; Naqvi et al., 2000, 2010). The presence of elevated 
NO

−

2
 and NO—both intermediates in aerobic and anaerobic ni-

trogen metabolisms—in modern marine oxyclines (Babbin et al., 
2015; Freing et al., 2012; Ward & Zafiriou, 1988) suggests the en-
vironmental relevance of these two nitrogenous intermediates in 
low- O2 Proterozoic oceans after the evolution of a near- modern 

enzymatic	 nitrogen	 cycle	 by	 the	 Neoarchean	 (Busigny,	 Lebeau,	
Ader,	 Krapež,	 &	 Bekker,	 2013;	 Garvin	 et	al.,	 2009;	 Godfrey	 &	
Falkowski, 2009; Stüeken, Kipp, Koehler, & Buick, 2016).

Using our empirical rate law, we calculated the N2O produc-
tion rates that would be possible from chemodenitrification in 
modern Earth oxyclines. With 10–100 pM NO (Ward & Zafiriou, 
1988) and 0.1–300 nM Fe2+ in modern oxyclines (Hopkinson & 
Barbeau, 2007; Kondo & Moffett, 2013, 2015; Moffett, Goepfert, 
& Naqvi, 2007; Staubwasser, Schoenberg, Blanckenburg, Krüger, 
& Pohl, 2013; Yemenicioglu, Erdogan, & Tugrul, 2006), chemode-
nitrification could yield only 0.1–10 pM N2O day−1, which is several 
orders of magnitude lower than net N2O production rates mea-
sured in OMZ oxyclines (1–5 nM N2O day−1; Babbin et al., 2015). 
This result is consistent with current hypotheses suggesting that 
the bulk of modern N2O production in OMZ oxyclines derives from 
microbial denitrification (Babbin et al., 2015), with possible contri-
butions from archaeal ammonia oxidation and/or abiotic hydroxyl-
amine oxidation (Cavazos, Taillefert, Tang, & Glass, 2018; Santoro, 
Buchwald, Mcilvin, & Casciotti, 2011).

We note that high SO2−

4
 (28.8 mM) concentrations in modern 

OMZs and our artificial seawater experimental medium are not 
realistic for low-  SO2−

4
	Mesoproterozoic	seas	(Kah,	Lyons,	&	Frank,	

2004;	Lyons	&	Gill,	2010;	Planavsky,	Bekker,	Hofmann,	Owens,	&	
Lyons,	2012),	but	we	do	not	expect	SO4

2- to interfere with che-
modenitrification reactions in the absence of biological SO2−

4
 re-

duction, which was not present in our abiotic experiments and 
is only sporadically observed in modern OMZs (Bianchi, Weber, 
Kiko,	 &	 Deutsch,	 2018;	 Canfield	 et	al.,	 2010b;	 Johnston	 et	al.,	
2014).

TABLE  1  Individual	bottle	N2O isotope values for experiment with 72 μM Fe2+ and 0.1 μM NO in anoxic artificial seawater (pH 7.8). The 
δ15N and δ18O	of	the	NO	substrate	were	−36.47‰	and	19.74‰,	respectively.	Percent	conversion	indicates	the	percentage	of	N2O measured 
relative to 74 nmol N2O expected if 100% of the 148 nmol NO was converted to N2O (2:1 ratio). Abbreviations: hr: hours; SD: 1σ standard 
deviation; site preference, SP = δ15Nα -  δ15Nβ. The asterisk indicates that δ18O behaved kinetically, and therefore, the average is not 
meaningful

Bottle Time (hr) N2O (nmol) % N conversion δ15Nbulk (‰) δ15Nα (‰) δ15Nβ (‰) δ18O (‰) SP (‰)

1 1 11 15 −47.3 −38.9 −55.0 11.3 16.1

2 1 13 17 −48.1 −39.6 −56.0 13.7 16.4

3 1 5 6 −38.0 −30.5 −44.8 8.1 14.2

1 1.5 6 8 −39.8 −32.7 −46.3 8.5 13.5

2 1.5 11 15 −45.0 −36.8 −52.5 11.1 15.7

3 1.5 16 22 −46.8 −38.7 −54.3 13.6 15.6

1 2 19 26 −44.2 −36.7 −51.0 17.4 14.3

1 6 22 30 −45.6 −36.0 −54.6 24.7 18.6

2 6 21 29 −44.1 −31.5 −56.1 24.5 24.6

3 6 20 27 −46.2 −36.5 −55.2 24.2 18.7

1 16 26 35 −40.9 −34.1 −47.1 25.3 13.1

2 16 22 30 −42.7 −35.9 −49.0 24.9 13.1

3 16 20 27 −43.2 −36.5 −49.3 24.2 12.8

Ave (SD) −44.0	(3.0) −35.7	(2.8) −51.6	(4.0) * 15.9 (3.2)
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3.4 | Mesoproterozoic N2O production from 
chemodenitrification

To determine the effect of higher Fe2+ on chemodenitrification in 
Mesoproterozoic oxyclines, we modeled N2O production rates at 
Fe2+ concentrations of up to 10 mM—near the predicted upper limit 
for Proterozoic oceans (Derry, 2015). We varied NO concentrations 
from 10 pM, the lower range in modern OMZ oxyclines (Ward & 
Zafiriou, 1988), to 500 nM, the maximum concentration measured in 
modern sediments (Schreiber, Polerecky, & De Beer, 2008; Schreiber, 
Stief, Kuypers, & De Beer, 2014). Our rate law suggests that 1–5 nM  
N2O day−1 production rates would be possible in modern oxyclines 
with >1 nM NO and >10 μM Fe2+ (Babbin et al., 2015) via solely abi-
otic	reactions	(Figure	4).	In	contrast,	at	the	maximum	concentrations	
tested (500 nM NO and 10 mM Fe2+), N2O production rates ap-
proached 10 μM day−1, roughly four orders of magnitude higher than 
those observed in modern O2- deficient marine systems (Figure 4).

3.5 | Fate of N2O: biotic vs. abiotic

The fate of N2O depends on the balance between its production 
from NO reduction and its consumption via reduction to N2 (Stein & 
Yung, 2003). The former process, NO reduction to N2O, can be either 
biotic or abiotic, whereas the latter, N2O reduction to N2, is primarily 
a biological process, catalyzed by the enzyme NOS. Thus, N2 is typi-
cally the primary product of biological denitrification (Schlesinger, 
2009; Seitzinger, 1988; Senbayram, Chen, Budai, Bakken, & Dittert, 
2012), and N2O is the primary product of chemodenitrification 
(Moraghan & Buresh, 1977; Ostrom et al., 2016). For simplicity, we 
explored the climatic and biological repercussions, respectively, 
of the two- endmember scenarios for the fate of Mesoproterozoic 

N2O—that is (i) all N2O was emitted to the atmosphere and (ii) all N2O 
was biologically reduced to N2, bearing in mind that the reality likely 
sits between these two extremes.

3.6 | Endmember 1: 100% (chemo)denitrification 
to N2O

3.6.1 | N2O sea- air flux

We calculated sea- air N2O flux from oxyclines, assuming that 
100% of denitrification was emitted as N2O. We used an oxy-
cline	thickness	of	10	m	and	a	horizontal	extent	of	3.6	×	1014 m2, 
which assumes that the oxycline stretched across the entire 
Mesoproterozoic ocean and that the ocean covered 70% of 
Earth’s surface. These assumptions are based on results from 
numerous studies suggesting that anoxic conditions dominated 
the global Mesoproterozoic deep ocean, both near and offshore 
(e.g., Canfield, 1998; Reinhard et al., 2013; Scott et al., 2008). 
We integrated N2O	 production	 rates	 over	 the	 3.6	×	10

15 m3, 
or	 3.6	×	1018	L,	 oxycline	 volume.	 As	 an	 upper	 endmember	 for	
N input to the marine reservoir, we used the modern N2 fixa-
tion rates, ~180 Tg N year−1 (Großkopf et al., 2012), noting that 
Mesoproterozoic N2 fixation may have been lower due to phos-
phorus	 limitation	 (Laakso	&	 Schrag,	 2018;	Michiels	 et	al.,	 2017;	
Reinhard,	Planavsky,	Olson,	Lyons,	&	Erwin,	2016).	Our	empirical	
rate law suggests that steady- state chemodenitrification rates of 
3–5 nM N2O day−1, from 5–10 nM NO and 0.1–5 mM Fe2+, could 
balance a marine N budget of ~100–200 Tg year−1	 (Figure	4).	 In	
comparison, the modern marine N2O flux is ~5 Tg year−1 (Battaglia 
&	 Joos,	 2018)	 and	 the	modern	 global	N2O flux is ~17 Tg year−1 
(Davidson & Kanter, 2014). While we have only considered 

F IGURE  4 The effect of varying 
NO and Fe2+ on N2O production rates, 
modeled based on the empirical rate 
law for chemodenitrification (law 
d
[

N2O
]

dt
=7.2×10−5[Fe

2+
]0.3[NO]1) 

obtained from the results presented 
in this study. The white dashed box 
indicates N2O production rates (1–5 nM 
N2O day−1) in modern OMZ oxyclines 
(Babbin et al., 2015). White dashed lines 
indicate the upper and lower NO and Fe2+ 
concentrations required to produce N2O 
fluxes of ~100–200 Tg year−1 [Colour 
figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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atmospheric flux from oceans in this study, it is quite possible that 
lakes contributed to additional chemodenitrification flux, as pre-
sumably any aquatic nitrogen could be chemodenitrified; indeed, 
chemodenitrification still occurs in some modern freshwaters 
(Zhu- Barker et al., 2015).

3.6.2 | Effect of atmospheric O2 on N2O and O3

Atmospheric pO2 levels during the Mesoproterozoic are stridently 
debated. Techniques centered on Fe and Mn mobility in terrestrial 
weathering environments indicate low atmospheric pO2 on the 
order	of	~0.001-0.01		PAL	or	lower	(Cole	et	al.,	2016;	Crowe	et	al.,	
2013; Planavsky et al., 2014; Zbinden, Holland, Feakes, & Dobos, 
1988), while others have been interpreted to reflect higher pO2 
(Blamey et al., 2016; Gilleaudeau et al., 2016; Zhang et al., 2016). 
All of these approaches have been met with controversy (Daines, 
Mills,	&	Lenton,	2017;	Diamond,	Planavsky,	Wang,	&	Lyons,	2018;	
Planavsky et al., 2016; Yeung, 2017), and it is beyond our scope 
here to fully evaluate the likelihood of any given atmospheric pO2 
reconstruction. Rather, we determined the photochemical impact 
of O2 on atmospheric N2O levels across an inclusive range of at-
mospheric pO2 values.

We used a 1D photochemical model to determine the relation-
ship between upward N2O flux, and N2O mixing ratio and residence 
time, as a function of atmospheric O2	 (Figure	5).	 In	essence,	 these	
are the same series of simulations as Roberson et al. (2011) extended 
upward to higher N2O fluxes and downward to lower atmospheric 
O2 levels. As a conservative estimate, the ocean was assumed to 
be the sole source of N2O to the atmosphere, although there may 
have been active terrestrial nitrogen cycling as an additional source 
of N2O (Beraldi- Campesi, Farmer, & Garcia- Pichel, 2014; Beraldi- 
Campesi & Garcia- Pichel, 2011; Mancinelli & Mckay, 1988).

If	Mesoproterozoic	N2 fixation rates were similar to the modern 
(~180 Tg year−1),	 an	 atmosphere	 with	 0.1–1	 PAL	 O2 and an upward 
flux of 100–200 Tg N2O- N year−1 could have maintained several 
ppmv N2O (Figure 5a) with ~10–100 year residence time (Figure 5b), 
compared to today’s 0.32 ppmv N2O	with	170	year	residence	time.	If	
Mesoproterozoic N2	 fixation	rates	were	10×	higher	than	modern,	at-
mospheric N2O could have reached upwards of 10 ppmv (Figure 5a). 
If	Proterozoic	O2	was	 relatively	 low	 (~0.001	PAL;	 Lyons	et	al.,	 2014;	
Planavsky et al., 2014), the O3 UV screen would have been less effective, 
resulting in higher rates of N2O photodissociation (N2O	+	hv	→	N2 + O) 
(Figure 1) and lower atmospheric N2O (Figure 5a).

The 1D photochemical model also yielded O3 column depth as 
a function of varying N2O and O2 (Figure 6; see Supporting infor-
mation Figures S3 and S4 for vertical profiles of relevant species). 
Increasing	N2O	at	0.001–0.01	PAL	O2 had minimal effect on O3 
because N2O photolysis rapidly recycles N2O to N2 at low pO2, so 
minimal NO is available for O3 destruction (Figure 1). The N2O–
O3	 feedback	 loop	 became	 detectable	 at	 >0.1	 PAL	O2 (Figure 6). 
Above	 0.1	 PAL	 O2, N2O photolysis is inhibited by a strong O3 
screen, causing more N2O to react with O(1D) to produce NO 
(N2O + O(1D)	→	2	NO),	which	 in	 turns	 destroys	 stratospheric	O3 

(Ravishankara,	 Daniel,	 &	 Portmann,	 2009;	 Figure	1).	 At	 10×	 the	
modern N2O flux, O3 column depth was ~20% and ~50% lower 
at	 0.1	 and	 1	 PAL,	 respectively	 (Figure	6).	 (For	 comparison,	 the	
anthropogenic N2O rise, from preindustrial values of 0.27 ppmv 
to the modern value of 0.32 ppmv, produced a 0.7% decrease 
in stratospheric O3 (Prather & Hsu, 2010)). Thus, a high N2O 
flux from chemodenitrification would have slightly lowered the 
Proterozoic stratospheric O3 screen at a given O2 concentration, 
although O3 is more sensitive to changes in O2 than to changes in 
N2O (Figure 6). Perhaps most interestingly, at high N2O fluxes, the 
stratospheric O3	column	depth	is	greater	at	0.01–0.1	PAL	O2 than 
it	 is	 at	 1	PAL	 (Figure	6).	Hence,	 paradoxically,	 screening	of	 solar	
UV radiation during the Proterozoic may have been enhanced by 
lower pO2	 levels	at	that	time.	At	0.001	PAL	O2, however, the O3 
screen is effectively gone, regardless of the N2O flux.

3.6.3 | Greenhouse warming

Climate calculations for Proterozoic greenhouse warming as a func-
tion of atmospheric N2O are presented in Roberson et al. (2011). We 
used the Roberson climate model for lower CH4, consistent with 
<10	ppmv	Mesoproterozoic	 CH4	 (Olson	 et	al.,	 2016).	 In	 the	 pres-
ence of 1.6 ppmv CH4 and 320 ppmv CO2, 3–6 ppmv N2O	(10–20×	
modern) would generate 3–5°C of greenhouse warming, which is the 
minimum needed to reach the freezing point of water in the early 
Proterozoic (83% solar luminosity) in this 1D climate simulation. A 
more complicated 2-  or 3D climate model that included ice albedo 
feedback might require additional greenhouse warming to avoid 
glaciation at high latitudes, which has not been well- documented to 
date	during	the	Mesoproterozoic.	It	is	also	important	to	consider	that	
the greenhouse effect of N2O will be diminished for more realistic 
Proterozoic pCO2 and pCH4 (Byrne & Goldblatt, 2014). For example, 
at an atmospheric N2 pressure of 1 bar, a nominal pN2O of 5 ppmv 
provides a radiative forcing of 10 W m−2. However, overlap with CO2 
and CH4 absorption bands would reduce this to ~3.5 W m−2	at 100 
ppmv CH4 and 10,000 ppmv CO2	 (Byrne	&	Goldblatt,	 2014).	 It	 is	
also possible that climate controls besides greenhouse gases, such 
as oceanic heat transfer, contributed to an equable Mesoproterozoic 
climate (Fiorella & Sheldon, 2017).

In	summary,	we	found	that	at	>0.1	PAL	O2, 3–6 ppmv N2O can be 
sustained by ~180 Tg N2O- N year−1,	or	~10×	global	modern	N2O flux. 
Thus, we conclude that N2O may have been an important green-
house gas in the Mesoproterozoic if (i) N2O was the major gaseous N 
species emitted, which would be more likely if chemodenitrification 
was the dominant pathway, (ii) rates of N2 fixation were sufficiently 
high	 to	 support	~10×	global	modern	upward	N2O flux, and (iii) O2 
was	>0.1	PAL	O2.

3.7 | Endmember 2: 100% denitrification to N2

If	biological	denitrification	was	the	dominant	pathway	for	N	loss	
from Mesoproterozoic oceans instead of chemodenitrification, 
N2O might have been less important as a Proterozoic greenhouse 
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gas and more important as a terminal electron acceptor for an-
aerobic microbial respiration compared to today. Today, a number 
of microbes can utilize N2O as a terminal electron acceptor (Hallin, 
Philippot,	 Löffler,	 Sanford,	&	 Jones,	 2017).	 This	 capability	 likely	
originated in the Proterozoic after O2 rose to levels high enough 
to allow the persistence of higher N2O, assuming that the avail-
ability of metals as cofactors in N- cycling enzymes and organic 
carbon was sufficient for denitrification to operate without re-
source limitation.

Examination of the evolutionary history of the key enzymes in 
denitrification and aerobic respiration suggests that N2O respiration 
played a vital role in the emergence of aerobic life. Aerobic respi-
ration, in turn, was vital for the proliferation of animal life in the 
Neoproterozoic. Biochemical comparison of the last two enzymes in 
the denitrification pathway, nitric oxide reductase (NOR), which cat-
alyzes the biological reduction of nitric oxide (NO) to N2O, and NOS, 
which catalyzes the biological reduction of N2O to N2, suggests that 
NOR and NOS merged to form cytochrome c oxidase (Chen & Strous, 

F IGURE  5 Results from the 1D 
photochemical model of (a) atmospheric 
N2O (ppmv) and (b) N2O residence time 
(years) as a function of N2O  
(Tg N2O- N year−1) upward flux, from 0.001 
to	1	PAL	O2. The black squares indicate 
modern atmospheric N2O (0.32 ppmv) 
and residence time (170 years) at total 
global modern N2O upward flux (~17 Tg 
N2O- N year−1). The gray box indicates 
Proterozoic estimates for N2O upward 
flux and resulting atmospheric N2O (A) 
or residence time (b), assuming that N2 
fixation was 100–200 Tg year−1 and all 
gaseous N was emitted as N2O
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2013; Ducluzeau et al., 2009; Feelisch & Martin, 1995; Saraste & 
Castresana, 1994; Viebrock & Zumft, 1988; Zumft & Kroneck, 2006). 
Specifically, the CuA	site	in	subunit	II	of	cytochrome	c	oxidase	(Cox-	II)	
is thought to have originated from the CuA site in NOS, and the CuB 
site	in	subunit	I	of	cytochrome	c	oxidase	(Cox-	I)	 is	thought	to	have	
originated from the CuB site in NOR (Figure 7). This model predicts 
that denitrification enzymes for NO and N2O respiration are ances-
tral to cytochrome c oxidase for aerobic respiration. Thus, the micro-
bial predecessors of eukaryotic mitochondria may have evolved the 
capacity to breathe O2 by first breathing NO and N2O.

4  | CONCLUSIONS

Nitrous oxide is a potent greenhouse gas compared to CH4 and 
CO2, both of which have been long- favored contenders for a 
Proterozoic greenhouse. Our results suggest that chemodenitri-
fication could have been an important N2O production pathway 
in the oxyclines of ferruginous Proterozoic oceans, and possibly 
also in terrestrial aquatic systems. Because it is difficult to as-
sess the ultimate fate of Proterozoic N2O, we considered the cli-
matic and biological repercussions of two- endmember scenarios. 
In	the	first,	chemodenitrification	was	the	dominant	pathway	for	
Mesoproterozoic	gaseous	N	 loss.	 If	N2 fixation rates were near- 
modern, the resulting low- ppmv N2O could have played a more 
important role in sustaining temperatures above the freezing 
point in the presence of concentrations of CH4 and CO2 that 
may have been lower than those previously predicted (Kah & 
Riding, 2007; Olson et al., 2016; Sheldon, 2013). Moreover, lower 
Mesoproterozoic O2	 (0.01–0.1	 PAL)	 would	 have,	 paradoxically,	
enhanced O3 screening of solar UV radiation in the presence of 
high N2O.

In	 the	 second	 scenario,	 biological	 denitrification	 to	 N2 was 
the dominant pathway for Mesoproterozoic gaseous N loss, 
thereby enabling N2O to play an important role in the transi-
tion from anaerobic to aerobic respiration (Saraste & Castresana, 
1994), and paving the way for the emergence of animal life in 
the Neoproterozoic. The ancient cycles probably fell somewhere 
between these two endmembers, with N2O influencing both 
Earth’s climate and evolutionary histories. We posit that the 
coexistence of chemodenitrification and biological denitrifica-
tion in the Mesoproterozoic could have produced both a stron-
ger N2O greenhouse and new enzymatic pathways in biological 
evolution.

F IGURE  6 Results from the 1D photochemical model for ozone 
column depth (cm−2) as a function of N2O upward flux, from 0.001 
to	1	PAL	O2. The black square indicates modern atmospheric N2O 
(0.3 ppmv) and total global modern N2O upward flux (~17 Tg year−1). 
The gray box indicates Proterozoic estimates for N2O upward flux, 
and resulting ozone column depth, assuming that N2 fixation was 
100–200 Tg year−1 and all gaseous N was emitted as N2O. See 
Supporting information Figures S3 and S4 for vertical profiles of 
relevant species

F IGURE  7 Schematic of the evolutionary “bricolage” of ancestral nitric oxide reductase (NOR) and nitrous oxide reductase (NOS), in 
anaerobic respiration to create cytochrome c oxidase (COX) for aerobic respiration, after Saraste and Castresana (1994). Yellow designates 
the	origin	of	the	Cox-	I	protein	subunit,	including	the	CuB site, from the NOR catalytic protein subunit (NorB). Orange designates the origin of 
Cox-	II	from	the	CuA-	containing	portion	of	the	NOS	catalytic	subunit	(NosZ).	“Inner”	and	“outer”	designates	sides	of	the	membrane	for	NOR	
and COX membrane proteins [Colour figure can be viewed at wileyonlinelibrary.com]
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