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We have constructed a multi-functional model for the evo-
lution of the nitrogen abundance and isotopic compo-
sition in Mars’s atmosphere and regolith, with volcanic 

outgassing, escape to space and nitrate deposition as sources and 
sinks (Methods and Extended Data Fig. 1). The model starts at 3.8 
billion years ago (Ga), that is, after the last major impact (~3.9 Ga 
(refs. 1,2)), and from a δ15N value of the mantle component measured 
in the Martian meteorite ALH 840013. δ15N is defined as the relative 
enhancement of the ratio 15N/14N with respect to a reference stan-
dard (Earth’s atmosphere). During the modelled period, the escape 
processes include photochemical escape, sputtering and ion escape. 
We seek to reproduce the present-day size and isotopic composi-
tion of the N2 reservoir4. The model has seven parameters, listed in 
Table 1, to capture the uncertainty in the rates of escape, volcanic 
outgassing and nitrate deposition, as well as the extent of diffusive 
fractionation between the bulk atmosphere and the exobase, where 
escape takes place.

Compared with previous evolutionary models of Mars nitro-
gen5–12 (Supplementary Information A), new aspects of this model 
include (1) a revised photochemical escape rate and fractionation 
factor, (2) inclusion of nitrate deposition guided by its recent dis-
covery13,14, (3) constraints of the volcanic outgassing history from 
argon isotopes15 and (4) coupling with the CO2 evolutionary his-
tories constrained by carbon isotopes16. We have made a substan-
tial revision to the escape rate of the photodissociation of N2 and 
have calculated the fractionation factor in this process, using the 
photochemical isotope effect method16 and the recent experimen-
tal results on the N2 photodissociation channels17 (Supplementary 
Information B). Because the escape rate of nitrogen is also propor-
tional to the mixing ratio of N2 with respect to CO2 when nitrogen 
is a relatively minor species in the atmosphere, the nitrogen evolu-
tion model must be coupled with evolutionary scenarios of CO2. 
We have applied representative CO2 evolutionary scenarios16, where 

the initial pressure ranges from 0.25 to 1.8 bar (Extended Data Fig. 
2), and adopted the CO2 scenario with an initial partial pressure of 
1.0 bar as the default because it may be more consistent with the 
comprehensive extrapolation from Mars Atmosphere and Volatile 
Evolution (MAVEN) measurements18,19 and required to cause water 
ice melting on early Mars’s surface20,21.

Bifurcation
We discovered a bifurcation between the evolutionary tracks of 
atmospheric N2 starting from a low partial pressure and those from 
a high one. The low-start solutions feature the ‘steady state,’ where 
atmospheric loss balances outgassing and nitrate deposition, while 
the high-start solutions never reach the steady state (Fig. 1). When 
the initial N2 partial pressure is low, the rate of atmospheric escape 
quickly converges to the combined rate of outgassing and nitrate 
deposition, that is, the steady state. Over a wide range of the ini-
tial pressure, it takes a few to a few hundred million years to reach 
the steady state. The time it takes, however, does increases for a 
higher initial pressure. When the initial pressure is high enough (for 
example, a few hundred millibars or more), the steady state is never 
reached within the age of the Solar System, and a different family 
of evolutionary tracks emerges. We call this new family ‘dynami-
cal.’ The dynamical tracks have a protracted descent of the partial 
pressure of N2 during evolution rather than a speedy descent to the 
steady state. While the steady-state tracks converge to the same final 
partial pressure, the dynamical tracks lead to different final partial 
pressures depending on the initial value. For the same set of param-
eters, the final pressures of the dynamical tracks are always higher 
than the final pressure of the steady-state tracks (Fig. 1).

The bifurcation can be understood with the help of the follow-
ing idealized and analytical model. Let X be the size of the nitro-
gen reservoir, V be the addition rate to this reservoir by volcanic 
outgassing (discounted by the rate of nitrate deposition, if any) and  
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E be the escape rate. When the size of the nitrogen reservoir is small 
compared with the carbon reservoir, the escape is proportional to 
its size (Methods), and at the limit of a constant background CO2 
pressure, we can write E = eX, where e is a coefficient. The equation 
for X is then

dX
dt = V− eX. (1)

For a constant V and e, the equation has the following solution

X =

V
e +

(

X0 −
V
e

)

exp(−et), (2)

where X0 is X at t = 0. Therefore, the solution converges to the steady 
state with a timescale of 1/e. Note that the solution in equation (2), 
despite its idealized nature, is quite similar to the segment of a given 
steady-state solution that rapidly approaches the steady state (Fig. 
1). Currently, the 1/e timescale for sputtering loss is ~4,000 Myr (ref. 
22), and that for photochemical loss is ~1,000 Myr (ref. 8). The cor-
responding timescales were ~2 Myr and ~70 Myr (for a power-law 
index of 1.5) at 3.5 Ga when the solar extreme ultraviolet (EUV) flux 
was approximately six times the current value (Methods). These 
estimates tell us that (1) it is possible to reach the steady state early 
in the evolution and becomes harder as time goes by, and (2) sput-
tering loss is the main process that drives the system to the steady 
state in the early epoch (because of its small 1/e timescale).

Then why do some evolutionary tracks never reach the steady 
state? This is because the sputtering rate is no longer proportional 
to the size of the nitrogen reservoir when the atmosphere is mod-
erately nitrogen rich (see equation (9) in Methods). The sputtering 
rate decouples when the size of the nitrogen reservoir approaches 
the size of the carbon reservoir, corrected by the diffusive sepa-
ration factor between N2 and CO2. This factor is ~8 for typical 
upper-atmosphere conditions23, implying that N2 cannot be consid-
ered a minor component for determining the sputtering rate when 

it is approximately 10% or more in the bulk atmosphere. Because 
of this decoupling, E can no longer be written as eX and the steady 
state no longer exists. The bifurcation can thus be understood as 
such: when the initial nitrogen pressure is small, the system can 
quickly reach the steady state following the solution in equation (2); 
when the initial nitrogen pressure is large, the atmosphere must first 
lose nitrogen relative to carbon, on a linear rather than exponential 
time dependency, and by the time it starts to converge to the steady 
state, the 1/e timescale is already large, and then the steady state can 
never be reached within the age of the Solar System.

steady-state and dynamical solutions
The present-day size and isotopic composition of the nitrogen res-
ervoir can be matched by either the steady-state or the dynamical 
evolution tracks by adjusting the parameters for the rates of outgas-
sing and escape. Figure 2 shows example steady-state and dynami-
cal solutions. In these solutions, sputtering removes most of the 
mass in total, while photochemical escape takes over as the domi-
nant mass-loss mechanism around 1–2 Ga. In the dynamical solu-
tion, the initial partial pressure is 238 mbar, and sputtering removes 
212 mbar and photochemical escape removes 23 mbar. Nitrate 
deposition, which can be comparable to volcanic outgassing rates 
>3 Ga, is not a dominant sink in the more recent history. Outgassing 
is an important process in the recent history, and as a result, specific 
implementation of the baseline outgassing model (Extended Data 
Fig. 3) can affect the evolutionary outcome.

For the steady-state solutions shown in Fig. 2, increasing the ini-
tial partial pressure to a critical value of ~1.2 bar does not change the 
evolutionary outcome, but an even higher initial pressure would lead 
to bifurcation and a dynamical track. That track is no longer a solu-
tion because the final pressure would be too high. For the dynamical 
solution shown in Fig. 2, which uses smaller rate multipliers (fsp and 
fpr) compared with the steady-state solutions, an initial partial pres-
sure of ~240 mbar already causes the dynamical evolution. Further 
decreasing the initial partial pressure would result in a steady-state 
track in this case, but that track is not a solution either because the 
final δ15N would be substantially smaller than the observed. From 
these examples, we make the following three observations. (1) The 
insensitivity to the initial pressure of the steady-state solutions is 
consistent with the understanding in the past that the memory of 
the initial state is ‘lost’ for the nitrogen evolution12. However, this 
understanding applies only to the scenarios where the initial par-
tial pressure is less than a critical value at which the bifurcation 
occurs. (2) The critical pressure increases for higher escape rates or 
greater photochemical loss and sputtering multipliers (fpr and fsp). 
(3) The dynamical solutions are typically the evolution tracks that 
are quite close to the transitional track between the steady-state and 
the dynamical tracks. This is not surprising because the final partial 
pressures of the dynamical tracks quickly diverge to large values, 
which would be inconsistent with present-day Mars (Fig. 1). As a 
result of this adjacency to the steady-state solutions, the final isoto-
pic composition only moderately depends on the initial value (Fig. 
2). Because of all these features, if the dynamical solutions indeed 
apply to Mars, the current isotopic composition can be used to infer 
the partial pressure of nitrogen in the past.

A nitrogen-rich early Martian atmosphere
We have systematically explored the potential evolutionary paths 
of Mars nitrogen with the Markov-Chain Monte Carlo (MCMC) 
method to fit the present-day partial pressure and isotopic compo-
sition. Using the parameters listed in Table 1, we have run ‘uncon-
strained MCMC’, where the rate multipliers are allowed to vary 
in wide ranges, and ‘constrained MCMC’, where the outgassing 
multiplier is allowed to vary only within the upper limit derived 
from argon isotopes15 and the escape rates are allowed to vary up 
to twice the baseline models8,22. Because the baseline volcanism 

Table 1 | Parameters of the nitrogen evolution model

Parameter symbol unconstrained 
McMc

constrained 
McMc

Power-law index of 
photochemical loss

a 0.5–3.0 0.5–3.0

Multiplier of 
photochemical loss

fpr 0.001–100.000 0.001–2.000

Multiplier of 
sputtering loss

fsp 0.001–100.000 0.001–2.000

Multiplier of volcanic 
outgassing

fog 0.001–100.000 0.001–2.000

Diffusion parameter 
(km K–1)

Δz/T 0.2–0.5 0.2–0.5

Depth of nitrate 
deposition (m)

d 0.001–1,000.000 0.001–
1,000.000

Partial pressure of N2 
at 3.8 Ga (mbar)

P3.8Ga 0.001–1,000.000 0.001–1,000.000

The photochemical escape rate is extrapolated from the current-epoch estimate using a 
power-law scaling to the solar EUV flux. Multipliers are then applied to the baseline models of 
photochemical loss, sputtering loss and volcanic outgassing to allow exploration of the strengths 
of these processes. The constrained MCMCs apply plausible upper limits of the multipliers, and 
the unconstrained MCMCs explore the multipliers in essentially unlimited ranges. The diffusion 
parameter is the difference between the altitude of the homopause and the exobase divided by the 
temperature in this interval, and this parameter has been measured by MAVEN23. Finally, the depth 
of nitrate deposition describes how much nitrate has formed and been sequestered in the crust. Full 
definitions of these parameters are provided in Methods.
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model is consistent with the one adopted in the argon isotope study 
(Extended Data Fig. 3), the argon-based constraint is applicable 
here to the extent that Mars’s mantle has a similar N/Ar ratio to 
Earth. The constrained MCMCs can thus be understood as explor-
ing the scenarios permitted by the argon isotopes and the current 
understanding of nonthermal escape from Mars. The posterior 
distributions of parameters are shown in Extended Data Figs. 4–6, 
and solutions randomly selected from the unconstrained and con-
strained MCMCs are shown in Fig. 3.

When there is essentially no limit on the rate multipliers, the 
steady-state solutions can be found with large escape and outgas-
sing rates (Supplementary Information E). When we impose the 
upper limits on the rate multipliers (the constrained MCMCs), the 
escape rates are smaller, and thus the solutions take a longer time to 
reach the corresponding steady states, or cannot reach the steady 
states at all (Fig. 3). In this case, the initial partial pressure of N2 
is constrained despite all other model parameters (Extended Data 
Figs. 5 and 6) and is not sensitive to the specific implementation 
of the baseline outgassing model, the initial δ15N value or potential  

variation of the Δz/T parameter over the course of evolution 
(Supplementary Information F). The spread in the posterior distri-
bution of the initial pressure comes mainly from the uncertainty 
of the sputtering rate as sputtering is the dominant mass removal 
mechanism. Extended Data Fig. 6 shows that the posterior distribu-
tion becomes very narrow when the sputtering multiplier is fixed 
and moves to higher values when the multiplier increases.

For the sputtering rate within a factor of two from the current 
estimate22, the evolution model constrains the partial pressure of 
nitrogen at 3.8 Ga to 60–740 mbar (90% confidence), with a median 
value of 310 mbar (Extended Data Fig. 5). The median value 
increases to 370 mbar when the atmosphere collapse is enforced. 
While we caution against placing too much emphasis on these spe-
cific values, the MCMCs clearly indicate that many solutions favour 
a nitrogen-rich early Martian atmosphere. The ability to constrain 
the early abundance of N2 fundamentally comes from the solutions 
being (close to) dynamical when the realistic constraints from argon 
isotopes and nonthermal escape models are imposed. We thus sug-
gest that the dynamical solutions or the solutions that reach the 
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steady states late in the evolution may better represent the evolu-
tionary history of nitrogen on Mars.

The dynamical solutions imply an N2-rich atmosphere on early 
Mars, for which the escape rate of carbon would be reduced com-
pared with the rate for a CO2-dominated atmosphere. We thus 
present models of the CO2–N2 evolution that include this feedback 
in Supplementary Information G. In essence, self-consistent solu-
tions can be found with small changes of the input parameters, and 
the character of the steady-state and dynamical solutions remains 
unchanged. While the high initial N2 in the dynamical solutions 
may suppress the escape of carbon, the amount of early carbonate 
deposition is poorly constrained16, and so is the initial partial pres-
sure of CO2. Extended Data Figs. 4 and 5 show that the nitrogen 
evolution models and the associated constraints on nitrogen’s par-
tial pressure at 3.8 Ga are insensitive to the specifics of the adopted 
CO2 evolutionary history in the wide range that has been explored. 

Therefore, an initially large N2 reservoir preferred by the isotopic 
constraints is fully compatible with an initially large CO2 reservoir.

One might ask, if Mars started with nearly equal abundances 
of N2 and CO2 in the atmosphere, why does it currently have a 
CO2-dominated atmosphere? The atmospheric composition is 
deflected towards CO2 dominance because N2 is much more prone 
than CO2 to sputtering loss. With equal mixing ratios in the bulk 
atmosphere, the sputtering loss rate of N2 is ~32 times higher than 
that of CO2, with a factor of ~8 from diffusive enrichment and a fac-
tor of ~4 from the difference in the sputtering yield (see equation (7) 
in Methods). Thus, sputtering can gradually reduce the abundance 
of N2 with respect to CO2, followed by the approach to the steady 
state, to establish the CO2-dominated atmosphere. This preferential 
lost of N2 versus CO2 may well be a common feature of nonthermal 
escape from unmagnetized planets and might affect the evolution-
ary outcomes of terrestrial exoplanets.
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Fig. 2 | example of the steady-state and dynamical solutions consistent with the size and isotopic composition of Mars’s nitrogen reservoir. a–f, 
These models adopt the CO2 evolutionary scenario 3 with the initial partial pressure of 1.0 bar (Extended Data Fig. 2). Two steady-state solutions with 
different initial pressures are shown with solid and dashed lines (a–c). In b and e, the solutions starting with an elevated initial δ15N of 300‰ (ref. 12) are 
shown in blue for comparison, and the error bar in purple is the Curiosity measurement4. In c and f, the labels show the total mass added or removed by 
each process for the solutions shown in the solid lines. The steady-state (a–c) and dynamical (d–f) solutions require distinct parameters to match the 
present-day abundance and isotopic composition.
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Another question is how to form the nitrogen-rich atmosphere 
on Mars in the first place. The ratio between CO2 and N2 was prob-
ably >10 in volcanic outgassing24–26. Thus, we speculate that the 
atmosphere at 3.8 Ga came primarily from late veneer of primitive 
bodies such as comets that have low C/N ratios27 after the atmo-
sphere built by earlier volcanic outgassing had been removed by 
hydrodynamic escape28. If the cometary origin was the case, the 
initial δ15N might be higher than what we have assumed (~800‰ 
(ref. 29)). Nonetheless, the evolution models and isotope-based con-
straints are not sensitive to this variation of the initial δ15N.

Measurements of future in situ or sample return exploration can 
further delineate the steady-state versus dynamical nitrogen evolu-
tion. Figure 3 shows that the δ15N value of the dynamical solutions 
has a broad peak between 3.5 and 1 Ga (the Hesperian and early 
Amazonian periods), and that of the steady-state solutions does not. 
The magnitude of the peaks with a non-collapsed atmosphere is 
~5,000–20,000‰, and that with a collapsed atmosphere can be even 
larger. If some of this signal is transferred to the nitrates formed, iso-
topic analyses of nitrate samples could provide additional evidence 
for the dynamical evolution of nitrogen as well as the atmospheric 
collapse in the history of Mars.

Under the new interpretation of nitrogen’s isotopic composi-
tion presented here, a few hundred millibars N2 may have existed 
in the Martian atmosphere at 3.8 Ga. Previous one-dimensional 
(1D) radiative-convective climate models have determined that 
this amount of additional nitrogen could cause the mean surface 
temperature to be ~10 K warmer than a pure, 1 bar CO2 atmosphere 
via pressure broadening of CO2 absorption bands21. The additional 
few hundred millibars N2, coupled with substantial early carbon-
ate deposition, may thus be particularly meaningful for sustaining  

surface melting at low topographic regions20. The climate conditions 
on early Mars have been a conundrum30–32, and our findings may 
provide a new path forward for explaining the geologic records33 that 
suggest persisting liquid-water conditions on ancient Mars’s surface.
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Methods
Overview. The model starts at 3.8 Ga and simulates the loss and addition of N2 in 
a combined reservoir of the atmosphere and the regolith (by adsorption) until the 
present day. It includes five addition and loss mechanisms shown in Extended Data 
Fig. 1. When tracing the evolution, the model uses a variable time step adapted to 
allow no more than 0.05% change in the N2 reservoir per step. This ensures that the 
temporal resolution is high enough to capture important details of the atmosphere’s 
evolution.

An evolutionary solution must reach the present-day size and isotopic 
composition of the N2 reservoir. The size of the atmospheric reservoir is 0.12 mbar, 
and that of the regolith reservoir is up to 0.01 mbar (ref. 34). The upper limit 
corresponds to adsorption in up to 10 m global equivalent of the Martian regolith 
having ~20 m2 g−1 surface area (ref. 35). The isotopic composition of the present-day 
nitrogen reservoir is δ15N = 572 ± 82‰ (ref. 4). We do not include potential 
fractionation between the atmosphere and the regolith because the regolith 
reservoir size is minor compared with the atmosphere.

The initial size of the nitrogen reservoir is a free parameter of the model. The 
initial δ15N value of the reservoir, however, is uncertain. For the nominal cases, 
we assume the initial reservoir to have the isotopic composition of the mantle 
component of the nitrogen measured in the Martian meteorite ALH 840013 
(δ15N = −30‰). Nonetheless, escape and giant impacts that occurred before 
the modelled period may have modified the δ15N value from the mantle value, 
and previous estimates suggest that the δ15N value can vary rapidly between 
the mantle value and up to 500‰ more than 3.8 Ga (ref. 12). We thus explore 
the effect of an elevated initial δ15N value (for example, 300‰, Supplementary 
Information F).

To calculate the mixing ratio of N2 (needed for calculating the escape rates), 
the model is coupled with an evolution model of CO2 (ref. 16) for the same 
modelled period. The model of CO2 includes photochemical loss, sputtering 
loss, volcanic outgassing and carbonate deposition16, but not the feedback of the 
N2 mixing ratio on the escape rates of carbon. We present fully coupled carbon 
and nitrogen evolution models in Supplementary Information G. Otherwise, 
we explore nitrogen’s evolutionary history by adopting the CO2 evolutionary 
scenarios with an initial partial pressure of CO2 ranging from 0.25 to 1.8 bar 
(Scenarios 1–4 in Extended Data Fig. 2). These scenarios are selected to represent 
a wide range of possible CO2 evolutionary tracks. In essence, carbon’s isotopic 
composition constrains the relative strengths between photochemical loss and 
carbonate deposition, while the amount of carbonate deposition—and thus the 
initial pressure—can typically vary by a few hundred millibars due to the range 
in the possible timing and fractionation factor of carbonate deposition, as well 
as the uncertainties in the carbon isotope’s measurement, outgassing models 
and sputtering rates. The representative scenarios adopted here approximately 
encompass the lower and upper bounds of the CO2 partial pressure at 3.8 Ga 
allowed by the carbon isotopic composition16.

We also include the endmember scenario of a collapsed atmosphere (Scenario 
5 in Extended Data Fig. 2). It has been suggested that the atmosphere of Mars can 
collapse to form large polar CO2 ice caps during low-obliquity periods, and the 
remaining atmosphere would be in vapour pressure balance with the ice caps20,36,37. 
The collapse of CO2 may matter for the evolution of nitrogen because it greatly 
increases the mixing ratio of N2 in the atmosphere. For example, the latest nitrogen 
evolution model12 assumed that atmospheres with CO2 partial pressure <500 mbar 
collapse. Here we explore the effect of the collapse with an endmember scenario 
where the atmosphere is considered always ‘collapsed’, that is, maintaining a CO2 
partial pressure of 7 mbar.

Photochemical escape. The photochemical escape rate of nitrogen (Fpr) is 
modelled as

Fpr = F0,pr
(

FEUV
F0,EUV

)a XN2

X0,N2

fpr, (3)

where the quantities with the subscript 0 are at the current epoch, FEUV is the solar 
EUV flux for which we adopt as FEUV ≈ t–1.23 where t is the age38–40, XN2 is the mixing 
ratio of N2 in the bulk atmosphere, a is a power-law index and fpr is a multiplication 
factor. The photochemical escape rate is proportional to the mixing ratio of N2 
in the atmosphere7. The power-law index and the multiplication factor provide 
sufficient freedom for the model to capture the uncertainties in the photochemical 
escape rate and how it has changed with the solar input. This parameterization also 
consolidates the uncertainty in the age dependency of the solar EUV flux into a 
(Supplementary Information F).

We break down the photochemical escape into major escape mechanisms 
because they have different isotopic fractionation factors, as

Fpr = Fphoto + Frecom + Fchem, (4)

where Fphoto, Frecom and Fchem are the rates of escape produced by photodissociation 
and photoionization, dissociative recombination and other chemical reactions, 
respectively. The current-epoch rates of these processes are baselined by the 
upper-atmosphere models of ref. 8, except for the photodissociation escape rate, 
which we reevaluated in Supplementary Information B. We assume that the 

scaling in equation (3) applies equally to these processes. Technically speaking, 
the photodissociation escape is driven by higher-energy parts of the solar EUV 
flux (for example, the Lyman continuum) and should have a different scaling. 
Applying the same scaling, however, is not a problem because we find that the 
photodissociation escape rate turns out to be minimal.

The isotopic fractionation factor (α) of each of these processes is the product 
of the fractionation factor due to diffusive separation from the homopause to 
the exobase (αdiffu) and the fractionation factor when the escaping particles are 
launched by these processes near the exobase (αphoto/recom/chem), as

α = αdiffuαphoto/recom/chem. (5)

The diffusive separation is modelled as

αdiffu = exp
(

−gΔmΔz
kT

)

, (6)

where g is Mars’s surface gravity, Δm is the mass difference of the atoms or 
isotopologues in question, Δz is the distance from the homopause to the exobase, 
k is the Boltzmann constant and T is the mean temperature of the thermosphere. 
We include the effect of diffusive separation from the homopause all the way to 
the exobase, even though the peak of the photodissociation rate occurs well below 
the exobase41, because only the energetic particles sourced at altitudes close to 
the exobase have a high probability to escape42,43. It is evident from equation (6) 
that αdiffu is controlled by the quantity Δz/T, which is constrained by MAVEN 
measurements of the argon isotopes (Supplementary Information D).

We determine αphoto in Supplementary Information B, adopt previous 
calculations11 for αrecom( = 0.58) and assume αchem = 1. The main chemical reaction 
that produces escaping nitrogen is N+

2  + O → NO+ + N. This reaction produces 
10.9 eV as the excess energy, and this energy is partitioned into the products as 
the kinetic energy7. The kinetic energy partitioned to N is much higher than the 
escape threshold energy (~1.73 eV). This process, therefore, does not strongly 
fractionate nitrogen. Similarly, because dissociative ionization and electron impact 
dissociation produce energies more than 10 eV, these processes do not strongly 
fractionate nitrogen in the escape.

Sputtering. Sputtering by oxygen ions picked up and propelled by the magnetic 
field of the solar wind can also cause escape. The loss due to sputtering is expected 
to be stronger at earlier epochs, when the solar EUV flux was higher. This process 
occurs as Mars does not have a strong magnetic field during the modelled period44, 
and the atmosphere is exposed to the solar wind. To model the sputtering loss rate 
of N2 (Fsp), we scale the sputtering rate of CO2 (Fsp(CO2)) by the yields and mixing 
ratios9,12,15 of N2 and CO2 as

Fsp = Fsp(CO2)
YN2

YCO2

XN2

XCO2

αdiffu,N2/CO2

1
αdil

fsp, (7)

where Y is the yield, αdiffu,N2/CO2 is the diffusion separation between N2 and CO2 
calculated by equation (6) with Δm equal to the mass difference between N2 and 
CO2, fsp is a multiplication factor to account for uncertainties in the flux and αdil is 
a dilution factor that accounts for the dilution by all species at the exobase and is 
defined as

αdil ≡ 1 +

∑

i

Xi

XCO2

αdiffu,i/CO2 , (8)

where αdiffu,i/CO2 is the diffusion separation between the species i and CO2 defined 
similarly to equation (6). In addition to N2, we include in this sum the minor 
species in Mars’s atmosphere, Ar, O and CO, which currently have the abundances 
of 1.6%, 0.13% and 0.08% by volume, respectively.

Let us consider the dependency of the sputtering rate on the size of the 
nitrogen reservoir. Expanding αdil in equation (7), and including only the terms 
relevant to XN2, we have

Fsp ≈ Fsp(CO2)
YN2

YCO2

fsp
XN2
XCO2

αdiffu,N2/CO2

1 +

XN2
XCO2

αdiffu,N2/CO2

. (9)

Therefore, when XN2
XCO2

αdiffu,N2/CO2 ≪ 1, the scaled sputtering rate is proportional 
to the size of the nitrogen reservoir, and when XN2

XCO2
αdiffu,N2/CO2 ≫ 1, the 

sputtering rate no longer depends on the size of the nitrogen reservoir. Because 
αdiffu,N2/CO2 ≈ 8.5 for a typical Δz/T of 0.3 km K–1, the sputtering rate becomes 
decoupled from the size of the nitrogen reservoir when it approaches the size of the 
carbon reservoir. This decoupling gives rise to slow approach to the steady states 
and eventually the dynamical solutions.

We adopt the 3D Monte Carlo simulations22 as the baseline values of the 
sputtering rate of CO2, fitted to the following functional form

Fsp(CO2) = exp(−0.462ln (FEUV/F0,EUV)2 + 5.086ln (FEUV/F0,EUV) + 53.49)
(10)
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where Fsp in this formula is the sputtering escape flux in particles per second. The 
basis for this formula comes from the product of the previously calculated fluxes of 
the incident pickup ions45 and the yield of escaping carbon particles22. The pickup 
ion fluxes calculated by ref. 45 for the current epoch are remarkably consistent 
with more sophisticated 3D models within a factor of two (refs. 46,47) and with 
the globally averaged precipitating ion flux and its energy spectrum measured 
by MAVEN48. For the sputtering yield of N2, we adopt the value calculated by the 
Monte Carlo simulations in ref. 9 as it is the latest value.

Last, the sputtering loss is energetic enough that it does not preferentially select 
the escape of the N isotopes. The fractionation factor in the sputtering loss is the 
diffusive fractionation from the homopause to the exobase, that is, αdiffu given by 
equation (6). While the pickup ion’s energy is deposited principally at altitudes well 
below the exobase, the recoil particles are quickly thermalized if they are produced 
at that altitude49. Only the particles produced near the exobase can escape. We thus 
use the exobase as the proxy for the source altitude of the sputtering loss.

Ion loss. Ion loss is the only nonthermal escape process that has been directly 
measured at Mars50–52, and the measured rates of carbon (as CO+

2 ) and oxygen 
(as O+

2  and O+) ion escape are generally consistent with magnetohydrodynamics 
model predictions53. Because the escape rate depends on age, we adopt a 
parametric model54 that fits the ion escape rates of the MAVEN-validated 
magnetohydrodynamics model53 to a power law of the age. The ion loss rate, Fion, is 
thus modelled as

Fion =

XN2

X0,N2

X0,N+
2

X0,CO+
2

F0,ion
(

CO+

2

)

(

t
4, 500

)

−3.51
, (11)

where X0,N+
2

 and X0,CO+
2

 are the present-day mixing ratios measured by MAVEN 

at the altitude of 160 km (ref. 55), F0,ion
(

CO+

2
)

 is the present-day ion escape rate of 

CO+

2  from the parametric model54 and the last term accounts for the evolution of 
the solar EUV flux with the power-law index from the parametric model54. Similar 
to sputtering, the fractionation factor of ion loss is αdiffu.

MAVEN observations indicated an approximately one-order-of-magnitude 
increase in the ion escape fluxes during a large interplanetary coronal mass 
ejection (ICME) event, while the observations took place at sparse locations51. The 
ensemble collections of MAVEN’s ion observations during ICME events indicated 
that ICMEs result in a general decrease in the loss rate upstream, at low solar 
zenith angle (SZA), and an increase downstream, at higher SZA52. Integrating 
over SZA, these observations produced a net factor-of-two enhancement in the 
loss rate, although most of the events in this sample are small events. The young 
Sun probably produced more flare events and thus had a larger impact on the 
atmospheric loss. We do not include a multiplication factor in equation (11) 
because the total amount of N2 lost from 3.8 Ga to the present day via ion loss is 
less than by sputtering by several orders of magnitude. Thus, a variation in the 
ion loss rate by an order of magnitude would not change our model. We instead 
explore the sputtering multiplier fsp in a wide range that captures the uncertainty in 
the pickup ion flux affected by solar activities.

Nitrate formation. See Supplementary Information C.

Volcanic outgassing. We estimate the volcanic outgassing flux (Fog) from the 
history of crustal formation and the N2 content in the source magma. We model 
this as

Fog = VρcrxN2 fog, (12)

where V is the crustal production rate, ρcr is the density of the crust, xN2 is 
the concentration of N2 in the source magma and fog is a multiplication factor 
that accounts for the uncertainty in the crustal formation rate (including the 
extrusive-to-intrusive ratio) and the uncertainty in the outgassing efficiency.

For the crustal production rate, we combine the thermal evolution model 
estimate (the ‘global melt’ scenario in ref. 56) and the photogeological analysis of 
volcanic provinces on the planet’s surface57 (Extended Data Fig. 3). The outgassing 
factor in our evolution model fog is directly comparable to the outgassing factor in 
the argon evolution model (the parameter vf in ref. 15). The crustal production rate 
in our model is highest at 3.8 Ga and remains quite high throughout the Hesperian 
period. The total volume of volcanic emplacement between 3.8 and 3.0 Ga in our 
baseline model is approximately 4 × 108 km3, compared with 3 × 108 km3 as the 
estimated volume of the Tharsis Rise58. Our volcanic outgassing model is thus 
consistent—within a factor of a few and captured by the multiplication parameter 
fog—with the recently revised picture that major volcanic emplacements such as 
the Tharsis Rise occurred during the late Noachian and the Hesperian59,60. Our 
volcanic model includes a non-negligible rate in the Amazonian, particularly 
within the past 500 Myr. This is also consistent with the geological evidence for 
active volcanism until very recently (0.1 Ga (ref. 61)).

Unlike carbon, whose concentration in the magma is limited by its solubility26, 
the concentration of N2 in the magma is typically not solubility limited and thus 
reflects the formation history of the planet itself. In this work we adopt the ‘silicate 

Earth’ concentration25 (xN2 = 1.9 × 10−6) as the baseline value and recognize that 
Mars may have a different amount of nitrogen in the first place and may have a 
non-uniform distribution of nitrogen in the mantle. The uncertainty in xN2 can be 
absorbed into the factor fog.

Volcanic outgassing introduces fresh nitrogen into the atmosphere and causes 
its isotopic composition to change with bulk mixing. The isotopic ratio, δ15N, is 
modelled as

δ15N =

Pogδ15Nmantle + Patmδ15N
Pog + Patm

, (13)

where Pog is the partial pressure of N2 outgassed per time step, Patm is the partial 
pressure of N2 in the bulk atmosphere and δ15Nmantle is the isotopic composition 
of nitrogen in the mantle. We assume δ15Nmantle to be the value measured in the 
Martian meteorite ALH 840013. Two isotopically distinct components of nitrogen 
have been found in ALH 840013. The lighter one (δ15N = −30‰) may correspond 
to the nitrogen from the mantle, and the slightly evolved one (δ15N = 7‰) may 
correspond to the early Martian atmosphere.

MCMCs. We employ the MCMC method to explore the vast parameter space of 
the evolution model. The likelihood function (L) defined for the MCMC analysis is

log L =

(

P0,observed − P0,model
σP

)2
+

(

δ0,observed − δ0,model
σδ

)2
, (14)

where δ represents δ15N and σ is the uncertainty for the current size and 
composition of the free nitrogen reservoir. Because the current size is ~0.12–
0.13 mbar including the regolith adsorption, we adopt the centre value of 
P0,observed = 0.125 mbar and the uncertainty of σP = 0.0017 mbar. Essentially, this 
gives the nonzero denominator required in the likelihood function, and the small 
value for σP means that any successful model must match with the present-day 
atmospheric pressure. For the isotopic composition, we use the values measured by 
Curiosity’s Sample Analysis at Mars instrument4: δ0,observed = 572‰ and σδ = 82‰.

The seven parameters listed in Table 1 are included as the free parameters 
in the MCMC simulations, and they have flat prior distributions in the 
ranges in which they are allowed to vary. For each MCMC simulation, two 
2,000,000-element chains are produced starting from the parameters chosen 
independently and randomly within the allowed ranges. These two chains are 
then tested for convergence using the Gelman–Rubin method62 and, if converged, 
combined to derive the posterior distributions.

Data availability
The data needed to generate all figures in the main text (Figs. 1–3) and Extended 
Data Figs. 2 and 3 are publicly available at Zenodo (https://doi.org/10.5281/
zenodo.5760095).

code availability
The source code of the nitrogen evolution model and the associated configuration 
files used in this study are publicly available at Zenodo (https://doi.org/10.5281/
zenodo.5760095).
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Extended Data Fig. 1 | A model for the long-term evolution of the free nitrogen reservoir on Mars. The free nitrogen reservoir is comprised of N2 
adsorbed in the regolith and 2 in the atmosphere, and it changes over time due to sputtering loss, photochemical loss, ion loss, volcanic outgassing, and 
nitrate deposition. The regolith and the atmosphere are assumed to exchange isotopes over geologic timescales driven by the temperature variations 
due to orbital obliquity changes63. We do not include impact additions or removal because the major impacts should have occurred before the modeled 
period1,2 (from 3.8 Ga to present). Nor do we include the impact decomposition of near-surface nitrates64 explicitly, as its rate is less than the present-day 
outgassing and photochemical escape rates by several orders of magnitude (Supplementary Information H).
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Extended Data Fig. 2 | Representative background co2 evolutionary scenarios adopted in this study. These scenarios are selected from the evolutionary 
tracks of CO2 derived in Hu et al. (2015)16 and they are consistent with the present-day pressure and carbon isotopic composition. Scenarios 1 - 3 assume 
that the photochemical loss rate of carbon depends on the Sun’s Lyman continuum flux to the power of 2. Scenario 1 assumes that carbonate deposition 
of 40 mbar occurred throughout the Noachian and Hesperian (that is, till 3.0 Ga) in shallow subsurface aquifers. This represents the lower bound of the 
initial CO2 partial pressure. Scenarios 2 and 3 assume that carbonate deposition of 290 and 600 mbar occurred in the Noachian and early Hesperian 
(that is, till 3.5 Ga) in open-water systems. Scenario 3 has an initial CO2 partial pressure of 1 bar and is the default scenario adopted in this study. Scenario 
4 assumes a power-law index of 3, and that carbonate deposition of 1400 mbar occurred in the Noachian and early Hesperian (that is, till 3.5 Ga) in 
open-water systems. This represents the upper bound of the initial CO2 partial pressure. Scenario 5 is an endmember scenario where the CO2 atmosphere 
is assumed to be collapsed at all times and the pressure constant at 7 mbar.
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Extended Data Fig. 3 | Baseline crustal production rate adopted in this study. (a) Crustal production rates derived from the photogeologic analysis of 
volcanic provinces57 from 3.8 Ga. To convert the photogeological analysis (expressed as the total volcanic emplacement in each geologic period from 
middle Noachian to late Amazonian) to the crustal production rate, we compare the rates derived using the age boundaries from the crater density65 and 
the chronology model of Ivanov (2001)66 and Hartmann (2005)67, as well as interpolation methods using either step functions or mid-point averages. 
The labels show the total volcanic activity and the integrated volcanic activity in the last 2 billion years (in parentheses). The midpoint approach would 
introduce substantially more total volcanism, and so we use the step-function approach. Also in comparison is a volcanic history derived from earlier 
photogeologic analyses and used in the recent argon isotope study15. The step-function approach on the Hartmann (2015) chronology leads to a baseline 
model that is very similar to the one used in the argon isotope study15 in terms of the total and the recent volcanic rates. (b) baseline crustal production 
rate adopted in this work, based on the global thermal evolution model56 and the step-function interpolation of the photogeologic analysis of volcanic 
provinces57, whichever is greater. We adopt the model using the Hartmann (2015) chronology as our baseline model, and consider the one using the 
Ivanov (2001) chronology as the variant. The two models have appreciable difference in the last 2 billion years.

NATuRe GeoscieNce | www.nature.com/naturegeoscience

http://www.nature.com/naturegeoscience


Articles Nature GeoscieNce

Extended Data Fig. 4 | Posterior distributions of parameters from unconstrained McMc simulations with the parameters and their boundaries listed in 
Table 1. The MCMC simulations adopt the five representative CO2 evolution scenarios shown in Extended Data Fig. 2.
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Extended Data Fig. 5 | Posterior distributions of parameters from constrained McMc simulations with the parameters and their boundaries listed in 
Table 1. The MCMC simulations adopt the five representative CO2 evolution scenarios in Extended Data Fig. 2.
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Extended Data Fig. 6 | Posterior distributions of parameters from constrained McMc simulations that fix the sputtering multiplier to be fsp=0.5, 1, 
and 2. These simulations adopt the CO2 evolutionary scenario No. 3 with the initial partial pressure of 1.0 bar as shown in Extended Data Fig. 2. The initial 
partial pressure of N2 is more tightly constrained when the sputtering multiplier is fixed.
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