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Early planetesimal differentiation and late
accretion shaped Earth’s nitrogen budget

Wenzhong Wang 1,2,3,4 , Michael J. Walter 3, John P. Brodholt 4,5 &
Shichun Huang 6

The relative roles of protoplanetary differentiation versus late accretion in
establishing Earth’s life-essential volatile element inventory are being hotly
debated. To address this issue, we employ first-principles calculations to
investigate nitrogen (N) isotope fractionation during Earth’s accretion and
differentiation. We find that segregation of an iron core would enrich heavy N
isotopes in the residual silicate, while evaporation within a H2-dominated
nebular gas produces an enrichment of light N isotope in the planetesimals.
The combined effect of early planetesimal evaporation followed by core for-
mation enriches the bulk silicate Earth in light N isotopes. If Earth is comprised
primarily of enstatite-chondrite-like material, as indicated by other isotope
systems, then late accretion of carbonaceous-chondrite-like material must
contribute ~ 30–100% of the N budget in present-day bulk silicate Earth.
However, mass balance using N isotope constraints shows that the late veneer
contributes only a limited amount of other volatile elements (e.g., H, S, and C)
to Earth.

How terrestrial planets accreted their life-essential volatile ele-
ments, such as H, N, C, and S, is a matter of continued debate1. One
of the most popular models is the late veneer hypothesis2–4, under
which the proto-Earth accreted fromnearly volatile-freematerial5,6,
possibly as a consequence of volatile loss due to the extensive
heating and melting caused by impact accretion and the decay of
short-lived nuclei such as 26Al in the earliest-formed planetesimals7.
If Earth accreted from volatile-poor materials, then its volatile ele-
mentsmay have been primarily added by a late veneer of chondrite-
like material likely originating in the volatile-rich, outer reaches of
the solar system6. Alternatively, Earth might have accreted from
volatile-rich materials, with the current volatile element abun-
dances set during Earth’s main growth stage as a consequence of
evaporative loss4,8,9 and/or partitioning of elements into the Earth’s
core3, and a late veneer is not needed. Distinguishing between
these two possible mechanisms is crucial for understanding how

volatile elements were delivered to Earth and other terrestrial
planets.

Earth’s nitrogen isotopic composition can provide constraints on
the origins of Earth’s volatile elements. Based on the estimated abun-
dance and isotopic composition of N (δ15N = [(15N/14N)sample/
(15N/14N)atm− 1] × 1000‰, where (15N/14N)atm refers to 15N/14N in the
atmosphere10) in the atmosphere (δ15Natm =0‰), crust (δ15Ncrust≈+6‰),
and mantle (δ15Nmantle = −5 ±4‰)11,12, the N isotopic composition of the
bulk silicate Earth (δ15NBSE) is estimated to be −1.5 ± 3‰13. This value is
distinct from the δ15N of enstatite chondrites (δ15N ~−47 to −10‰)14,15

(see Supplementary Materials), the primitive meteorite group thought
to be most representative of Earth’s building block16,17, and most car-
bonaceous chondrites (δ15N ~ +10 to +56‰)18,19. If Earth accreted nearly
volatile-free, then a late veneer mixture of enstatite and carbonaceous
chondrites might reproduce the present-day N abundance and isotopic
signature of the bulk silicate Earth. However, constraining the nature of
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the late veneer based on N isotopes requires knowledge of how pro-
toplanetary differentiation processes, such as core formation and eva-
poration, fractionate N isotopes among different reservoirs.
Unfortunately, these essential data are currently insufficiently
understood.

Many experimental studies show that N behaves as a siderophile
element and would have been largely sequestered into the metallic
core3,20–26. In contrast, experimental investigations of the N isotope
fractionation between metal and silicate21,22,26 performed at pressures
<7GPa, much lower than those under which Earth’s core formed27,
show large discrepancies in their measured isotopic fractionation
factors21,22,26,28, precluding any definitive conclusion on the effect of
core formation. Moreover, previous studies using first-principles
calculations26,29 also reported the equilibrium N isotope fractionation
factors among N-bearing minerals and molecules at 0GPa, but these
inter-mineral fractionation factors cannot be used to model the N
isotope fractionation between silicate and metallic melts due to the
large difference in structures betweenmelts and crystals. There is only
one study in the literature that has investigated the N isotope frac-
tionation during evaporative degassing from a magma ocean30. Con-
sequently, it is not possible to use the literatureN isotope fractionation
data to robustly understand the origins of the non-chondritic δ15NBSE.

In thiswork,weconductedfirst-principles calculations (see details
in Supplementary Materials) to constrain the equilibrium N isotope
fractionation factors (103lnα) for both silicate-metal and vapor-silicate.
Using our results, we constrained the N isotope fractionation during
protoplanetary differentiation and further investigated the origin of
Earth’s volatile elements.

Results
Structural properties and force constants of nitrogen in melts
Weconducted first-principlesmolecular dynamics (FPMD) simulations
to obtain the structures of N-bearing silicate and metallic melts at
0–99GPa and 3000K. Experiments22,23,31–33 show that N dissolves
principally as N2 in silicate melts under relatively oxidizing conditions
(log fO2 > IW-1.5; oxygen fugacity reported in log units relative to the
iron-wüstite buffer, IW) but as N3− under relatively reducing conditions
in the form of N-Si and/or N-H (log fO2 < IW-1.5). Therefore, we con-
sider two kinds of silicate melts representing oxidizing and reducing
conditions, respectively. We model the relatively oxidizing conditions
using Mg32Si32O95N2 and Mg30NaCa2Fe4Si24Al3O89N2 (“pyrolite+N2”)
melt compositions. In these cases, N occurs dominantly as N2 with a
short N-N bond length of 1.11–1.15 Å (Supplementary Figs. 1 and 3). For
relative reduced systems we simulate Mg32Si32O96NH3 and
Mg30NaCa2Fe4Si24Al3O89NH3 (“pyrolite+NH3”) melts in which N is
mainly bonded to Si with an N-Si distance of ~1.72 Å (Supplementary
Figs. 2 and 3). In addition, there are also significant amounts of N-H
bonds in Mg32Si32O96NH3 melt and N-Fe and N-Mg bonds in
Mg30NaCa2Fe4Si24Al3O89NH3 melt. Our results are consistent with the
experimental findings of N species in silicate melts under different fO2

conditions22,23,31–33. In Fe98N2 and Fe87Ni4Si6S2C2OH5N2 metallic melts,
N is dominantly bonded to Fe atoms with an N-Fe distance of ~1.84Å.
The presence of other light elements does not significantly change the
N bonding environment (Supplementary Fig. 4).

The force constant <F> of N in silicate and metallic melts (Sup-
plementary Table 1) is controlled by melt structure. Generally, a
shorter bond has a stronger bond strength and a larger <F>34–36.
Therefore, <F> increases in the order of N-Fe in metal <N3− in silicate
<N2 in silicate (Fig. S9). Because the N-N bond length of N2 in the
Mg32Si32O95N2 melt does not significantly change with pressure (Sup-
plementary Fig. 1), its <F> does not substantially change with pressure
either, with a value of ~760N/m within the pressure range explored in
our study. In contrast, the <F> of N in Mg32Si32O96NH3 and Fe98N2

melts increases by ~70% from0 to99GPa,mainly reflecting an increase
in the coordination numbers (CNs) of N-Si and N-Fe with pressure

(Supplementary Figs. 2 and 4). A comparison between MgSiO3 and
pyrolitic melts shows that other components have a limited effect on
the <F> of N in silicate melts. In metallic melts, Fe98N2 and
Fe87Ni4Si6S2C2OH5N2 have similar <F> values, consistent with their
similar N-Fe bonding.

Core-mantle nitrogen isotope fractionation
The 103lnα between silicate and metallic melts (103lnαsilicate-metal) is
derived from the differences in <F> using the high-temperature
approximation of the Bigeleisen-Mayer equation37. Silicate melts are
always enriched in 15N relative to metallic melts, but the degree of
enrichment is affected by the N species in silicate melts as well as
pressure and temperature (Fig. 1). At 3000K, the 103lnα between the
oxidizing Mg32Si32O95N2 silicate melt (N2 species) and Fe98N2 decrea-
ses from ~1.4‰ at 0GPa to ~1.2‰ at 90GPa (Fig. 1a). The 103lnα
between the reducing Mg32Si32O95NH3 silicate melt (N3− species) and
Fe98N2 is smaller than that under relatively oxidizing conditions and
increases with pressure (~0.4‰ at 0GPa and ~0.7‰ at 90GPa). Our
results are consistent with the experimental results (1.1–5.5‰)
obtained by ref. 21 at 1.5–7 GPa and 1873–2073K, although their results
have large uncertainties (>3‰) and show no pressure or temperature
dependence.

Reference22 reported the N isotope fractionation factor between
silicate andmetal (Δ15Nsilicate-metal) ranging from 49 to 257‰ at ~IW-3 to
IW-0.5, at 1 GPa, 1673K, one or two orders of magnitude greater than
that obtained in our calculations. If these reported high values repre-
sent equilibrium fractionation factors, then the inferred <F> difference
between silicate and metal must be unrealistically high,
6400–33800N/m, which is 10–50 times the <F> of N in N2. Reference

28

suggested that Δ15Nsilicate-metal ranges from −10‰ at IW-5 to +5‰ at IW,
at ~2000K, corresponding to a <F> difference of −1910N/m to +955N/
m between silicate and metal if equilibrium. However, such required
values also cannot be realistic as their magnitudes are much larger
than that of the N-N bond in N2, the species which has the maximum
<F > . More recently, Grewal et al.26 suggested that Δ15Nsilicate-metal

increases from +1.0‰ to +3.3‰ at IW-3.8 to IW-1.7, at 2–3GPa and
1673–2073 K,much smaller than previous experimental results22,28. The
newly reported Δ15Nsilicate-metal and its dependence on fO2 are con-
sistent with our calculations at low pressures (Fig. 1).

Using our results, we model N isotope fractionation under the
conditions of Earth’s core formation27. Following a Rayleigh distillation
model, our results show that when considering the entire range of
experimentally determined metal-silicate partition coefficients3, core-
mantle differentiation can only shift the δ15NBSE by at most +2‰ and
+5‰ under relatively reducing and oxidizing conditions, respectively.
Themagnitude of fractionation becomesmuch smaller (<+1.2‰) when
using an equilibrium core-formation process (Supplementary Fig. 10).
Our results show that if Earth accreted fromanenstatite chondrite-rich
mixture or from most carbonaceous chondrite materials, core for-
mation cannot explain the observed δ15NBSE.

Nitrogen isotope fractionation caused by planetesimal
evaporation
We now consider the N isotope effect during evaporative loss from
molten planetesimals caused by heat from impact accretion and the
decay of short-lived nuclei such as 26Al. The net isotope fractionation
between vapor andmelt (Δ15Nvapor-melt) could be equilibrium or kinetic
fractionation, depending on the evaporation conditions38. If evapora-
tion is dominated by the kinetic effect, the melt would always become
enriched in heavy isotopes after evaporation, which cannot explain the
sub-chondritic S isotope composition of the bulk silicate Earth9.
Equilibrium isotope fractionationduring planetesimal evaporation can
explain the Mg, Si, Se, and Te isotopic and elemental compositions of
bulk Earth38,39. This may correspond to the case that planetesimals
undergo evaporation in the presence of nebular H2 gas with a
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protostellar pressure of approximately 10−4 bar. As such, Δ15Nvapor-melt

during evaporation is equal to the equilibrium isotope fractionation
between vapor and melt (103lnαvapor-silicate). Based on that framework,
we conducted thermodynamic calculations using solar abundances for
the elements40 to determine the N species in the vapor phase. The
results show that N2 is always the dominant vapor species (>99.9%)
regardless of the H concentrations in the system (Supplementary
Fig. 11), consistent with experimental observations30. Therefore, the

103lnαvapor-silicate is equal to 103lnαN2-silicate. At 1300–1500K, the
103lnαvapor-silicate is +4.3-5.8‰ and +0.4-0.6‰ (Fig. 1c) under relatively
reducing and oxidizing conditions, respectively. Evaporative loss of
99%of the accretedNcauses anegative shift of−26 to−20‰ in theδ15N
of a planetesimal under relatively reducing conditions, while this shift
is only ~−2.5‰ under relatively oxidizing conditions (Fig. 1d).

These fractionation values are much lower than those in ref. 30.
They reported a decrease of up to −41 ± 13‰ in δ15N of the melt when

Fig. 1 | Nitrogen isotope fractionation during core formation and planetesimal
evaporation. a The equilibrium N isotope fractionation between silicate and
metallicmelts (103lnαsilicate-metal) under relatively oxidizing and reducing conditions
as a function of temperature at different pressures. Error bars represent the ±1σ
deviation derived from propagating the ±1σ deviation of the force constant. b the
δ15N change in the bulk silicate reservoir (mantle + crust + atmosphere) caused by
core-mantle differentiation under the conditions of Earth’s core formation27 fol-
lowing a Rayleigh distillation model. Core-forming pressure and temperature are

20–60GPa and 3000–3500K, respectively. Dmetal/silicate
Nis the N partition coefficient

between metal and silicate. The maximum N isotopic effect caused by core for-
mation is less than +5‰. c the equilibrium N isotope fractionation between vapor
(dominantly occurring as N2) and silicate melt (103lnαN2-silicate) under relatively
reducing and oxidizing conditions. The temperature for planetesimal evaporation
is set to be 1300–1500K.d the δ15N change of planetesimals caused by evaporation
as a function of residual N fraction.
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53%of theNwasdegassed at ~IW-2, and anapparent gas-meltN isotope
fractionation of ~ +35‰ is required to explain the experimental
results30. This positive fractionation factor indicates equilibrium frac-
tionation between gas and melt because kinetic fractionation via eva-
poration enriches the residual melt in heavy isotopes38. The authors
noted the large fractionation and proposed N diffusion in themelt as a
possible explanation30. However, such a mechanism would result in
enrichment of 15N in the melt, not a decrease, because 14N diffuses
faster than 15N and more 14N would be lost during degassing.

Discussion
Combining our isotope fractionation data with the literature N metal-
silicate partition coefficients (Dmetal/silicate

N)
3, wemodel the N abundance

(CBS) and δ15N in the bulk silicate reservoir (δ15NBS) for early planete-
simal evaporative loss followed by late-stage core formation under a
range of conditions (Fig. 2). Because both the N isotope fractionation
andDmetal/silicate

N are affectedby fO2, themodeledCBS andδ15NBSdepend
on the fO2 of the accreting materials. We consider models with δ15N of
the accreting materials ranging from −20‰ to +20‰, effectively
simulating Earth’s accretion from enstatite-chondrite-like to
carbonaceous-chondrite-like materials. We assume an initial con-
centration of N of 500–1000ppm, approximating the range of ensta-
tite and carbonaceous chondrites41.

Our models show that the N abundance in the present-day bulk
silicate Earth (CBSE) can be reproduced by ~90–99% early evaporative
loss followedby late-stage core formation over themodeled fO2 range,
with slightly less evaporation required under relatively oxidizing con-
ditions (Fig. 2). However, because δ15N becomes progressively lower
with evaporative loss, a planet originating from material with a

strongly negative δ15N, such as enstatite-rich material17, can never
evolve to the bulk silicate Earth’s δ15N by combining evaporative loss
and core formation, regardless of the fO2. An Earth built from
carbonaceous-chondrite-like material with an initial positive δ15N can
evolve to the CBSE and δ15NBSE only under relatively reducing condi-
tions (Fig. 2a). A starting material with a δ15N of 0‰, e.g., a mixture of
enstatite and carbonaceous chondrites, can also reproduce both CBSE

and δ15NBSE, but only under fully oxidizing conditions (Fig. 2b). If the
Earth accretedwith a uniformly evolvingoxygen fugacity from ~IW-3 to
~IW-1 (refs. 42,43), an initial δ15N of approximately +10‰ provides a
successful solution (Fig. 2c and Supplementary Fig. 13).

Our results show that early evaporation from planetesimals fol-
lowed by core formation starting with a carbonaceous-chondrite-like
composition can explain the δ15NBSE and CBSE. However, data from
multiple isotopic systems17 support that Earth mainly accreted from
enstatite-chondrite-like materials with a δ15N of −47 to −10‰ (ref. 14),
and subsequent protoplanetary differentiation would result in an even
more negative δ15N for the bulk silicate Earth. In this case, a late veneer
with a positive δ15N must have contributed to the present-day bulk
silicate Earth’s N budget to reproduce the present-day δ15NBSE. Asmost
carbonaceous chondrites havepositiveδ15N of +10 to +56‰ (ref. 18,19),
a late veneer of carbonaceous-chondrite-like material satisfies this
criterion, consistent with previous constraints6. The amount of N
added by the late veneer to the BSE depends on how much N is lost
during planetesimal evaporation aswell as the isotopic composition of
the late veneer material. The more N that remains after accretion, the
higher the δ15N of late-veneer material is needed to move the bulk
silicate Earth from an initially negative δ15N composition to the
present-day value and still match the amount of N currently in the bulk

Fig. 2 | Combined effect of planetesimal evaporation and core formationon the
N abundance andN isotope compositionof rockyplanets. a–cTheN abundance
and (d–f) δ15N in the bulk silicate reservoir as a function of the residual N fraction
after evaporation. (a, d) Under relatively reducing conditions; (b, e) Relatively
oxidizing conditions. (c, f) The modeled N concentration and δ15N in the bulk
silicate part at the oxygen fugacity (log fO2) of Earth’s accreting materials (~IW-3 to
IW-1). Earth’s core/mantlemass ratiowasalsoused formodels in (a) and (b). The fO2

affects theN partition coefficient betweenmetal and silicate (Dmetal/silicate
N) and theN

species in silicate melts21,22,24,31,33, which consequently controls the equilibrium N
isotope fractionation between vapor (N2) and silicatemelt (103lnαN2-silicate) (Fig. 1c).
The green areas represent the values of the bulk silicate Earth. The red and blue
lines in upper panels represent the initial N concentrations (Cinit) of 500 and
1000ppm inplanetesimals before evaporation, respectively. The dash lines refer to
the modeling results at different Dmetal/silicate

N values. The yellow, blue, and red sha-
dow regions in the lower panels represent the modeled δ15N in the bulk silicate
reservoir with an initial δ15N (δ15Ninit) of +20‰, 0‰, and −20‰, respectively.
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silicate Earth (Supplementary Fig. 14). This is shown in Fig. 3 for the
same range of conditions as considered in Fig. 2. The multistage
accretion model shows that the N abundance in the bulk silicate Earth
can be fully established by a late veneer of carbonaceous chondrite
contributing between 100% (in which case the δ15N of late-accreting
material is similar to the present-dayδ15NBSE) and ~30%of the current N
in the bulk silicate Earth. However, if evaporation and core formation
were less efficient at removingN and the bulk silicate Earth kept 70%of
its original N, then no chondrite composition can explain the present-
day δ15NBSE through late addition.

Our results suggest that both protoplanetary differentiation and a
late veneer together control the present-day bulk silicate Earth’s N
budget for an enstatite-chondrite-like Earth model, of which some-
where between 30% and 100% was contributed by late addition of
carbonaceous-chondrite-like material (Fig. 3). Using the abundance of
N in carbonaceous chondrites, themass of the late-accretingmaterial is
constrained to be just 0.04–0.2% of the mass of Earth’s mantle (Sup-
plementary Fig. 15). This is a relatively small amount and has important
consequences for the origins of other elements, in particular, other
volatile elements and highly siderophile elements (HSEs) (Fig. 4).

First, a late veneer canonly supply a small amount of other volatile
elements. For instance, even if the late veneer contributed 100% of the
current N in the bulk silicate Earth, it would only supply <5%of the bulk
silicate Earth’s H abundance44,45, corresponding to 5–10% of Earth’s
ocean mass. This indicates that a late veneer cannot establish the H
abundance in the BSE and Earth shouldhave accreted its water from its
major source material—enstatite-chondrite-like material46—and/or
through the interaction between primordial hydrogen-rich atmo-
sphere and proto-Earth47 during early accretion and differentiation. A
late veneer can also contribute only 7–45%of the bulk silicate Earth’s C
abundance12, suggesting a substantial amount of C in the bulk silicate
Earth subsequent to Earth’s core formation. This aligns with recent
high-pressure experiments, which indicate that under the conditions
of core formation for Earth C becomes substantially less siderophile
compared to its behavior at lower pressures48. Similarly, the late veneer
couldonly supply atmost 30%of thepresent-day bulk silicate Earth’s S,
Se, and Te budgets (Fig. 4). This is consistent with our previous study
showing that the sub-chondritic S isotope signature in the bulk silicate
Earth can be achieved mainly through planetesimal evaporation, with
no more than ~30% of the present-day bulk silicate Earth’s S budget
added by a late veneer9.

Second, the limited mass of a late veneer suggests that at most
30% of the highly siderophile element (HSE) budgets in the bulk
silicate Earth were added by a late veneer. This contradicts the widely
held view that core formation is likely to removemost, if not all, HSEs
from the mantle and that most HSEs in the bulk silicate Earth come
from late accretion of chondritic material49. However, high P-T
experiments yield low metal-silicate partition coefficients for palla-
dium (Pd)50 and platinum (Pt)51 and suggest possible high con-
centrations of platinum-group elements in the mantle after core-
mantle differentiation and in turn less contribution from late veneer,
consistent with our conclusions based on N. Whether other HSEs
would become less much siderophile under high pressures remains
an open question. Further investigations into the metal-silicate par-
tition coefficients of these HSEs will help to verify our constraints on
the contribution of a late veneer to the HSE abundances in the bulk
silicate Earth.

Finally, the small mass of the late veneer estimated using N iso-
topes is also consistent with a recent estimate from triple oxygen
isotopes52 but is smaller than the estimate based on Ru isotopes53. The
difference may be reconciled by the late addition of carbonaceous
group iron meteorite-like materials (such as IID and IVA irons) that
have Ru isotope compositions comparable to those of carbonaceous
chondrites but are deficient in oxygen and volatiles52,54.

Additionally, noble gases provide significant insights into the
origin of Earth’s volatiles, albeit presenting a more intricate narrative
of their origin and evolution55–59. For instance, the highNe isotope ratio
observed in the primordial plumemantle indicates the preservation of
nebular gases in the deep mantle59, while the isotopic composition of
heavy Kr and Xe, primarily residing in the atmosphere, has been
attributed to a late delivery of carbonaceous-chondrite-like material60

or cometary ice61. Further high-precision investigation into mantle
reservoirs of noble gases, as well as noble gas isotope fractionation
during planetary differentiation62, holds promise in understanding the
origin of Earth’s noble gases.

In summary, our results show that protoplanetary differentiation
processes, especially planetesimal evaporation, can significantly frac-
tionate N isotopes, but they cannot simultaneously reproduce the N
budget and isotopic signature in thebulk silicate Earth. A late accretion
of carbonaceous-chondrite-like material providing ~30-100% of the
present-day bulk silicate Earth’s N budget is required to explain the
Earth’s nitrogen budget and isotope compositions if Earth accreted

Fig. 3 | Reproducing the δ15N in the bulk silicate Earth using planetary pro-
cesses (evaporation + core formation) and a late veneer. The δ15N of late-
accretion material versus the N fraction from a late veneer under (a) relatively
reducing conditions (Dmetal/silicate

N = 10–50); b relatively oxidizing conditions
(Dmetal/silicate

N = 50–80); and (c) at the oxygen fugacity (log fO2) of ~IW-3 to IW-1 for
Earth’s accreting materials (using the dependence of Dmetal/silicate

N on log fO2, ref. 3).
The initial δ15N of Earth’s building material (δ15Ninit) is estimated to be −20‰
according to thebest-fitmodel for the Earth (71% enstatite chondrite + 24%ordinary
chondrite + 5% CV/CO chondrite)17. Shown in (d) is the δ15N distribution of carbo-
naceous chondrites (CI and CM)14,18,19. CV and CO chondrites data are not included
because they have very negative δ15N values and are not candidates for late veneer

material. The less N remains in the bulk silicate Earth after evaporation and core
formation, themoreN is added by a late veneer to reproduce the CBSE. Because the
effect of core formation on the N concentration of the bulk silicate part is well-
known, the residual N fraction after evaporation versus the N fraction from a late
veneer is determined for different initial N concentrations to match the CBSE

(Supplementary Fig. 3). Thus, the δ15N of the bulk silicate part after protoplanetary
differentiation can be derived from the results of Fig. 2. The late veneer material is
expected to have a positive δ15N that is similar or close to those of carbonaceous
chondrites. If all N is lost during evaporation, all N in thebulk silicate Earthwouldbe
from a late veneer with a δ15N identical to the δ15NBSE.
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from enstatite chondrite-rich material. However, this has a limited
effect on the inventory of other volatile elements and HSEs (Fig. 4).

Methods
Equilibrium isotope fractionation factor
Equilibrium mass-dependent isotope fractionation arises from the
change in vibrational energy caused by isotopic substitution. Follow-
ing the Bigeleisen–Mayer equation37, the reduced partition function
ratio (β) of isotopes in a phase of interest, which represents the equi-
librium isotope fractionation factor between that phase and an ideal
gas, can be derived from:

β=
Y3N
i

uih

uil

e�
1
2uih

1� e�uih

1� e�uil

e�
1
2uil

ð1Þ

where h and l represent the heavy and light isotopes, respectively, and
N is the number of atoms in the unit cell. uih and uil are defined as
uih or il = _ωih or il=kBT , where _ and kB are the Planck and Boltzmann
constants, respectively; T is the temperature in Kelvin; and ωih or il is
the vibrational frequency. Under thehigh-temperature approximation,
the Bigeleisen–Mayer equation can be written as:

β= 1 +
1
m

� 1
m0

� �
_2

8k2
BT

2
<F> ð2Þ

wherem andm0 refer to the light and heavy isotopes, respectively, and
<F> is the force constant. The derivation process of Eq. (2) can be
found in Wang et al.36. The equilibrium isotope fractionation factor
(103lnα) between the two phases is:

103lnαA�B = 10
3lnβA � 103lnβB =

1
m

� 1
m0

� �
_2

8k2T2
ð<F>A � <F>BÞ ð3Þ

This approach has been successfully applied to predict the equi-
librium nickel and sulfur isotope fractionation between silicate and
metallic melts9,35. The use of Eq. (3) requires the validity criterion that
frequencies related to the element of interestωi (cm

–1) ≤ 1.39T. For the
temperature of core formation (>3000K), the upper limit of fre-
quencies is >4200 cm–1, which is much higher than any vibrational
frequency associated with N atoms.

The anharmonic effect becomes unignorable at high temperatures
and it might significantly have a significant contribution to the 103lnα
based on the Bigeleisen–Mayer equation. Liu et al.63 extensively dis-
cussed the anharmonic correction on the Bigeleisen–Mayer equation.
Following the method in that work, we calculated the 103lnβ of N2

molecule with anharmonic correction. The relative difference in 103lnβ
between the results with andwithout anharmonic correction is only ~3%.
This suggests that the anharmonic effect can only change the 103lnα of
15N/14N by ~6%, consistent with the estimate in previous studies63,64.

Fig. 4 | Effect of late veneer on the elemental abundances in the bulk
silicate Earth.The upper (a) and lower (b) panels represent the late accretionof CI-
chondrite-like and CM-chondrite-like materials, respectively. The elemental abun-
dances in theCI andCMchondrites and the BSE are from literature studies6,12,49,70–74.

The late veneer, which contributed 30−100% of the N in the present-day BSE, is
0.04–0.2% of Earth’s mantle by mass, and so, it has a limited effect on the budgets
of other volatile elements in the BSE.
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First-principles molecular dynamics simulations
To calculate the force constants of N in silicate and metallic melts, we
conducted FPMD simulations on silicate and metallic melts based on
density functional theory (DFT) using VASP with the projector-
augmented wave (PAW) method65. The generalized-gradient approx-
imation (GGA)66 was adopted for the exchange-correlation functional
and the PBE pseudopotentials were used. The energy cutoff for the
planewavewas 600 eV and the gammapointwas used for the Brillouin
zone summations over the electronic states. All FPMD simulations
were conducted in the NVT thermodynamic ensemble with a fixed
temperature of 3000K controlled by aNosé thermostat. The time step
is 1 fs and the total simulation time is ~60ps. The initial liquid struc-
tureswereprepared bymelting the configurations at 6000K for 20ps.
Pressures at different volumes can be derived by averaging the pres-
sure for each time step after equilibration (about 10 ps).

We used two different compositions, Mg32Si32O96NH3 and
Mg32Si32O95N2, to model silicate melts under relatively reducing and
oxidizing conditions, respectively. The chemical composition of
MgSiO3 was chosen for silicate melts because it has MgO and SiO2

contents similar to those of primitive chondrites. We also performed
FPMD simulations on N-bearing pyrolite, Mg30NaCa2Fe4Si24Al3O89NH3

(pyrolite+NH3) andMg30NaCa2Fe4Si24Al3O89N2 (pyrolite+N2), to check
the effect of other components on the structural properties of N. For
metallic melts, we first focused on a simple system with a formula of
Fe98N2 at different pressures and then checked the effect of other
possible light elements in the core using a multicomponent alloy
(Fe87Ni4Si6S2C2OH5N2). We did not introduce a Hubbard U correction
for Fe atoms in our calculations because Caracas et al.67 checked the
behavior of the Fe-bearing melt based on DFT +U and found that a +U
correctiondoes not significantly change the calculated results. The cell
parameters and volumes of the simulated boxes are listed in Supple-
mentary Table 1.

We extracted a large number of snapshots from the FPMD tra-
jectories every 250 steps after equilibration and performed optimiza-
tion solely on the N atomic positions for each snapshot. This involved
relaxing the N atomic positions freely while fixing the positions of
other atoms except for N. The relaxation of single atoms does not alter
the positions of other atoms around N atoms, thereby preserving the
structural information from the initial snapshot to the fullest extent,
although the N atomic positions may undergo slight changes com-
pared to the initial configurations. Subsequently, we applied seven
different small displacements to the N atomic positions along each
direction and computed the static energies of these configurations.
The force constant is obtained as the second derivative of energy with
respect to displacement. Consequently, the force constant matrix of N
in each snapshot canbedeterminedbyfitting the relationship between
static energies and small displacements with a second-order poly-
nomial. The statistical average across all snapshots yields the average
force constant of N in the melts (Supplementary Figs. 5–8). The errors
encompass the error arising from the second-order polynomial fitting
and the statistical error ( ± 1σ deviation).

We extracted a large number of snapshots from the FPMD trajec-
tories every 250 steps after equilibration and conducted optimization
only onNatomicpositions for each snapshot. This involved relaxing the
N atomic positions freely while fixing the positions of other atoms
except for N. The single-atom relaxation does not change the positions
of other atoms aroundNatoms; hence, the structural information in the
initial snapshot ismaximally preserved, although theNatomicpositions
are slightly changed compared to the initial configurations. We then
applied seven different small displacements to the N atomic positions
along each direction (X, Y, and Z) and calculated the static energies of
these configurations. The force constant is obtained as the second
derivative of energy with respect to displacement. Thus, the force
constant matrix of N in each snapshot can be calculated by fitting the
relationship between static energies and small displacements with a

second-order polynomial9. The statistical mean of all snapshots yields
the average force constant of N in the melts (Supplementary Figs. 5–8).
The errors encompass the uncertainty arising from the second-order
polynomial fitting and the statistical error (±1σ deviation)9.

Structural properties of nitrogen in silicate and metallic melts
To obtain the structural properties of N-bearing silicate and metallic
melts, the radial distribution function (RDF) between two species A
and B was calculated from:

gA�BðrÞ=
N

ρNANB

XNA

i= 1

XNB

j = 1

δ ~r �~R
A
i +~R

B
j

� �* +
ð4Þ

where A and B refer to two species of interest; N is the total number of
atoms;ρ is the atomic number density; andNA andNB refer to the total
number of species A and B atoms, respectively. ~R represents the
coordinates of these atoms. The coordination number (CN), which
represents the number of B atoms distributed around A atoms, can be
derived from the RDF.

Our calculations show that the N-N distance in the Mg32Si32O95N2

melt is ~1.12 Å at 5.6–99.6 GPa (Supplementary Fig. 1), which is similar
to the N–N bonding length in nitrogen molecules (N2). The N-Si and
N-Mg distances are much longer than the N-N distance. When the
cutoff for the coordination shell is 1.4 Å, the CN for the N-N pair is one,
and no N-Si or N-Mg pairs form within this distance (Supplementary
Fig. 1), suggesting that the N-N bond forms as a nitrogen molecule in
the Mg32Si32O95N2 melt. Under relatively reducing conditions as
modeled by the Mg32Si32O96NH3 melt, the N-Si, N-Mg, and N-H dis-
tances are ~1.72, ~2.02, and ~1.04 Å (Supplementary Fig. 2), respec-
tively. When the cutoff for the coordination shell is 2.1 Å, the CNs for
the N-Si, N-Mg, and N-H pairs are ~2.0, ~0.5, and ~0.2 at 5.5GPa (Sup-
plementary Fig. 2), respectively, suggesting that N is mainly bonded to
Si atoms in the Mg32Si32O96NH3 melt, with a small fraction of N-H
bonds. TheCN for theN-Si pair generally increaseswith pressure and is
greater than 3 at 76.5–97.7 GPa (Supplementary Fig. 2).

In the Mg30NaCa2Fe4Si24Al3O89N2 (pyrolite+N2) melt, the N-N
distance shows a strong peak at 1.15 Å at 5.3GPa (Supplementary
Fig. 3), which is slightly larger than that in theMg32Si32O95N2melt. The
CN for the N-N pair is also one when the cutoff for the coordination
shell is 1.4 Å (Supplementary Fig. 3), implying a strong N-N bond in the
pyrolitic melt under relatively oxidizing conditions. In the
Mg30NaCa2Fe4Si24Al3O89NH3 (pyrolite+NH3) melt, the N-Si distance
shows a similar distribution to that in the Mg32Si32O96NH3 melt at
23.3 GPa, and the CN for the N-Si pair is also ~2.0 if the cutoff is 2.1 Å
(Supplementary Fig. 3). Although the N-Fe, N-Mg, and N-H distances
also show peak distributions at ~1.81, ~2.08, and ~1.02 Å, respectively,
the corresponding CNs are only ~0.6, ~0.3, and <0.1 (Supplementary
Fig. 3). This implies that N is still preferentially bonded to Si atoms in
the pyrolitic melt under relatively reducing conditions, with a fraction
of the N-Fe bond.

In the Fe98N2 melt, the N-Fe distance is ~1.84 Å, and the CN for the
N-Fe pair increases from ~5 at 0.7GPa to ~7 at 98.1 GPa when the cutoff
for the coordination shell is 2.4 Å (Supplementary Fig. 4). In the
Fe87Ni4Si6S2C2OH5N2melt, theN atom is also dominantly bonded to Fe
atoms with an N-Fe distance of ~1.81 Å at 25.1 GPa (Supplementary
Fig. 4), similar to the N-Fe distance in the Fe98N2 melt. The CN for the
N-Fe pair is ~5.3 at 25.1GPa when the cutoff is 2.4 Å, while those for
other pairs are smaller than 0.2, suggesting that other light elements
do not significantly change the bonding environment around N in the
metallic melt. The N-Fe bond length in the metallic melt is longer than
the N-Si and N-N bond lengths in the silicate melts under relatively
reducing and oxidizing conditions, respectively.

Our results are generally consistent with the experimental
findings22,23,31–33 that N dissolves principally as N2 in silicatemelts under
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relatively oxidizing conditions (the oxygen fugacity log fO2 > IW-1.5;
reported in log units relative to the iron-wüstite oxygen buffer, IW) but
as N3- under relatively reducing conditions in the form of the N-H
complex (IW-1.5 <log fO2 < IW-3) and/or N-Si bonding (log fO2 < IW-3).
It shouldbe noted that the log fO2 values of the simulated silicatemelts
cannot be given by the FPMD calculations. The main difference
between our calculations and experimental results is that the fraction
of the N-H complex in the Mg32Si32O96NH3 melt is not high, with a CN
of ~0.2 for the N-H pair, probably because there are not sufficient H
atoms to form the NH2- complex. To check the effect of N and H
concentrations on the formation ofN-Hbonds in silicatemelts, we also
performed FPMD simulations on the Mg32Si32O96N3H9 melt. We find
that the N-Si, N-Mg, and N-H distances are ~1.71, ~2.07, and ~1.03 Å at
6.2 GPa (Supplementary Fig. 5), respectively, and their CNs are ~1.8,
~0.3, and ~0.6. TheCN for theN-Hpair greatly increases comparedwith
that in the Mg32Si32O96NH3 melt, suggesting the presence of a large
fraction of N-H in the Mg32Si32O96N3H9 melt.

Force constants of nitrogen in melts
The force constants <F> of N in melt snapshots are shown in Supple-
mentary Figs. 5–8, and the average values are plotted in Supplemen-
tary Fig. 9. The <F> in theMg32Si32O95N2melt is ~760N/manddoes not
substantially change with pressure, while those in the Mg32Si32O96NH3

and Fe98N2 melt increase from 366.9N/m at 5.5 GPa to 576.1 N/m at
97.7 GPa and from 168.8N/m at 0.7 GPa to 287.4 N/m at 98.1 GPa,
respectively. The <F> variations with pressure aremainly controlled by
the structural properties: in the Mg32Si32O95N2 melt, N dominantly
occurs as N2, and the N-N bond length and the CN do not significantly
change with pressure (Supplementary Fig. 1); in the Mg32Si32O96NH3

and Fe98N2 melts, N is mainly present in the form of N-Si and N-Fe,
respectively, and their CNs substantially increase with pressure (Sup-
plementary Figs. 2 and 4). Compared to the Mg32Si32O95N2 melt, the
Mg30NaCa2Fe4Si24Al3O89N2 melt has a slightly lower <F> value
(698.7 N/m at 5.3GPa) because it has a slightly longer N-N bond. The
<F>ofN in theMg30NaCa2Fe4Si24Al3O89NH3melt is ~38N/m lower than
that in the Mg32Si32O96NH3 melt because the CN for N-Si in the
Mg30NaCa2Fe4Si24Al3O89NH3 melt is slightly smaller than that in the
Mg32Si32O96NH3 melt at ~23.3 GPa (Supplementary Fig. 3). In con-
trast, due to the presence of a larger percentage of N-H in the
Mg32Si32O96N3H9 melt (Supplementary Fig. 5), the <F> is ~46N/m
larger than that in the Mg32Si32O96NH3 melt. In metallic melts, Fe98N2

and Fe87Ni4Si6S2C2OH5N2 have similar <F> values, consistent
with the similarity of N-Fe bonding between them (Supplemen-
tary Fig. 4).

The <F> difference between silicate and metallic melts is mainly
affected by the N species in silicate melts, which depends on the log
fO2. Under relatively oxidizing conditions, the <F> difference between
silicate and metallic melts decreases from ~570N/m at ~5 GPa to
~480N/m at ~98GPa, while it increases from ~195 N/m at ~5 GPa to
~290N/ma at ~98GPa under relatively reducing conditions (Fig. S9).
This indicates that the equilibrium N isotope fractionation (103lnα)
between silicate and metallic melts increases with pressure under
relatively reducing conditions but decreases with pressure under
relatively oxidizing conditions. Regardless of the fO2, the core would
be preferentially enriched in 14N relative to the silicate part during core
formation.

Nitrogen isotope fractionation during planetesimal evaporation
and core formation
As a volatile element, Nwouldhave undergone significant vaporization
during planetary accretion. Here, we use the residualN fraction (fres) to
describe the degree of N loss during evaporation; hence, the N con-
centration of a bulk planet (CBP) after evaporation is CBP=Cinit*fres,
whereCinit refers to the initial N concentration of the buildingmaterial.
Following a Rayleigh distillation model, the N isotope composition of

the bulk planet (δ15NBP) after evaporation is given by:

δ15NBP = δ
15Ninit +Δ

15Nvapor�melt*lnðf resÞ ð5Þ

where δ15Ninit is the initial N isotope composition of building material
and Δ15Nvapor-melt is the net N isotope fractionation between vapor and
melt. When planetesimals undergo evaporation in the presence of
nebular H2 under a total pressure of approximately 10−4 bar, previous
numerical simulations38 demonstrate that thenet isotope fractionation
will be equal to the equilibrium isotope fractionation between vapor
and melt. Equilibrium isotope fractionation during planetesimal
evaporation can explain the Mg and Si isotopic and elemental
compositions of bulk Earth38. Such conditions for planetesimal
evaporation were required to explain the observed S, Se, and
Te isotope composition of the bulk silicate Earth (BSE)9,39. Thus,
Δ15Nvapor-melt will be equal to the equilibrium N isotope fractionation
between the vapor phase and silicate melt (103lnαvapor-silicate).

To calculate the 103lnαvapor-silicate, we conducted thermodynamic
calculations using the GRAINS code68 with solar abundances for the
elements40 to determine the N species in the vapor phase. This code
calculates the minimum Gibbs free energy of a given system and out-
puts all the species when the system achieves chemical equilibrium.
The solar abundances for the elements were used to calculate the
equilibrium gas phases because the solar nebular would not have
completely dissipated during planetesimal evaporation in the first
several million years69. Planetesimals would undergo evaporation in
the presence of nebular H2 under a total pressure of 1e−4 bar. We also
checked the effect of H concentration on the N species in the vapor
phase byperforming thermodynamic calculationswith solar elemental
abundances but with H concentration decreasing by one and four
orders ofmagnitude, conditions that aremore oxidizing than the solar
nebular. The results show that regardless of the H concentration in the
system, N in the vapor phase dominantly occurs as N2 with a percen-
tage of > 99.9 % (Supplementary Fig. 11). We further calculated the <F>
of N in an N2 molecule using first-principles calculations. The atomic
positions of an N2 molecule in a cubic box (20 Å × 20Å× 20Å) were
relaxed, and subsequently, <F> was derived using the small displace-
ment method (Supplementary Table 1).

During core-mantle differentiation, equilibrium between the core
andmantle is given by the N partition coefficient betweenmetallic and
silicate melts3:

Dmetal=silicate
N =Ccore=CBS ð6Þ

where CBS and Ccore represent the N concentrations in the bulk silicate
part and core, respectively. Based on the mass balance, the total mass
of N in a bulk planet is conserved in these two reservoirs:

CBP =MBS*CBS + 1�MBS

� �
*Ccore ð7Þ

where MBS is the mass fraction of the bulk silicate part. Following the
Rayleigh distillation model, the N isotope composition of the bulk
silicate part (δ15NBS) is given by:

δ15NBS = δ
15NBP � 103lnαsilicate�metal*lnðf BSÞ ð8Þ

where 103lnαsilicate-metal is the equilibrium N isotope fractionation
between silicate and metallic melts and fBS is the N fraction remaining
in the bulk silicate reservoirs. If adopting the equilibrium model, then
the δ15NBS will be:

δ15NBS = δ
15NBP + 1� f BS

� �
*103lnαsilicate�metal ð9Þ

The choiceof the core-formingmodelmight affect the estimate of
the effect of core-mantle differentiation on the δ15NBS (Supplementary
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Fig. 10). Here we use two endmembermodels (the Rayleigh distillation
model vs. the equilibrium model) to estimate the effect of core for-
mation. The Rayleigh distillation model shows that core-mantle dif-
ferentiation can only shift the BSE’s δ15N by at most +2‰ and +5‰
under relatively reducing and oxidizing conditions (Fig. 1), respec-
tively. Compared to the Rayleigh distillation model, the variation in
δ15NBS is smaller, at most +1.2‰, based on the equilibrium model
(Supplementary Fig. 10). Consequently, the choice of core-forming
model does not affect our conclusions that core formation cannot
explain the δ15N difference between enstatite chondrites and the bulk
silicate Earth. We alsomodeled the combined effect of protoplanetary
differentiation on the δ15N of planetesimals using both the Rayleigh
distillation and equilibriummodels for core formation, and the results
show very small differences under different redox conditions (Fig. 2
and Supplementary Fig. 12).

Earth had a protracted growth history with a change in the com-
position of accretingmaterial from reducing to oxidizing, although the
trajectory of its accretionary path is debated. The corresponding log
fO2 of core-mantle differentiation of Earth ranges from ~IW-3 to ~IW-1
(refs. 42,43). The fO2 significantly affects the Dmetal/silicate

Nand the N
species in silicate melts, which further strongly impacts the N isotope
fractionation caused by planetesimal evaporation and core formation.
Therefore, in addition to using a fixed log fO2 for Earth’s accretion and
differentiation, we also modeled the N concentration and δ15N of the
bulk silicate Earth by considering the dependences of Dmetal/silicate

N,
103lnαvapor-silicate, and 103lnαsilicate-metal on the log fO2. D

metal/silicate
Nunder

graphite-undersaturated conditions were reported by Grewal et al.3 as
a function of log fO2. At log fO2 > IW-1.5, N dissolves principally as N2 in
silicate melts, and the <F> of N in Mg32Si32O95N2 melt was used to
calculate 103lnαvapor-silicate and 103lnαsilicate-metal. At log fO2 < IW-1.5, N
mainly occurs as N3-, and the <F> of N in the Mg32Si32O95NH3 melt was
used todetermine theseN isotope fractionation factors. Assuming that
Earth accretedwith a uniformly evolvingoxygen fugacity from ~IW-3 to
~IW-1, that is, an even compositional distribution of accretingmaterials
at log fO2 values of ~IW-3 to ~IW-1, we estimated theδ15N of the BSEwith
different initial values for building materials as well as the N con-
centration based on our results and revealed the accretion pattern of
Earth’s volatile elements.

Data availability
Thedata that support thefindings of this study is available in the article
and Supplementary Information files.

Code availability
The Vienna Ab Initio Simulation Package is proprietary software
available for purchase at https://www.vasp.at/.
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