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Understanding the evolution of nitrogen (N) across Earth’s history requires a comprehensive under-
standing of N’s behaviour in the Earth’s mantle – a massive reservoir of this volatile element. 
Investigation of terrestrial N systematics also requires assessment of its evolution in the Earth’s 
atmosphere, especially to constrain the N content of the Archaean atmosphere, which potentially 
impacted water retention on the post-accretion Earth, potentially causing enough warming of surface 
temperatures for liquid water to exist. We estimated the proportion of recycled N in the Earth’s mantle 
today, the isotopic composition of the primitive mantle, and the N content of the Archaean atmosphere 
based on the recycling rates of N in modern-day subduction zones. We have constrained recycling rates 
in modern-day subduction zones by focusing on the mechanism and efficiency of N transfer from the 
subducting slab to the sub-arc mantle by both aqueous fluids and slab partial melts. We also address 
the transfer of N by aqueous fluids as per the model of Li and Keppler (2014). For slab partial melts, 
we constrained the transfer of N in two ways – firstly, by an experimental study of the solubility limit 
of N in melt (which provides an upper estimate of N uptake by slab partial melts) and, secondly, by the 
partitioning of N between the slab and its partial melt. Globally, 45–74% of N introduced into the mantle 
by subduction enters the deep mantle past the arc magmatism filter, after taking into account the loss of 
N from the mantle by degassing at mid-ocean ridges, ocean islands and back-arcs. Although the majority 
of the N in the present-day mantle remains of primordial origin, our results point to a significant, albeit 
minor proportion of mantle N that is of recycled origin (17 ± 8% or 12 ± 5% of N in the present-day 
mantle has undergone recycling assuming that modern-style subduction was initiated 4 or 3 billion years 
ago, respectively). This proportion of recycled N is enough to cause a departure of N isotopic composition 
of the primitive mantle from today’s δ15N of −5� to −6.8 ± 0.9� or −6.3 ± 1.2�. Future studies of 
Earth’s parent bodies based on the bulk Earth N isotopic signature should take into account these revised 
values for the δ15N composition of the primitive mantle. Also, the Archaean atmosphere had a N partial 
pressure of 1.4–1.6 times higher than today, which may have warmed the Earth’s surface above freezing 
despite a faint young Sun.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Nitrogen (N) is the most abundant element in the Earth’s 
present atmosphere; nonetheless, given recent estimates, the most 
massive reservoir for N is likely the mantle, which contains be-
tween 2 and 10 times the atmosphere’s N mass (Johnson and 
Goldblatt, 2015). Therefore, understanding Earth’s N systematics 
requires a thorough investigation of N cycling between Earth’s var-
ious reservoirs, including N transfer from the atmosphere to the 
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mantle and vice-versa (Barry and Hilton, 2016; Busigny et al., 
2011; Goldblatt et al., 2009; Mikhail and Sverjensky, 2014). A fun-
damental question about N in the Earth’s mantle is whether it 
is of primordial or of recycled origin (Marty and Dauphas, 2003). 
The answer to this question has two key implications. Firstly, N 
content and isotopic composition of the primitive mantle (i.e., dur-
ing the first billion years of Earth history) is key for estimating 
the nature and proportion of the parent bodies that accreted to 
form the Earth (Cartigny and Marty, 2013; Li et al., 2016). Isotopic 
compositions of fibrous diamonds and mid-ocean ridge basalts 
show that the present-day mantle (mostly the upper mantle) has 
a δ15N [(15N/14N)sample/(15N/14N)air−1)×1000] value of −5 ± 2�

https://doi.org/10.1016/j.epsl.2017.11.045
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:Ananya.Mallik@uni-bayreuth.de
https://doi.org/10.1016/j.epsl.2017.11.045
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2017.11.045&domain=pdf


A. Mallik et al. / Earth and Planetary Science Letters 482 (2018) 556–566 557
(Cartigny and Marty, 2013). Given that both Archaean as well as 
younger sediments are enriched in 15N (Cartigny and Marty, 2013), 
presence of recycled crustal material in the mantle would imply 
that the primitive mantle was depleted in 15N as compared to 
the present-day mantle. If such is the case, it would imply that 
the Earth might have dominantly accreted from reduced enstatite 
chondrites, rather than oxidized carbonaceous chondrites (Javoy, 
1997; Li et al., 2016). Secondly, if it can be shown that there has 
been a drawdown of N from the atmosphere to the mantle via sub-
duction, then estimating the mass of subduction-derived N in the 
present-day mantle can be used to constrain the partial pressure 
of N in the Archaean atmosphere. A high partial pressure of N in 
the Archaean atmosphere could have caused warming in the early 
Earth in spite of a faint young Sun (Goldblatt et al., 2009), because 
it would enhance the potency of greenhouse gases by pressure 
broadening their absorption lines. Also, a N-rich Archaean atmo-
sphere is purported to help retain water which could be a key 
requirement for development of the Earth into a wet planet, as we 
know it today (Wordsworth and Pierrehumbert, 2014).

The isotopic composition of N in the primitive mantle remains 
largely unknown and the partial pressure of N in the Archaean 
atmosphere is debated. A recent model based on the isotopes 
of N–He–Ne–Ar in oceanic basalts predicts a 50% higher N par-
tial pressure in the Archaean atmosphere than that at present 
(Barry and Hilton, 2016). This, however, contradicts results ob-
tained from analysing fluid inclusions from Archaean hydrothermal 
quartz (Marty et al., 2013), raindrop size distribution (Som et al., 
2012) and vesicle size distribution (Som et al., 2016) preserved in 
Archaean rocks, all of which yielded an Archaean atmospheric N 
partial pressure of ∼0.5 bar (which is lower than today). Here, to 
constrain the mass and isotopic composition of N in the primi-
tive mantle, from which we can derive the N partial pressure in 
the Archaean atmosphere, we performed a systematic study on N 
recycling efficiency (or the proportion of the subducted nitrogen 
that escapes slab dehydration and/or melting and enters the deep 
Earth) in modern subduction zones.

Previous studies have estimated modern-day N recycling effi-
ciency based on the difference between ingassing rates in subduc-
tion zones and degassing rates at arcs, mid-ocean ridges, ocean 
islands and back arc spreading centres. Such studies have esti-
mated that 0% (Fischer et al., 2002) to 80–92% (e.g. Barry and 
Hilton, 2016; Busigny et al., 2011) of slab N is transported to man-
tle depths beyond sub-arc conditions. Key to estimating recycling 
rates of an element using such an approach is the assumption that 
the entire mass of the element carried away from the subducted 
slab is degassed at arcs; this assumption is not necessarily valid 
for N. For example, xenoliths from the mantle-wedge, the litho-
sphere and the lower crust of overriding plates contain abundant 
amphibole and/or mica (e.g. Kawamoto et al., 2013), which can 
incorporate significant amounts of N in the form of NH4

+ sub-
stituting for K+ . The shallow upper mantle, such as the sub-arc 
mantle, can also store 5–20% of present day atmospheric N (Li et 
al., 2013) during its metasomatism by siliceous slab-derived flux. 
Hence, the assumption that the flux of N degassed at arcs repre-
sents the entire flux released from the subducted slab results in an 
overestimation of the rates of N sent past the “arc filter” into the 
deep mantle. Furthermore, while the outflux/degassing rate of N at 
arcs is constrained (Hilton et al., 2002), differences in the estimates 
of the influx of N can yield very different estimates of deep man-
tle injection rates, as has been observed in previous studies (e.g. 
Busigny et al., 2011; Fischer et al., 2002).

Here, we used an innovative forward approach for determining 
recycling efficiency in subduction zones, by focusing on the extrac-
tion of N from the slab to the overlying mantle-wedge via aqueous 
fluids and slab partial melts, for which we have investigated a 
broad range of subduction thermal regimes (Syracuse et al., 2010). 
We estimated the N ingassing rate for each of the Earth’s 55 sub-
duction zones (Supplementary Table 1). Then we determined the 
rate of N transfer by aqueous fluids in each subduction zone tak-
ing into account pressure (P ), temperature (T ) and oxygen fugac-
ity ( f O2) along the slab-top while also considering the likely N 
speciation in subduction zone fluids (Li and Keppler, 2014) (Sup-
plementary Information). For subduction zones where slabs are 
hot enough to partially melt, we quantified the rate of N trans-
ported by slab partial melts (referred to as slab-melts) using two 
approaches, assuming – (i) N is dissolved in the slab-melt at its 
solubility limit, which anchors the highest rate of N removal from 
the slab, and (ii) N partitioning between the slab and slab-melt is 
controlled by NH4

+ , and NH4
+ behaves similarly as Rb+ due to 

the same charge and similar ionic radii; hence, the behaviour of 
Rb+ was used as a guide to the partitioning of N between the key 
N hosting minerals in the slab and any associated partial melt.

We determined the solubility limit of N in slab-melts exper-
imentally. The breakdown of NH4

+-bearing minerals in the slab, 
such as phengite and amphibole, controls N release from the sub-
ducted slab to any resulting partial melt. N concentrations in the 
sediments range from 424 μg/g (Busigny et al., 2011) to 2382 μg/g 
(Li and Bebout, 2005). Assuming a partitioning behaviour of NH+

4
that is similar to Rb+ (also assuming a phengite modal abundance 
in sediments and modal proportion during partial melting), low 
degree slab partial melts should carry 0.2 to 1.1 wt.% (g/100 g) of 
N. We deemed it necessary to assess whether such high concen-
trations of N being dissolved in slab-melts are realistic, leading us 
to determine experimentally the solubility limit of N in slab partial 
melts. We also required a knowledge of (i) speciation of N at the 
relevant conditions, as this determines the solubility mechanism, 
and (ii) the effect of solubility on variable H2O concentrations in 
the slab-melt (as H2O is the principle volatile species in slab-melts 
whose contents can vary depending on the degree of melting, and 
amount of H2O present in the slab). Considering the aforemen-
tioned factors, we experimentally determined the solubility limit 
of N (the concentration of N dissolved in the melt in the presence 
of a N-rich fluid phase) in rhyolitic slab partial melts with two 
different H2O concentrations (referred to as “low H2O” and “high 
H2O” slab melts, respectively) at f O2 and pressure conditions ap-
plicable for subduction zones (Supplementary Table 2).

2. Methods

2.1. Experimental determination of N dissolved in slab-melt at its 
solubility limit and analysis of experimental products

We experimentally determined N solubility limit in slab-derived 
partial melts. The experiments were performed at 1050–1300 ◦C, 
2–4 GPa, f O2 varying from �NNO −0.6 to −4 log units, with slab 
partial melts (hydrous rhyolites) containing 2.5–6.2 wt.% added N 
and 4 wt.% (‘low H2O slab melt’) and 8 wt.% (‘high H2O slab melt’) 
added H2O (Table 1). These P–T conditions are appropriate for 
the hot core of the mantle-wedge in the sub-arc region (Syracuse 
et al., 2010), where the slab-melt retains its chemistry from the 
slab-top to the mantle-wedge by channelized flow (Pirard and Her-
mann, 2015), or slab-melts are produced in the mantle-wedge by 
the partial melting of slab lithologies in a diaper (e.g. Nielsen and 
Marschall, 2017). Further details about synthesis of starting mate-
rials are provided in the Supplementary Information.

We performed the experiments using a modified double cap-
sule geometry, with Pt95Rh5 capsules (2.5 mm OD, 2.0 mm ID, 
5.0 mm length) placed inside nickel outer capsules (5.0 mm OD, 
3.0 mm ID, 10.0 mm length). Nickel oxide and distilled water were 
then added to the space between the inner and outer capsules. 
Details about the modified double capsule geometry are described 
in the Supplementary Information. Also, most of our experiments 
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Table 1
List of solubility experiments.

Experiment No. B994 B989 A875 A799 B970 A838 B995 A870 B967 A876
P (GPa) 2 3 4 2 2 2 2 3 4 4
T (◦C) 1300 1300 1300 1050 1200 1300 1300 1300 1300 1300
H2O, N added (wt.%) 4, 3.0 4, 3.0 4, 3.0 8, 1.3 8, 2.5 8, 2.5 8, 6.2 8, 6.2 8, 2.5 8, 6.2
Duration (hr) 43 49 49 52 41 71 66 48 63 68

SiO2 68.7(6) 67.9(2) 67.7(8) 63.3(3) 66.8(7) 67.4(4) 64.4(3) 64.3(3) 64.9(2) 63.4(8)
TiO2 0.23(3) 0.22(3) 0.23(2) 0.19(3) 0.25(3) 0.30(3) 0.20(2) 0.21(2) 0.24(3) 0.23(3)
Al2O3 13.9(1) 13.58(9) 13.8(1) 16.7(1) 12.1(1) 11.31(8) 13.7(1) 13.8(1) 12.59(7) 13.78(1)
FeO 0.01(1) 0.01(1) 0.03(2) 0.21(2) 0.03(2) 0.04(2) 0.01(1) 0.03(2) 0.21(2) 0.01(1)
MnO 0.02(1) 0.01(1) 0.02(2) 0.03(2) 0.03(2) 0.03(2) 0.02(2) 0.03(2) 0.04(2) 0.01(1)
MgO 0.23(1) 0.25(2) 0.23(2) 0.26(1) 0.23(2) 0.23(2) 0.25(2) 0.26(2) 0.22(2) 0.26(2)
CaO 1.10(4) 1.10(4) 1.07(3) 1.12(3) 1.05(4) 1.11(3) 1.06(3) 1.07(4) 1.04(3) 1.06(3)
Na2O 6.1(4) 6.0(1) 6.0(5) 6.1(2) 5.5(5) 5.4(7) 5.2(5) 5.45(1) 5.1(1) 5.4(4)
K2O 2.41(4) 2.40(5) 2.43(7) 2.38(4) 2.48(9) 2.29(4) 2.36(5) 2.38(4) 2.19(4) 2.39(5)
P2O5 0.06(3) 0.06(4) 0.08(3) 0.06(3) 0.09(3) 0.10(4) 0.03(3) 0.05(3) 0.10(3) 0.03(2)
H2Oa 7.1(6) 8.3(3) 8.1(7) 9.6(2) 11.3(7) 11.8(6) 12.6(4) 12.2(4) 13.2(3) 13.3(8)

NEMPA 0.4(2) 0.9(3) 1.0(4) 0.5(2) 0.4(2) 0.5(3) 0.4(2) 1.0(4) 0.9(3) 0.5(3)

NSIMS 0.8(2) 0.9(3) 1.0(4) – 0.5(2) 0.6(2) 0.4(1) 0.8(3) – 0.4(2)

XN2
fluid 0.7(1) 0.32(7) 0.24(8) 0.5(2) 0.47(7) 0.90(5) 0.85(3) 0.44(4) 0.50(1) 0.83(4)

XH2O
fluid 0.29(8) 0.68(7) 0.76(8) 0.5(1) 0.53(6) 0.10(3) 0.15(2) 0.56(3) 0.50(7) 0.17(2)

log f O2 (�NNO) −2.4(9) −0.8(2) −0.6(2) −1.5(8) −1.3(3) −4(1) −3.8(4) −1.1(1) −1.4(4) −3.6(5)

ln(K ) −17.8(4) −19.5(4) −21.5(5) −18.7(4) −18.2(4) −18.3(3) −18.6(4) −19.9(4) −22.4(2) −23.4(4)

cOH−
at Texperiment 4.5 5.2 4.8 8.2 8.7 8.9 10.2 8.8 11.7 10.6

cH2O
m at Texperiment 0.2 0.3 0.3 7.8 1.1 0.9 1.3 0.9 1.7 1.4

cOH−
at 400 ◦C 2.5 2.7 2.6 1.6 3.8 3.8 4.1 3.8 4.5 4.3

cH2O
m at 400 ◦C 2.4 2.9 2.5 5.0 6.0 6.0 7.3 6.0 8.9 7.8

All concentrations are reported in wt.% (g/100 g);
a H2O concentration calculated by the difference between 100 and the sum of oxides and N; XN2

fluid and XH2O
fluid are the mole fractions of N2 and H2O in the fluid phase 

coexisting with glass in the experiments; cOH−
and cH2O

m refer to concentrations of hydroxyl and molecular H2O in the melt/glass respectively, calculated as mentioned in 
Supplementary Information; 400 ◦C is the lower limit of glass transition for rhyolite; ±1sd uncertainties mentioned in brackets and reported as least digits cited, e.g. 68.7(6) 
to be read as 68.7±0.6 wt.%; log f O2 is calculated based on the fluid composition coexisting with glass.
were performed isothermally across the pressure range in order to 
investigate the effect of pressure on the solubility of nitrogen in 
slab melts without any temperature influence. We also studied the 
temperature effect on solubility, allowing solubility values applica-
ble at the slab-top to be investigated.

Our experiments were performed in end-loaded piston-cylinder 
devices at the Bayerisches Geoinstitut using talc–pyrex assemblies, 
tapered graphite heaters, Al2O3 spacers and capsule sleeves. The 
temperature in the experiments was monitored using a S-type 
thermocouple with a ±10 ◦C uncertainty. These experiments were 
run for 43–71 hr, after which the samples were quenched to room 
temperature by cutting off electrical power. In order to suppress 
formation of tiny quench bubbles due to instantaneous pressure 
loss, we performed isobaric quenching by manually keeping the 
pressure steady around the target value. Following this, the assem-
blies were decompressed over a period of 1–3 hr, removed from 
the press and polished as explained in the Supplementary Infor-
mation.

We determined the speciation of N in the experimental glasses 
using Raman spectroscopy. The major and minor element compo-
sitions of the glasses were measured using electron microprobe 
analysis (EMPA). N concentrations in the glasses were measured 
using both EMPA and Secondary Ion Mass Spectrometry (SIMS). 
The details of the analytical procedures are described in the Sup-
plementary Information.

3. Results

3.1. Experimental derivation of N speciation, mechanism of dissolution 
and solubility in slab-melts

The N concentrations in slab-melts coexisting with a N-rich 
fluid phase (Fig. 1) were measured by electron microprobe (EMPA) 
and secondary-ion mass spectrometer (SIMS) (Supplementary In-
formation; Fig. 2); as expected these data-sets show a good corre-
lation (Fig. 2b). As the SIMS data-set has much lower background 
corrections and better repeatability, the N concentration measured 
by SIMS will be used henceforth.

Raman spectra of the solubility experiments show that molecu-
lar N2 is the dominant N species in hydrous slab-melts at the P–T–
f O2 conditions of this study (Fig. 3a, Supplementary Information). 
The splitting of N2 peaks in the Raman spectra due to variable iso-
topic pairs is explained in the Supplementary Information. Molec-
ular N2 occupies ionic porosity within the melt structure, where 
ionic porosity is defined as (V m − V i)/V i × 100 (V m = volume of 
melt, V i = volume occupied by ions). The mechanism of dissolu-
tion is potentially similar to that of charge neutral species such 
as noble gases, carbon dioxide and molecular hydrogen in silicate 
melts (Carroll and Stolper, 1993; Hirschmann et al., 2012). The de-
pendence of N solubility on concentration and speciation of H2O 
in slab-melts, along with the impact of any change in H2O spe-
ciation due to glass transition is discussed in the Supplementary 
Information.

Assuming that N is present in the fluid phase as N2, similar 
to how it is dissolved in the slab-melt, the following equations 
describe the equilibrium between N in the fluid and melt phases:

N2 (fluid) = N2 (melt) (1)

K = Xmelt
N2

f fluid
N2

(2)

where K = equilibrium constant, Xmelt
N2

= mole fraction of N in the 
slab-melt, f fluid

N2
= fugacity of N in the fluid. The estimation of N 

fugacity ( f N2) in the fluid phase is discussed in the Supplementary 
Information. We developed a solubility model for N in rhyolitic 
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Fig. 1. Backscattered electron image of experiment A838 (2 GPa, 1300 ◦C, high H2O 
slab melt) performed in Pt95–Rh5 inner capsule with nickel outer capsule and NiO 
+ H2O placed between the two capsules. This geometry is a modified double cap-
sule geometry to buffer the oxygen fugacity of the sample close to that given by the 
reaction between Ni and NiO (see main text for more details). The vesicles in the 
glass are remnants of nitrogen–H2O fluids that existed with the melt during the ex-
periments. In this study, nitrogen solubility in the melt is defined as the dissolved 
nitrogen concentration in the melt in the presence of nitrogen-rich fluids. Significant 
numbers of microbubbles (representing exsolution of volatiles during quenching) 
are conspicuously absent.

melt using the following thermodynamic relation, based on Equa-
tions (1) and (2):

ln(K ) = ln(K0) − �H0

R

(
1

T
− 1

T0

)
− �V 0

RT
(P − P0) (3)

where K0 = equilibrium constant at reference temperature (T0) of 
1300 ◦C and reference pressure (P0) of 0.001 GPa, �H0 = enthalpy
at P0 and T , �V 0 = volume change at P and T (also the par-
tial molar volume of N2 in this case) and, R = molar gas con-
stant. Given that Ar and N2 have very similar radii and their 
mechanism of incorporation in silicate melt structure is the same, 
it is expected that their partial molar volumes are also simi-
lar. Using the isothermal experiments at 1300 ◦C, we estimated 
the partial molar volumes for low H2O and high H2O slab-melts 
as 24.1 (±0.6) cm3 mol−1 and 28.3 (±0.9) cm3 mol−1, respec-
tively (Fig. 3b), which are within the range or close to that of Ar 
(23–25 cm3 mol−1) (Paonita, 2005).

We found no correlation between ln(K ) and 1/T for “high H2O 
slab-melt”, as shown by R2 value of 0.16 (Fig. 3c); hence, for prac-
tical purposes solubility is considered independent of temperature. 
This is similar to that observed for the dissolution of noble gases 
in silicate melts (Paonita, 2005). Rearranging Equation (3) and us-
ing the slope and y-intercept of the best-fit line for ln(K ) vs 1/T , 
�H0 can be obtained in two ways:

1. �H0
1 = −m × R −�V 0 × (P − P0), where, m = slope of the line 

relating ln(K ) to 1/T . As stated before, in this study, m = 0 for 
practical purposes, hence, �H0

1 = −56.5(±1.7) kJ/mol.
2. �H0

2 = R × T0 ×[c − ln(K0)], where, c = y-intercept of the line 
relating ln(K ) to 1/T . If m = 0, c can be approximated to be 
−18.5 based on Fig. 3c. Thus, �H0

2 = −58.7 (±4.4) kJ/mol.

�H0
1 is within 4% of �H0

2. Hence, the �H0 values estimated by 
the two methods agree with each other very well. However, to 
Fig. 2. (a) Calibration curve for SIMS analyses. The most nitrogen-rich glass (A875) 
is selected as the primary calibrant, and using the relative sensitivity factor defined 
by A875, the nitrogen contents of the two other calibration materials (HP-15 and 
HP-16) are calculated. The uncertainty estimate for EPMA analyses arises from re-
peatability and that of SIMS analyses from heterogeneity in the glasses. For further 
explanation, see text in Supplementary Information. (b) Nitrogen concentration in 
slab melts measured using EMPA versus SIMS. The uncertainty estimates for EPMA 
analyses arise from repeatability and that of SIMS analyses from heterogeneity in 
the glasses.

maintain consistency for the remainder of this study, �H0
1 (also 

referred to as �H0) is used in the solubility model given by Equa-
tion (3). The mechanism of N2 dissolution is the same for both 
high H2O and low H2O slab-melts. Hence, similar to high H2O 
slab-melts, low H2O slab-melts are also not expected to show 
any correlation between ln(K ) and 1/T . The �H0 of low and 
high H2O slab-melts are calculated as −48.2(±1.2) kJ/mol and 
−58.7(±4.4) kJ/mol, respectively.

4. Discussion

4.1. Comparison of the solubility model from this study with earlier 
studies

We tested the solubility model from this study on syn-
thetic haplogranitic compositions with 11–13 wt.% H2O produced 
at 0.2 and 1 GPa, 800 ◦C, and f O2 ∼ NNO (Ni–NiO buffer) 
(Li et al., 2015), nominally anhydrous Na2O–4SiO2 composi-
tions produced at 1–2 GPa, 1600 ◦C (Roskosz et al., 2006) and 
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Fig. 3. (a) Raman spectra of two representative samples from high H2O and low H2O slab-melts showing peaks corresponding to molecular N2 with different isotopic 
combinations. The spectra have not been corrected for atmospheric N. See Supplementary Information for further details. (b) Equilibrium constant K (Xmelt

N2
/ f fluid

N2
) versus 

pressure for low H2O and high H2O slab-melts (this study). K was calculated for the melt compositions using dissolved N2 concentration in the glasses and estimated 
respective fluid compositions (see text for details). Regression of K values for slab-melts from this study (black line for low H2O slab-melt, red line for high H2O slab-melt) 
produced the following parameters: ln K 0 = −14.0 (±0.2), �V 0 = 24.1 (±0.6) cm3 mol−1 for low H2O slab-melt; ln K 0 = −13.9 (±0.3), �V 0 = 28.2 (±0.9) cm3 mol−1

for high H2O slab-melt. (c) Equilibrium constant K (Xmelt
N2

/ f fluid
N2

) versus reciprocal temperature for high H2O slab-melts (this study). Given the poor correlation between 
ln(K ) and 1/T (R2 = 0.16) for high H2O slab-melts, the slope of the best-fit line can be considered zero for practical purposes. This produces �H0

1 = −56.5 (±1.7) kJ mol−1

and �H0
2 = −58.7 (±4.4) kJ mol−1 (see text for details) for high H2O slab-melts. Similarly, �H0

1 for low H2O slab-melts is −48.2 (±1.2) kJ/mol (see text for details). 
(d) Comparison of equilibrium constants estimated from experiments in previous studies (ln K measured) and from solubility model, equation (3) (ln K calculated). The solid 
black line represents 1:1 correlation, and the broken lines represent a 0.5 log unit departure from the 1:1 line. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
1–2.5 GPa, 1300–1500 ◦C (Mysen et al., 2008), at f O2 imposed by 
MH (Fe3O4–Fe2O3), MM (MnO–Mn3O4), NNO (Ni–NiO) and MW 
(FeO–Fe3O4) buffers in the order of decreasing oxygen fugacity 
(Fig. 3d). Calculated on an anhydrous basis, Na2O–4SiO2 melts have 
higher non-bridging oxygen per tetrahedrally co-ordinated cation 
or NBO/T (0.5), meaning a higher ionic porosity, as compared to 
the NBO/T of slab-melts from this study (0.02) and the haplogran-
ites (0.01). Although there is no available quantification of NBO/T 
(or ionic porosity) of silicate melts with H2O speciation, it can 
be qualitatively concluded that the hydrous slab-melts from this 
study and the hydrous haplogranites have higher NBO/T than what 
has been calculated for them on an anhydrous basis, due to the 
presence of OH− in the former. Perhaps within uncertainty, the 
hydrous melts from this study and the haplogranites have similar 
NBO/T as the nominally anhydrous Na2O–4SiO2 melts, leading to 
applicability of the N solubility model on the latter melt composi-
tions.

Our model can reproduce the N solubility obtained from pre-
vious studies within 0.5 log units (further details are included in 
Supplementary Information). The only outlier in solubility predic-
tion is the hydrous haplogranite produced at 1 GPa, 800 ◦C (Li et 
al., 2015), where the calculated solubility is 2.6 log units away 
from the measured solubility. Although difficult to pinpoint, one 
of the reasons for the discrepancy could be an underestimation 
of the dissolved N2 content in the experiment. Thus this solu-
bility model can be used to predict N solubility of slab-melts at 
P –T – f O2 conditions applicable for subduction zones. We used the 
solubility model to constrain the maximum amount of N that can 
be transported away by slab-derived melts from the subducted slab 
to the arc source.

4.2. Approach to quantification of recycling efficiency of N across 
modern day subduction zones

The following sub-sections describe the steps we have em-
ployed to constrain the recycling efficiency of N in modern-day 
subduction zones.
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4.2.1. Assumptions in constraining recycling efficiency of N
While all slabs undergo thermally driven dehydration associ-

ated with subduction, hot to intermediate slabs (as defined in this 
study) also undergo partial melting induced by fluid flux from the 
dehydration of the underlying altered peridotite (Walowski et al., 
2015) or due to the diapiric rise of a mélange comprised of a 
physical mixture of sediments and basalt from the slab-top to-
wards the hotter core of the mantle-wedge (Nielsen and Marschall, 
2017). Consequently, cold slabs undergo dehydration only. Here, 
we considered the dehydration and/or melting of sediments and 
basalt (extrusives and sheeted dikes) and excluded gabbros under-
lying the basaltic section. Gabbros are heated enough to dehydrate 
and/or melt in the hottest subduction zones (van Keken et al., 
2011). In the cases of Mexico and Cascadia, the two hottest sub-
duction zones today (based on slab top temperatures at 100 km 
depth), the slab Moho P–T path intersects the wet solidus of basalt, 
meaning that a sufficient fluid flux from the underlying serpenti-
nite can sustain melting (van Keken et al., 2011). For the remain-
ing hot to intermediate subduction zones, the assumption that 
the gabbro does not dehydrate (hence does not release N), is an 
end-member scenario. Therefore, it should be noted that the N 
recycling efficiency (percentage of incoming N sent to the deep 
mantle beyond the arc filter) determined in this study is an upper 
limit. Although studies have demonstrated the role of a diapiric 
rise of mélange in subduction zones (Nielsen and Marschall, 2017), 
an evaluation of the effect of diapirs on thermal structures of sub-
duction zones remains to be constrained. In this study we have not 
included the role of diapirs on N transfer from the subducted slab 
to the arc source.

4.2.2. Quantify N input in present-day subduction zones
In order to constrain the modern-day net subduction rate of 

N, the first step is to estimate the net influx of N across all sub-
duction zones. We took into account 55 subduction zone segments 
(Syracuse et al., 2010; van Keken et al., 2011) (Supplementary Ta-
ble 1) and calculated the mass of subducting sediment in each 
arc segment from the convergence velocity, length of each arc 
segment, sediment thickness and sediment density. Following a 
previous study (Hacker, 2008), we assumed the sediment to be 
underlain by a 7 km thick oceanic crust, consisting of 600 m of ex-
trusives, 1.4 km of sheeted dikes and 5 km of gabbro. The densities 
of oceanic crust are also from (Jarrard, 2003). As a first approxima-
tion, given their altered mineralogy, we assumed that the density 
of extrusives is a mixture of 80% saponite and 20% celadonite 
(Jarrard, 2003). From this we calculate the total mass of sub-
ducted N using the N concentrations of sediments (424 ± 33 μg/g), 
basalts (extrusives and sheeted dikes; 6.5±2.6 μg/g) and gabbro 
(5.9±3.0 μg/g) (Busigny et al., 2011). N concentration in serpen-
tinized mantle was set to 4.5 μg/g (Halama et al., 2014), but the 
extent of serpentinization of the lithospheric mantle, the mecha-
nism of N incorporation in serpentinite and the pathway for its 
release during dehydration are poorly known (Halama et al., 2014). 
Hence, we ignored N influx or release from serpentinite in this 
study.

4.2.3. Quantify N carried away from the slab by aqueous fluids
We constrained N transport by aqueous fluids in subduction 

zones using the model of Li and Keppler (2014) with the following 
equations (Equations (5) and (7) in Li and Keppler, 2014):

K = X2
NH3

XN2

(4)

log K = −9.694 + 8272 + 0.0211 × P − 0.8020 × �NNO (5)

T

where, X = mole fraction of NH3 or NH4+ and N2 species in the 
aqueous fluid, P = pressure in kbar, T = temperature in Kelvin, 
�NNO = log unit deviation of oxygen fugacity from Ni–NiO buffer. 
The above model does not take into account the effect of pH of 
the system (Mikhail et al., 2017; Mikhail and Sverjensky, 2014), 
meaning that we have not distinguished between molecular NH3

0

and NH4
+ . Also, NH4

+ versus NH3
0 as the N-species in the aque-

ous fluid would not affect the overall N transport because both 
species carry one mole of N with them. We used equations (4)
and (5) in conjunction with (i) the mass ratio of aqueous fluid 
and K-bearing minerals (estimated as mentioned in Supplemen-
tary Information), (ii) the partition coefficient of N between aque-
ous fluid and K-bearing minerals, and (iii) the oxygen fugacity of 
�N N O  = 0 needed to estimate both the concentration of N trans-
ferred to aqueous fluids and the concentration of N remaining in 
subducted slabs after fluid release along P –T trajectories (model 
D80 of Syracuse et al., 2010).

Due to the very similar ionic radii of NH4
+ (the species of N in-

corporation in K-minerals in subducted slabs) and Rb+ as well as 
their trace abundances in subduction zone systems, NH4

+ can be 
modelled to closely follow the behaviour of Rb+ (Shannon, 1976;
Watenphul et al., 2009). This is also substantiated by independent 
studies estimating that approximately 20% of the influx of both N 
(Busigny et al., 2011) and Rb (Porter and White, 2009) in subduc-
tion zones is subsequently released via arc volcanism, assuming 
that the entire mass of these elements expelled from the slab is 
incorporated in arc volcanism. Partition coefficients of fluid/amphi-
bole (19) and fluid/mica (0.1) from Adam et al. (2014) have been 
used.

4.2.4. Quantify N carried away from the slab by partial melt
Based on our experiments we conclude that at f O2 conditions 

appropriate for subduction zones N is dissolved as molecular N2
in the slab partial melt. As mentioned earlier in the introduction 
section, we have quantified the rate of N transported by slab-
melts using two approaches, assuming – (i) N is dissolved in the 
slab-melt at its solubility limit, which anchors the highest (most 
efficient) rate of N removal from the slab, and (ii) N partitioning 
between the slab and slab-melt is controlled by NH4

+ , and NH4
+

behaves similarly as Rb+ due to having the same charge and sim-
ilar ionic radii; hence, the behaviour of Rb+ was used as a guide 
to the partitioning of N between the key N hosting minerals in the 
slab and any associated partial melt. NH4

+ in the slab-minerals 
would convert to N2 in the slab-melt, implying that the transfer 
of N from the slab to the slab-melt would be intermediate be-
tween N transport as molecular N2 by solubility in slab-melt and 
N partitioning as NH4

+ between both the slab and its partial melt. 
However, using approaches (i) and (ii) help bracket N transfer from 
the slab to the slab-melt between the upper and lower limits. The 
approaches used in the aforementioned two methods are described 
below.

The solubility limit of N in slab-melts was experimentally deter-
mined using the approach described above. The rate of N transfer 
from the slab at its solubility limit was estimated by combining the 
model given by Equation (3) and the degree of slab partial melting 
(calculated as described in Supplementary Information).

We calculated the amount of N partitioning into the slab-melt 
and the residual N in the slab using the non-modal batch melting 
equation (Shaw, 1970) as follows:

CL = C0

F (1 − P ) + D0
(6)

C S = CL × D0 − P F

1 − F
(7)

where, CL = concentration of N in slab-melt; C0 = concentration
of N in the slab after dehydration, prior to commencement of 
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melting; F = degree of slab partial melting; P = melting mode; 
D0 = bulk partition coefficient, prior to commencement of melt-
ing.

The degree of slab partial melting was calculated as described 
in the Supplementary Information. N is mainly hosted by phen-
gite in sediments and basalts (extrusives and sheeted dikes) and 
by amphibole in basalt. However, when melting commences in the 
slab, amphibole is already beyond its stability limit, hence, during 
melting, phengite is the only N hosting phase in both sediments 
and basalt.

D0 = Xphengite × K phengite/melt
d (8)

Xphengite = modal proportion of phengite prior to onset of melting 
but after release of aqueous fluids (calculated by dividing the mass 
of phengite in sediments and basalt by the mass of sediments and 
basalt in the slab).

The partition coefficient of N (Kd) in phengite is similar to that 
of Rb, given NH4

+ and Rb+ have very close ionic radii. K phengite/melt
d

varies from 1 to 10 (from https://earthref.org/KDD), hence, both 
partition coefficients values have been used to bracket the N trans-
fer from the slab to its melt.

P = pphengite/melt × K phengite/melt
d (9)

pphengite/melt is estimated from the sediment partial melting study 
of Skora and Blundy (2010).

4.2.5. Release of aqueous fluids post-melting until 240 km
In all subduction zone segments, except Cascadia and Mexico, 

due to the curvature of the slab top P –T path past the zone of slab 
melting, the slab top becomes colder than the wet solidus of the 
slab. Hence, the slab top once again enters the zone of release of 
aqueous fluids by dehydration of hydrous minerals, provided that 
the hydrous minerals carrying both H2O and N survive to these 
depths. While Mexico and Cascadia lose all H2O (hence, N as well) 
beyond 100 km depth, these subduction zones do not go through 
the late stage of dehydration. We modelled N loss from the slab 
beyond the zone of melting until the depth of 240 km using equa-
tions (4) and (5), along with the mass ratio of aqueous fluid and 
K-bearing minerals, and partition coefficient of N between aqueous 
fluid and K-bearing minerals, at oxygen fugacity equivalent to that 
of the Ni–NiO buffer.

4.3. Recycling efficiency of N across modern day subduction zones

The “hot” slabs of Mexico and Cascadia dehydrate completely 
by 100 km depth (van Keken et al., 2011). This means by the 
time the slab exits the arc filter window beyond 100 km depth, 
N is completely expelled to the arc source. In contrast, more 
intermediate-temperature subduction zones, where slabs partially 
melt in addition to dehydrating, recycling efficiency ranges from 
10% in Nicaragua to 87% in New Britain (Fig. 4a, Supplementary 
Tables 3–5). In cold subduction zones, where aqueous fluids are 
released but where no slab-melting occurs, recycling efficiency is 
overall higher than in hot to intermediate subduction zones; it 
varies between 69% in Tonga to 91% in Calabria (Fig. 4a, Supple-
mentary Table 6). If N transfer to the arc source from the upper-
slab is considered (sediments and basalt only), N transfer within 
hot to intermediate subduction zones will remove N completely, 
while up to 85% of N can be left behind if N is carried away from 
the slab by high H2O slab-melt at Kd

phengite/melt = 10, as observed 
in New Britain (Fig. 4b, Supplementary Table 5). The dehydration 
of the upper-slab within cold subduction zones retains 51% of the 
N in Tonga to 90% in Calabria (Fig. 4b, Supplementary Table 6). 
The capacity of slab-melts to remove N from the subducting slab 
depends on the mechanism of N transfer to the melt phase, with 
transfer at solubility limit removing up to 93% of the slab N (esti-
mate includes gabbro; Fig. 5a). Efficiency of N transfer by partition-
ing between the slab and the melt phase is directly correlated to 
(i) the degree of slab melting (Fig. 5b); and (ii) Kd

phengite/melt dur-
ing slab partial melting (a higher Kd retains more N in the slab; 
Fig. 5).

Globally today, 48–77% of subducted N passes through the arc 
filter and enters the deep mantle (Fig. 4a, Supplementary Ta-
bles 3–6). As a corollary, 23–52% of the N initially contained in the 
slab is released through a combination of aqueous fluids and slab-
melts. This also implies that 0–38% of the N released from the slab 
is not degassed at arc volcanoes (comparing with arc outgassing 
estimates from Hilton et al., 2002; Supplementary Tables 3–5). The 
0% deficit between the amount of N released from the slab ver-
sus N degassed at arcs comes from the recycling efficiency of 77%, 
the latter being an upper-limit of N retention to the deep man-
tle. Hence, a finite amount of N (up to 1.7 × 1011 g/yr, or 19% of 
the influx of N) will be sequestered in the mantle-wedge, or more 
likely in the lithosphere and lower crust of the overriding plate. 
This flux of N can either form a separate long-term reservoir, or 
could be part of the N recycled back to the deep mantle, depending 
on the stability of the lower crust and lithosphere in the overlying 
plate. Future studies should investigate the role of such reservoirs 
within the long-term cycling of N through the deep Earth. Taking 
into consideration N degassing at mid-ocean ridges (Hilton et al., 
2002), intraplate settings and back-arc basins (Sano et al., 2001), 
45–74% of N subducted enters the deep mantle at present.

4.4. Proportion of recycled N in the present mantle and the isotopic 
composition of Earth’s primitive mantle

The recycling efficiency determined for N in subduction zones 
can be used as a tool to estimate the proportion of present-day 
mantle N that has been brought in via subduction. Likewise, the 
recycling efficiency can be used to constrain the isotopic compo-
sition of the primitive mantle. Here we examine two end-member 
scenarios: (i) subduction, in some form, likely similar to that op-
erating today, had initiated 4 billion years ago (based on the geo-
chemistry and stratigraphy of a sequence of rocks from Nuvvuaqit-
tuq supracrustal belt in northern Quebec, Canada which are very 
similar to the sequence found in the forearc of Izu–Bonin–Mariana 
today; Turner et al., 2014); (ii) subduction similar to the present 
day had initiated 3 billion years ago. The latter is based on the 
modelled continental growth rate decreasing from 3 billion years 
onwards, which is interpreted as representing the onset of subduc-
tion (Dhuime et al., 2012). Numerical models of thermochemical 
convection also show that subduction prior to 3 billion years was 
likely episodic, being mostly short-lived (Rozel et al., 2017). Ad-
ditional support for the assumption that the present-day nitrogen 
recycling efficiency can be applied to the Archaean is discussed in 
the Supplementary Information.

Using the above constraints on the timing of modern-day sub-
duction initiation, the N recycling rates constrained in this study, 
and the mass of N in the mantle today (Johnson and Goldblatt, 
2015), we have estimated the mass of N in the Earth’s mantle 
back in time until the initiation of modern-day plate tectonics. We 
find that the present-day mantle consists of 17 ± 8% of recycled 
N (if subduction was initiated 4 billion years ago) and 12 ± 5% (if 
subduction was initiated 3 billion years ago) (Fig. 6a). This implies 
that the isotopic composition of the Earth’s primitive mantle would 
have differed from the present-day value of δ15N ≈ −5� (Cartigny 
and Marty, 2013). Using our recycling rates for N and δ15N = +6�
for subducted crust (Cartigny and Marty, 2013), we estimate the 
δ15N of the Earth’s original mantle to be −6.8 ± 0.9� (if subduc-
tion initiated 4 billion years ago) and −6.3 ± 1.2� (if subduction 

https://earthref.org/KDD
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Fig. 4. (a) Percentage of N remaining in the total slab (sediments, extrusives and gabbro) or expelled, after its dehydration and partial melting. (b) Percentage of N remaining 
in the upper slab (sediments and extrusives only) or expelled after dehydration and partial melting of the subducted slab. The subduction zones are arranged with the 
slab-top temperatures at 100 km depth increasing towards the left (based on model D80 of Syracuse et al., 2010). Subduction zones in red both dehydrate and partially melt, 
while, subduction zones to the right only dehydrate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
article.)
initiated 3 billion years ago) (Fig. 6b). These isotopic composi-
tions lie within the range shown by peridotitic Archaean diamonds 
(Cartigny and Marty, 2013). The departure in isotopic composition 
of the primitive mantle from the −5� in the present-day man-
tle implies that there is a discernible secular shift. Accordingly, the 
extreme values for δ15N of −25� suggested for primitive man-
tle (Javoy, 1997) and −40� found in two Archaean diamonds 
(Cartigny and Marty, 2013) either represent a heterogeneous prim-
itive mantle (Palot et al., 2012) or are the by-products of isotope 
fractionation during the metasomatic origin of diamonds (Cartigny, 
2005). Future studies constraining the nature and proportion of 
contribution of parent bodies of the Earth should take into account 
the revised primitive mantle isotopic composition.

4.5. Nitrogen in the Archaean atmosphere and implications for 
Archaean climate

The rate of N drawdown from the atmosphere, given by the rate 
of N fixation in the crust, can be used to extrapolate the N content 
of the Archaean atmosphere. As discussed in the Supplementary 
Information, the rate of N fixation in the crust during the Hadean 
was of an equal order of magnitude to the present-day rate of N 
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Fig. 5. (a) Percentage of incoming N expelled from the subducted slab by partial melt and by aqueous fluids in hot to intermediate subduction zones that undergo both 
dehydration and partial melting of the slab. The curves are the same as Fig. 4. (b) Degree of slab melting in hot to intermediate subduction zones (see Supplementary 
Information on how it was calculated). The subduction zones are arranged with the slab-top temperatures at 100 km depth (based on model D80 of Syracuse et al., 2010) 
increasing towards the left.
transfer from the crust to the mantle via subduction. On the other 
hand, today’s rate of N fixation in the crust is 2 orders of magni-
tude higher than the present-day rate of N transfer from the crust 
to the mantle via subduction (references in Supplementary Infor-
mation). Hence, using the rate of N subduction from the crust to 
the mantle would provide a lower limit to the rate of N drawdown 
from the atmosphere to the crust. Consequently, the mass of N in 
the Archaean atmosphere calculated using present-day subduction 
rates must represent a lower limit.

To estimate the mass of N in the Archaean atmosphere 3 and 4 
billion years ago, we subtracted the net degassing flux of N from 
arcs and back-arc basins (Hilton et al., 2002), mid-ocean ridges 
and intraplate-settings (Sano et al., 2001) from the influx of N 
at subduction zones today (Supplementary Table 1). This yields 
1.4 ± 0.1 and 1.6 ± 0.2 times PAN (present-day atmospheric nitro-
gen) in the atmosphere at 3 and 4 billion years ago, respectively 
(Fig. 6c). Our result of higher N mass in the Archaean atmosphere, 
estimated by an independent approach, contradicts estimates of 
lower Archaean atmospheric total pressures and N2 partial pres-
sures (Marty et al., 2013; Som et al., 2016, 2012); but corrobo-
rates the results of two recent studies (Barry and Hilton, 2016;
Busigny et al., 2003). In fact, a recent study (Kavanagh and Gold-
blatt, 2015) viewed critically the paleopycnometer of Som et al.
(2012) that is based on fossil raindrop size distribution. They con-
cluded that such an approach under-estimates the Archaean atmo-
spheric density. A higher partial pressure (i.e. higher atmospheric 
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Fig. 6. (a) Percentage of N recycled to the deep mantle since 4 billion years ago. The grey area covers the range due to the lowest and highest N recycling efficiencies. (b) δ15N 
of the mantle calculated from the present to 4 billion years ago. The grey area represents the range in isotopic composition estimated by the lowest and highest N recycling 
efficiencies. (c) Mass of N in the atmosphere versus time, normalized to PAN (present-day atmospheric nitrogen). The grey area arises from uncertainties in estimates of N 
flux entering subduction zones today, as reported in Supplementary Table 1.
mass) of N in the Archaean would have induced warming of the 
early Earth by pressure broadening the absorption lines of green-
house gases, thereby increasing their potency (Goldblatt et al., 
2009). This could account for the relatively warm temperatures 
present at the Earth’s surface during the Archaean, which seem 
inconsistent with the faint young Sun which would have been 
present at the time. The net transfer of N from the atmosphere 
to the mantle through geologic time requires a higher N mass 
in the Archaean atmosphere, thereby increasing the atmospheric 
pressure and partial pressure of N2. According to the model from 
a recent study (Goldblatt et al., 2009), 1.4–1.6 times PAN in the Ar-
chaean atmosphere yields surface temperatures around 8–10 ◦C at 
pCO2 = 10−2 bar (based on 2.2 billion year old paleosol data of 
Sheldon, 2006). A higher pCO2, expected in the atmosphere 3 to 4 
billion years ago (Navarro-Gonzalez et al., 2001), would further en-
hance warming of surface temperatures and suppressing glaciation 
despite the condition of a faint young Sun.

5. Conclusion

Nitrogen recycling efficiency, or the proportion of subducted 
nitrogen that escapes slab dehydration and/or melting and ul-
timately enters the deep Earth – determines (a) if nitrogen in 
the present-day mantle is of primordial (i.e. inherited from accre-
tion and magma-ocean crystallization) or recycled (i.e. introduced 
via subduction) origin. Furthermore, recycling efficiency provides 
direct information on whether the Archaean atmosphere had a 
higher N partial pressure than the present, having major impli-
cations for Archaean climate. Here we employed a novel forward 
approach for estimating present-day nitrogen recycling efficiency. 
We quantified the efficiency of nitrogen transfer via both aqueous 
fluids and slab partial melts, from the subducted slab to the sub-
arc mantle across subduction zones of various thermal regimes. 
We experimentally constrained the solubility limits of nitrogen in 
slab partial melts to estimate the lower limit for nitrogen reten-
tion of the deep subducted slab. Globally, 45–74% of subducted 
nitrogen enters the deep mantle. Using this recycling efficiency, we 
determined that only 12 ±5% to 17 ±8% of nitrogen in the present-
day mantle is of recycled origin and that the Archaean atmosphere 
had at least 1.4–1.6 times higher nitrogen mass than today, which 
would have helped warm Earth’s surface above freezing despite a 
faint young Sun.
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