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Nitrogen is a major and essential component of Earth’s atmosphere, yet relative to other volatile 
elements, there are relatively few experimental constraints on the pathways by which nitrogen cycles 
between Earth’s interior and exterior. We report mineral-melt and mineral-fluid partitioning experiments 
to constrain the behavior of nitrogen during slab dehydration and sediment melting processes. 
Experiments reacted rhyolitic melts with silicate and oxide minerals, in the presence of excess aqueous 
fluid, over temperatures between 725-925 ◦C and pressures between 0.2 and 2.3 GPa. Oxygen fugacity 
ranged between iron metal saturation (∼NNO-5) to that in excess of primitive arc basalts (∼NNO+2). Our 
experiments demonstrate that hydrous fluid is the preferred phase for nitrogen over minerals (biotite, 
K-feldspar, and amphibole) and rhyolitic melts across all conditions explored. Relatively large effects of 
pressure (�log(D N

melt− f luid)/�(GPa/K) = 761 ± 68 (1σ ), �log(D N
biotite− f luid)/�(GPa/K) = 462 ± 169) and 

moderate effects of oxygen fugacity (�log(D N
melt− f luid)/�NNO = -0.20 ± 0.04, �log(D N

biotite− f luid)/�NNO 
= -0.10 ± 0.04) modulate partitioning of nitrogen. We further document negligible partitioning effects 
related to mineral composition or Cl content of hydrous fluid. Of the minerals investigated, biotite has 
the largest affinity for N and should control the retention of N in slabs where present. Application of 
partitioning data to slab dehydration P T paths highlights the potential for highly incompatible behavior 
(D N

biotite− f luid < 0.1) from the slab along warmer and oxidized (NNO+1) subduction geotherms, whereas 
dehydration along reduced and cooler geotherms will extract moderate amounts of nitrogen (D N

biotite− f luid
> 0.1). We find that slab melting is less effective at extracting N from slabs than fluid loss, at least under 
oxidized conditions (NNO+1). Ultimately, the conditions under which slabs lose fluid strongly affect the 
distribution of nitrogen between Earth’s interior and exterior.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Reactive, highly volatile elements (e.g. H, C, N) are essential for 
life and impact climate. Among these elements, N is unique in 
its strong partitioning into near-surface reservoirs (Fig. 1a, Marty, 
2012), defined here as the sum of N contained in the crust, oceans, 
and atmosphere relative to the mantle that sources mid-ocean 
ridge basalts (MORB). Indeed, accumulation of N into near-surface 
reservoirs relative to MORB mantle is ∼10× and ∼5× greater than 
C and H (Marty, 2012; Halliday, 2013), respectively. Sufficient N is 
input into subduction zones, primarily residing in slab sediments 
(e.g., Halama et al., 2014), such that, without a return flux, the en-
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tire atmosphere would be drawn into the mantle at current plate 
rates over 4.5 Gyrs (Johnson and Goldblatt, 2015). Current obser-
vations suggest, however, that the partial pressure of nitrogen in 
the atmosphere (pN2) may have actually increased from ∼3 Ga to 
the modern (Marty et al., 2013; Som et al., 2016). A thickening, 
or even slowly thinning, atmosphere is consistent with inefficient 
return of N to the deep Earth. Efficient subduction should lead to 
geologically rapid drawdown of atmospheric N.

Inefficient return of N to the deep Earth likely reflects the sta-
bility of N2, and potentially other neutral species, at or near Earth’s 
surface. Nitrogen, when speciated as N2, behaves as a noble gas 
similar to Ar (e.g., Libourel et al., 2003), hindering the regassing of 
atmospheric N into the mantle via subduction. An important ob-
servation, however, is that the partitioning of Ar (non-radiogenic) 
into near-surface reservoirs is nearly 50× greater than that ob-
served for N (Fig. 1a). Thus, N occupies a chemical middle-ground 
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Fig. 1. Global constraints on the deep cycling of N. (a) Distribution of various highly 
volatile elements between near-surface reservoirs (atmosphere, crust, oceans) and 
MORB mantle. Volatiles that are stoichimetric constituents of subducted minerals 
show relatively weak partitioning into near-surface reservoirs compared to unreac-
tive gases, such as Ar. Nitrogen occupies a position intermediate to these two classes 
of volatiles. Data are from Marty (2012). (b) The Ar-N systematics of gases extracted 
from MORB are well explained by mixing between a mantle reservoir with nearly 
constant N/40Ar and the near surface reservoirs of the atmosphere and air-saturated 
seawater (ASW). The homogeneity of N/40Ar in MORB mantle suggests consistent 
coupling of N and K during their respective deep cycles. Data are from Marty and 
Zimmermann (1999).

between the more reactive volatile elements, C and H, and the 
more inert noble gases. The exact position of N within this range 
of geochemical behavior likely reflects the competing influences of 
neutral and other, more chemically reactive, species of N (Fig. 1a).

A clue regarding the identity of the reactive N species comes 
from the strong correlation between N and 40Ar in rocks derived 
from MORB mantle (Fig. 1b) (Marty, 1995; Johnson and Goldblatt, 
2015). 40Ar is exclusively produced by the decay of K, and the 
correlation between N and 40Ar is consequently explained by the 
long-term coupling of N and K in mantle environments. We note 
that there is a mantle component, most commonly and strongly 
expressed in ocean island basalts (OIB), with very high N/40Ar ra-
tios (>10,000) compared to the MORB mantle (124±40) (Marty and 
Zimmermann, 1999; Johnson and Goldblatt, 2015). Here we focus 
on the relatively well-established distribution of N between Earth’s 
near surface reservoirs and MORB mantle.

The distribution of K in MORB mantle is affected by recycling 
of surficial materials back into the mantle, and thus, the coupling 
of N and K in MORB mantle suggests these two elements are re-
cycled together. Nitrogen, when speciated as the ammonium ion 
(NH+

4 ), is expected to couple with K (Marty and Dauphas, 2003). 
NH+

4 is monovalent and large radius, like K. Indeed, laboratory ex-
periments have confirmed complete solid solution between K- and 
NH4-endmember feldspar and muscovite (Pöter et al., 2004).

Additional evidence for the link between NH+
4 and K-bearing 

minerals comes from rocks exhumed from subduction zones. Bulk 
rock K2O and N are correlated within a wide range of metamorphic 
terranes (Bebout and Fogel, 1992; Busigny et al., 2003; Halama 
et al., 2016). Metasedimentary rocks can contain N concentrations 
upwards of 1000 ppm, with the large majority identified as NH+

4
within mica (Bebout and Fogel, 1992; Sadofsky and Bebout, 2000; 
Busigny et al., 2003; Plessen et al., 2010; Johnson and Goldblatt, 
2015). MORB mantle N contents are estimated to be ∼0.25 ppm 
(Marty and Dauphas, 2003), for comparison. In addition, N con-
tents of exhumed rocks decrease with increasing metamorphic 
grade, and fractional loss of N is typically larger than loss of K 
(Bebout and Fogel, 1992; Palya et al., 2011; Plessen et al., 2010). 
If N were perfectly coupled to K during prograde metamorphism, 
then the loss of N and K should be matched. Thus, the preferen-
tial loss of N compared to K suggests NH+

4 is not the only species 
controlling the behavior of N during subduction. Mixed N species 
stability is also implied by N isotopic variations within prograde 
metamophric rocks (Bebout and Fogel, 1992; Mingram and Bräuer, 
2001). The likelihood that N exists as mixed species in subduction 
2

environments aligns with the degree of N partitioning into near-
surface reservoirs, where it occupies the middle-ground between 
volatile elements that are stoichiometric components of common 
minerals (C and H) in the slab and noble gases (Fig. 1a).

If N is a mixed species element within subduction environ-
ments, then its geochemical behavior will be strongly dependent 
on the thermodynamic parameters present within slabs. Reaction 
(1) describes the stability of NH+

4 relative to N2:

2N2 + 6H2 O + 4H+ = 4N H+
4 + 3O 2 (1)

And the relative stabilities of NH+
4 , NH3, and NH−

2 (amide anion) 
follow Reactions (2) and (3):

N H3 + H+ = N H+
4 (2)

N H3 = N H−
2 + H+ (3)

The stability of NH+
4 relative to other species (e.g., N2, NH3, NH−

2 ) 
depends on pressure (P ) and temperature (T ), as well as bulk 
composition, oxygen fugacity (ƒO2) and pH (we refer to these com-
bined compositional parameters as X), following Reactions (1)-(3)
(Mikhail and Sverjensky, 2014; Li and Keppler, 2014; Chen et al., 
2019; Mikhail et al., 2017; Mallik et al., 2018). Each species will 
also have its own, unique partitioning behavior between minerals, 
melts, and fluids that also depends on P-T-X conditions. Partition-
ing is defined here as the wt.% ratio of nitrogen in either minerals 
or melts over fluid (e.g., D N

mineral− f luid = mineral wt.% N / fluid wt.% 
N), when the concentrations reflect an equilibrium distribution. Ni-
trogen that is partitioned into minerals is retained in the slab, 
while nitrogen partitioned into fluid and melt can be lost to the 
mantle wedge and ultimately returned to the atmosphere. A por-
tion of the N fluxed into the mantle wedge may be retained in 
secondary serpentinites (e.g., Cannaò et al., 2020).

Neutral species, akin to Ar, are expected to partition into flu-
ids over melts and minerals despite some capacity of slab minerals 
to incorporate these species (∼1-100 ppb/bar of neutral species 
fugacity; Jackson et al., 2015; Krantz et al., 2019), while experi-
ments show that NH+

4 partitions nearly evenly between muscovite, 
K-feldpsar and fluid (Pöter et al., 2004). Thus, the capacity of a 
slab to retain N during mass loss is likely a complex function of 
both the stability of NH+

4 (Reactions (1)-(3)) and the partitioning 
of NH+

4 between K-bearing minerals, melt, and fluid.
Using this framework, we seek to experimentally quantify how 

efficiently N is lost from slabs undergoing dehydration and melt-
ing by measuring the reactivity of N with silicate, both minerals 
and melts. The majority of N in slabs is initially reduced by bi-
ologic activity within the oceans and is therefore concentrated 
within sediments and, to a lesser degree, the underlying upper-
most oceanic crust (Li et al., 2007; Halama et al., 2014; Busigny 
et al., 2019). Available evidence suggests the reactivity of N with 
rock is controlled by the exchange of NH+

4 into minerals with stoi-
chiometric K. Micas are major K-bearing phases for metasediments 
and metabasalt, with muscovite being present at lower P/T con-
ditions, biotite having a wide stability field up to 2.5 GPa and 
temperatures associated with slab melting, and phengite being sta-
ble beyond 2.5 GPa (e.g., Johnson and Plank, 2000; Schmidt et al., 
2004). Feldspars and amphibole can also have stoichiometric K 
and are stable under certain slab P-T-X conditions (e.g., Johnson 
and Plank, 2000). Our experiments were consequently designed to 
produce relatively large grains of mica (biotite), feldspar (Na- and 
K-rich), and amphibole (hornblende) in equilibrium with hydrous 
fluid and rhyolitic melt to study the behavior of N during dehy-
dration and melting processes up to 2.3 GPa and 925 ◦C. Our work 
quantifying N reactivity with minerals builds from previous efforts 
where nitrogen behavior in slab systems was inferred from N spe-
ciation in fluids and melt-fluid partitioning (e.g., Li and Keppler, 
2014; Li et al., 2015; Mallik et al., 2018).
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2. Methods

We conducted two series of experiments. A piston cylinder 
(PC) apparatus was used in the first series to determine the P, T, 
ƒO2, and Cl effects on N partitioning. PC experimental conditions 
were 0.95-2.3 GPa and 775-925 ◦C, with durations of 1-95 hours. 
Externally-heated cold-seal pressure vessels (cold seals, CS) were 
used in the second series to corroborate the ƒO2 effect, anchor 
the lower end of the pressure series, and to stabilize feldspar. CS 
experimental conditions were 0.15-0.2 GPa and 725-775 ◦C, with 
durations of 24-105 hours. Waspaloy (Ni-rich) alloy was used for 
all CS experiments. Table 1 details run conditions. Details of the 
methods, including preparation of the starting materials, run pro-
cedures, and analysis are given in the supplementary text.

2.1. Starting material preparation

The blend of starting materials each experiment is reported in 
Table 1, and the major element compositions of the starting sili-
cates are reported in Supplementary Table 1. Briefly summarized 
here, CS series experiments used a mixture of glasses with biotite, 
K-feldspar, rhyolite compositions as the starting silicate materials, 
with the exception of CS_NK_60. PC series experiments utilized a 
starting hydroxide mixture (HY3) as the starting silicate, with the 
exception of PC_NK_3 and 4, which used mixtures of glasses, fol-
lowing approach of the majority of the CS series. CS_NK_EXP60 
used a hydroxide mixture, following the approach of the PC se-
ries. All experiments that used mixtures of glasses as the starting 
silicate had N introduced as a N-bearing fluid. Fluids are labeled 
either “1:1” or “3:1” in Table 1. Ratios denote the weight fraction 
of N-bearing to K-bearing components in the fluid. All experi-
ments that used hydroxide starting materials had N introduced as 
NH4Cl, NH4NO3, or a mixture of NH4Cl and NO3NH4. Hydroxides 
decompose to produce water at experimental temperatures. The 
supplementary text provides additional details regarding starting 
materials.

2.2. Capsule preparation

We modulated ƒO2 and fluid chemistry using a double cap-
sule approach. A welded outer Au capsule contained a hydrous 
fluid, a solid ƒO2 buffer, and a Pt sample capsule. We chose Au 
to limit hydrogen loss to the surroundings during the experiment. 
We chose Pt to maximize hydrogen exchange between the outer 
and sample capsules. We presaturated Pt capsules with Fe only in 
CS experiment numbers, 33-39, and 54. The presaturation step was 
eliminated because retaining a specific concentration of FeO in the 
quenched melt was not deemed necessary. PC series experiments 
with presaturated capsules also cracked during compression due to 
their relatively high Fe contents, rendering the Pt alloy brittle dur-
ing compression. Experiments that were run with pure Pt sample 
capsules had ∼1 mg of Fe added to counteract the effects of Fe 
loss on the silicate composition.

Table 1 reports the run conditions, ƒO2 buffer for each exper-
iment, the composition of fluid added to the outer capsule, and 
whether a Fe-saturated or unsaturated capsule was used. CS ex-
periments contained ∼100 mg of redox buffer in the outer capsule, 
∼30 mg of N-bearing hydrous fluid in contact with the buffer, ∼40 
mg starting silicate, and ∼20 mg fluid in contact with the silicate. 
PC experiments contain ∼50 mg of redox buffer, ∼15 mg of fluid 
in contact with the buffer, and ∼15 mg of sample mass. Sample 
mass includes fluid and silicate for PC series experiments.

Several experiments that were run with Fe-oxide buffers used 
a modified double capsule approach in an attempt to more di-
rectly impose a given redox state. In these experiments, we simply 
crimped the inner capsule. This allowed for direct exchange of fluid 
3

between the outer and inner capsules. Experiments run using this 
capsule design are also noted in Table 1.

2.3. Electron microprobe

Nitrogen concentrations were quantified using a LDE5L diffract-
ing crystal (JEOL 8530F, Smithsonian Institution). This crystal is 
∼15× more sensitive to N than the LDE1L crystal, which is typ-
ically used for N analysis in JEOL electron microprobes. The added 
precision that the LDE5L provides is crucial to quantifying the 
low N concentrations of the experiments reported here. The major 
drawback to N analysis using the LDE5L is that there is a sig-
nificant “ghost peak” in the background local to the N Ka peak 
(Supplementary Figure 1, Supplementary Table 2). Accurate analy-
sis of low N concentrations therefore requires an additional blank 
correction, but the residual intensity of the ghost peak varies be-
tween materials. To address this significant issue, N-free miner-
als and quenched melt were synthesized using the same meth-
ods outlined above for N-bearing experiments. These phases were 
analyzed repeatedly to yield average ghost peak intensity values 
that were then subtracted from the corresponding analyses of N-
bearing phases. Supplemental Table 2 reports the ghost peak count 
rate associated with each phase analyzed using the LDE5L crystal. 
Table 1 reports the N concentrations determined in experiments 
using the LDE5L crystal, and Supplementary Table 3 reports the 
count rates for the LDE5L analyses.

We calculate the N sensitivity of the LDE5L crystal by corre-
lating its count rate with simultaneous LDE1L analyses of N over 
a range of silicate glasses with high N concentrations (Supplemen-
tary Figure 2a). This correlation yields a working curve for N analy-
sis by LDE5L on materials with broadly similar matrices to the un-
knowns. The sensitivity of the LDE5L crystal using the approach is 
N wt.% = 0.105 ± 0.039 cps/nA (1σ ). The accuracy of LDE1L mea-
surements of calibration glasses is verified by the measurement 
of an external hyalophane standard (900 ± 300 ppm measured 
versus 1200 ppm nominal, Beran et al., 1992). The 1:1 correlation 
between LDE1L and LDE5L concentration measurements of experi-
ments is plotted in Supplementary Figure 2b. Additional details on 
electron microprobe analysis are available in the Supplementary 
Information.

2.4. Raman spectroscopy

We report Raman spectra collected from the quenched melt 
for a subset of our experiments that anchor the various N par-
titioning trends we observe (below) along with fluids containing 
NH4NO3 and NH4Cl (Supplementary Figures 3 and 4). Data were 
collected with a Horiba LabRAM HR Evolution microscope (Smith-
sonian). Spectra were collected using a 405 nm laser and a power 
of a 4.3 mW at the focal spot on the sample (∼ 1 μm). Test spec-
tra with lower power produced similar spectra. Light was collected 
through a 100× objective lens and passed through a secondary 
confocal aperture. A grating with 600 or 300 grooves per mm was 
used to diffract the light. Spectra were recorded from Raman shits 
of 400–4500 cm−1 with a total integration time of 600 s. Spectra 
are reported in Supplementary Table 4.

2.5. XANES

We collected Fe K-edge XANES spectra on quenched melts from 
experiments and standard glasses at station 13-ID-E, Advanced 
Photon Source (Supplementary Figure 5, Supplementary Table 5), 
using methods from Cottrell et al. (2018) in order to estimate the 
experimental ƒO2 from the oxidation state of Fe in the quenched 
silicate melt. Pre-edge peak intensities are low in the hydrous, 
high-silica quenched melt equilibrated in the cold-seal apparatus 
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Fig. 2. Representative backscatter electron images of (a) CS series experiments (CS_NK_EXP34, P = 0.2 GPa, T = 725 ◦C, ƒO2 = �NNO+0) and (b) PC series experiments 
(PC_NK_EXP9, P = 0.95 GPa, T = 775 ◦C, ƒO2 = �NNO-0.08). CS series experiments (a) contain a quenched melt (dark), feldspar that grades from Na-rich core to K-rich 
rims, and relatively small laths of biotite. PC series experiments run with HY3 starting materials (b) contain a quenched melt, laths of biotite, and, in this example, pyroxene. 
Vesicles of varying size are present throughout all run products. Pt capsule is present in the bottom of the image.
when compared to the anhydrous high-silica standard glass DT-39 
(a pantellerite) (Cottrell et al., 2009). This is consistent with longer 
Fe—O bonds and Fe in higher coordination in hydrous, quenched 
melt when compared to anhydrous melt (Wilke et al., 2006; Cot-
trell et al., 2018). Moreover, the melts quenched from the cold-seal 
apparatus have more structure near the main absorption edge and 
into the EXAFS energies compared to standard glasses, indicating 
shifts in Fe coordination due to the slower quench rates achiev-
able in the cold-seal and the lower glass transition temperature 
of these hydrous high-silica compositions (Wilke et al., 2006). We 
could not determine the oxidation state of Fe in the glass because 
we lacked compositionally matched standards and because of the 
quench-modifications we describe above.

2.6. Experimental oxygen fugacity (ƒO2)

We attempted to constrain experimental ƒO2 using three meth-
ods: Fe-XANES on the quenched melt, the composition of the PtFe 
alloy of the capsule in contact with quenched melt, and the ƒO2
corresponding to that of the solid ƒO2 buffer employed in each ex-
periment, taking the activity of water aH2O (chemical activity of 
H2O) into account.

As described above, Fe-XANES spectra revealed modification of 
Fe coordination upon quench, and could not be used to constrain 
ƒO2.

The composition of the PtFe alloy did not correspond to ƒO2
because, at the low temperatures of these experiments, PtFe inter-
metallic alloys formed with compositions insensitive to ƒO2 (Sup-
plementary Figure 6, Supplementary Table 6).

We therefore must assume that the experimental ƒO2 is equiv-
alent to that of the solid state buffer we employed, modified to 
account for the fact that aH2O is not always equal between fluid 
in contact with the buffer and sample (Table 1). We employed a 
double capsule approach, where the ƒO2 buffer was loaded into 
the outer capsule and the along with an inner, or sample, capsule. 
For the redox potential of the ƒO2 buffer to be imposed directly on 
the sample capsule, aH2O must be equivalent in the sample and 
the buffer. For experiments with “1:1” or “3:1” fluids, we achieved 
this by adding the same fluid to the outer and sample capsules. 
Here buffer ƒO2 is assumed to equal the sample ƒO2.

For experiments with HY3 starting silicate compositions, the 
sample capsule fluid and outer capsule fluid were not identi-
cal. Sample capsule fluids were generated by the decomposition 
5

of hydroxides and the addition of additional components, NH4Cl, 
NH4NO3, and KCl, while the outer capsule fluid was pure H2O. We 
calculate ƒO2 for these experiments using the following expression:

(
� f O 2 pure H2 O

) = 2 log (aH2 O ) (4)

To calculate aH2 O we assume N was present as N2, Cl was present 
as HCl, and that the mole fraction of H2O equates to aH2O. We 
don’t account for the loss of H2O from the fluid to the hydrous 
melt. If we assume melts in PC series experiments contained 30 
wt.% H2O, this could lead to up to a half log-unit reduction in ƒO2
compared to our reported values. Assuming melt in CS series ex-
periment contained 5 wt.% H2O, would lead to at most a third of 
a log unit reduction in ƒO2 compared to our calculations (Supple-
mentary Information). Thus, any variations in ƒO2 due to H2O loss 
the will be systematic and should effect all experiments to similar 
degree. We verified fluid saturation for each experiment for both 
the outer and inner capsules after quench. We report the ƒO2 of 
each experiment, relative to the NNO buffer, in Table 1 using data 
from O’Neill and Pownceby (1993) and Myers and Eugster (1983).

3. Results

3.1. Run products

All experiments contain a quenched rhyolitic melt that reacted 
with a hydrous fluid (∼4 wt.% N and 0-15 wt.% Cl) at known ƒO2,
with the exception of PC_NK_EXP23 (no quenched melt identified). 
The presence of fluid was confirmed by the expulsion of fluid open 
piercing the inner capsule and large, circular void spaces in our run 
products (interpreted as vesicles). Starting silicate chemistry varied 
between CS series experiments leading to a range of mineral as-
semblages. CS series experiments with C, C1, C2, and HY3 compo-
sition silicate stabilized feldspar and biotite, while CS20GL starting 
composition experiments stabilized a Fe-Al spinel. Trace amounts 
of quartz and Al2O3 were observed in many CS series experiments 
(Fig. 2) that were only analyzed by energy dispersive spectroscopy 
for identification purposes. PC series experiments run with the C2 
starting compositions contained biotite, fayalite, and quartz. PC se-
ries experiments that used HY3 stabilized biotite, pyroxene, and in 
some cases quartz and amphibole. Amphiboles were stabilized in 
higher pressure, lower temperature PC series experiments. We also 
note the presence of small diameter (<1-10 μm) spheres of sili-
cate in regions that were occupied by fluid at high P T conditions 
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(Fig. 2b), and we interpret these features to reflect the exsolution 
of silicate from the hydrous fluid upon quench. The near-solidus PC 
series experiment (PC_NK_EXP23) additionally contained feldspar. 
Table 1 provides a listing of phases present in each experiment.

Fig. 2 provides representative backscatter electron images of CS 
and PC series experiments. CS experiments (Fig. 2a) contain large 
pools of quenched melt are commonly surrounded by feldspar that 
grades from Na-rich (dark) cores to K-rich (bright) edges. Biotite 
(backscatter bright) is found as small laths in the quenched melt, 
as is common observed (e.g., Vielzeuf and Montel, 1994). Abundant 
and larger biotite crystals (>10 μm), also grow in direct contact 
with hydrous fluid or near the melt-fluid interface. The size of 
bioite grains in contact with fluid tends to increase with pressure 
(cf., Fig. 2a, 2b, and Supplementary Figure 7).Vesicles (backscatter 
black) vary in size from <10 μm to >100 μm in diameter. PC se-
ries experiments run with HY3 starting materials (Fig. 2b) contain 
a quenched melt (backscatter dark), relatively larger laths of bi-
otite than CS series experiments, vesicles (backscatter black), and 
other phases (pyroxene, amphibole, and quartz). Quenched melt 
in PC series experiments tends to be vesiculated on the micron-
scale away from the rims. Chemical analyses from more and less 
vesiculated regions did not reveal obvious differences in N con-
tent. Biotite surfaces in all experiments are relatively rough; this 
is likely an artifact of sample preparation resulting from the small 
the small grain size, perfect cleavage, and low hardness. Rough sur-
faces may lead to additional analytical scatter on biotite (Table 1). 
Compositional analyses of biotite, quenched melt, K-rich feldspar, 
Na-rich feldspar, pyroxene, quartz, and amphibole are reported in 
Supplementary Tables 7-13, respectively. An additional backscatter 
electron image of PC_NK_EXP3 is provided in as Supplementary 
Figure 7.

3.2. Evaluation of equilibrium

3.2.1. Time series
A series of PC experiments were completed with durations 

ranging from 1 to 95 hours at NNO to constrain the time evolu-
tion of N partitioning in our experiments (Fig. 3a). Temperature 
within this series varied in a narrow window between 775 and 
800 ◦C and pressure was fixed at 1 GPa.

Experiments run shorter than 30 hours consistently show 
higher D N

melt− f luid values. Experiments run longer than 30 hours 
yield similar and relatively low D N

melt− f luid values. We interpret 
this shift in behavior to reflect the time needed to oxidize and 
deprotonate the more melt soluble NH+

4 species (the initial spe-
ciation of N) to N2, NH3, NH−

2 , or other less soluble species. 
Consequently, we only interpret PC experiments conducted for >30 
hours at NNO as achieving equilibrium for the melt-fluid system.

A similar, but less distinctive, pattern is present within the time 
series run for CS experiments (Fig. 3b). Here the time to achieve 
a steady state distribution of N between melt and fluid is ∼70 
hours. The time series for the CS experiments was conducted at 
lower temperatures compared to the PC series (725-775 versus 
775-800 ◦C), which may explain the longer time to achieve equi-
librium. The larger scatter in the CS series data likely reflects the 
overall lower concentration of N in the quenched melt of these ex-
periments. For CS experiments at NNO, we conclude 70 hours is 
required to achieve melt-fluid equilibrium.

More reduced experiments (not plotted in Fig. 3) were run for 
shorter durations (24-48 hrs) to minimize and fluid loss from the 
experiment and the chance that the buffer would be exhausted 
due to the larger redox gradient between the capsule and pressure 
vessel. Direct evidence for more reduced experiments closely ap-
proaching melt-fluid equilibrium comes from their relatively small 
melt analysis standard deviations (% basis), the fact that the re-
duced quenched melts contain similar N concentrations despite 
6

Fig. 3. Time series of melt-fluid partitioning results for (a) PC experiments and (b) 
CS experiments. In both series shorter duration experiments yield higher melt-fluid 
partitioning results. We interpret this to result from the gradual oxidization and 
deprotonation of NH+

4 . Dashed lines indicate error bars that extend off-scale.

being run over different durations (24-48 hrs), and the similar 
log(D N

melt− f luid)vs �NNO slope determined in CS and PC series ex-
periments (below).

3.2.2. Tests for homogenous nitrogen distribution in melts and minerals
We report simultaneous LDE1L and LDE5L analyses of N in 

quenched melt and biotite to evaluate N concentrations and het-
erogeneity within phases (Supplementary Figures 8-11 and Table 
14). If individual N concentrations derived from simultaneous anal-
ysis with LDE5L and LDE1L crystals do not correlate, we assume 
that variability between the two measurements may be ascribed to 
analytical uncertainty. In contrast, if analyses obtained with LDE5L 
and LDE1L crystals correlate, we assume that variations reflect 
heterogeneity in the N concentration of that phase. A correlation 
(P-values <0.05) between LDE5L and LDE1L counts is only present 
in the biotite analyses of PC_NK_EXP9 and this phase is not in-
cluded in partitioning comparisons for this experiment. Some in-
dividual measurements of biotite yield high concentrations of N 
and low concentration of K. These analyses likely indicate that 
some biotite grew early in our experiments before redox equi-
librium was established and these biotite analysis are therefore 
discarded.

3.3. Oxygen fugacity controls on melt-fluid partitioning of nitrogen

Nitrogen speciation is predicted to vary under the range of 
P-T-X conditions associated with dehydrating and melting slabs 
(Mikhail and Sverjensky, 2014; Mikhail et al., 2017). More reduced 
conditions favor N-H species over N2, while pH determines the 
relative stability of NH3, NH+

4 , and NH−
2 (Reactions (1)-(3)). Prior 

experimental studies confirm these predictions, at least for the 
reduction of N2 to N-H species (Mysen and Fogel, 2010; Li and 
Keppler, 2014; Li et al., 2015; Sokol et al., 2017; Mallik et al., 



C.R.M. Jackson, E. Cottrell and B. Andrews Earth and Planetary Science Letters 553 (2021) 116615
Fig. 4. Oxygen fugacity effect on a) melt-fluid and b) biotite-fluid partitioning of N. 
a) A melt-fluid redox series was conducted using both a cold seal (triangles) and 
piston cylinder (circles) apparatus. Slopes in a) are -0.20 ± 0.04 (R2 = 0.94, P-value 
= 0.007) and -0.17 ± 0.04 (R2 = 0.76, P-value = 0.002) for the PC and CS series, 
respectively. b) Our biotite-fluid ƒO2 series yields a relatively shallow slope of -
0.10 ± 0.04 (R2 = 0.87, P-value = 0.07). The dashed lines are the predicted the ƒO2

sensitivity of the within hydrous fluid from Li and Keppler (2014). We also plot for 
comparison in a) the melt-fluid partitioning data from Li et al. (2015), which were 
collected at similar P-T-X conditions as our cold series data (haplogranite, 0.2 GPa). 
Reducing conditions favor N incorporation in a) melt and b) biotite over fluid, but 
observed effects of redox (solid lines) on partitioning are moderate relative to the 
predicted ƒO2 sensitivity of the hydrous fluid NH3/N2 ratio.

2018; Chen et al., 2019; Mosenfelder et al., 2019). Indeed, evidence 
for this in our own experiments comes from Raman spectra of a 
quenched melt from a reduced experiment (WM oxygen buffer, 
PC_NK_EXP3) that has a resolved, albeit muted, peak at ∼3300 
cm−1, near the position associated with the most intense N-H 
band commonly observed in glasses (Mysen et al., 2008), while our 
more oxidized experiments (NNO oxygen buffer, PC_NK_EXP13 and 
18) lack a defined peak in this same spectral region (Supplemen-
tary Figure 4, Supplementary Information). It is difficult, however, 
to determine the relative stability and reactivity of specific N-H 
species using spectroscopy of high P-T hydrous fluids (Schmidt 
and Watenphul, 2010). Thus, it is challenging to translate spec-
troscopic measurements into specific D N

biotite− f luid or D N
melt− f luid

values, which control the behavior of N during slab dehydration 
and melting.

We report D N
melt− f luid and D N

biotite− f luid as a function of �NNO 
to constrain the reactivity of N with melt and K-bearing minerals 
(Fig. 4). Separate melt-fluid ƒO2 series were completed using a PC 
and CS apparatus, yielding log-log slopes of -0.20 ± 0.04 (R2 = 
0.94, P-value = 0.007) and -0.17 ± 0.04 (R2 = 0.76, P-value = 0.002), 
respectively. Our biotite-fluid ƒO2 series yields a relatively shallow 
slope of -0.10 ± 0.04 (R2 = 0.87, P-value = 0.07).

Reaction (1) implies the following relationship between N spe-
ciation and ƒO2:

f O −3/4
2 ∝ aN H+

4 / f N0.5
2 (5)

or similarly
7

f O −3/4
2 ∝ aN H3/ f N0.5

2 (6)

When N2 dominates, aN H+
4 and aN H3 should decrease with in-

creasing ƒO2 according to -0.75 slope in log-log space at con-
stant P -T -pH conditions. We plot, as dashed lines, the pre-
dicted ƒO2 sensitivity of the NH3/N2 ratio calculated for a hy-
drous fluid with 5 mol% N at 775 ◦C and 1 GPa from Li and 
Keppler (2014). The relatively shallow partitioning slopes ob-
served here compared to predicted NH3/N2 slopes are consis-
tent with the majority of reduced N species being unreactive 
with silicate and remaining with the fluid (e.g., NH3), while 
silicate-reactive species (e.g., NH+

4 ) are minority constituents at 
pH values applicable to mica-bearing slab sections. A horizontal 
slope would indicate no silicate-reactive species are stabilized un-
der reducing conditions. The shallower slope of the biotite-fluid 
ƒO2 correlation compared to melt-fluid correlations may indicate 
that rhyolite melt incorporates some NH3, NH−

2 , or NH+
2 (My-

sen et al., 2008; Mosenfelder et al., 2019), while biotite only 
accepts NH+

4 . Li et al. (2015) report D N
melt− f luid values over an 

equivalent range in ƒO2 compared to the CS series also us-
ing a cold-seal apparatus that also suggest a shallow slope re-
lating D N

melt− f luid to ƒO2 in a Cl-free system. In combination, 
Fig. 4 highlights the likely variable speciation of N in miner-
als, melts, and fluids under slab-applicable P-T-X conditions. Fluid 
NH3/N2 ratios are not directly indicative of N reactivity with sili-
cate.

3.4. Pressure effect on melt-fluid and mineral-melt partitioning of 
nitrogen

Pressure is predicted to affect D N
melt− f luid and D N

biotite− f luid in 
several ways. First, reduced N-H species (NH+

4 and NH3) are stabi-
lized over N2, and NH+

4 is stabilized over NH3 following the vol-
ume changes associated with each species formation (Schmidt and 
Watenphul, 2010; Mikhail and Sverjensky, 2014; Li and Keppler, 
2014; Sokol et al., 2017). Second, neutral species solubility (e.g., 
NH3 and N2) increases in melt and minerals according to their 
respective Henry’s Law constants. Evidence for this comes from 
quenched melt in our highest pressure experiment (PC_NK_EXP18) 
having a relatively strong N2 Raman band compared to a lower 
pressure experiment in the pressure series (PC_NK_EXP13) (Sup-
plementary Figure 4). Other experimental work has also linked 
increased pressure with higher D N

melt− f luid values (e.g., Mallik et al., 
2018; Förster et al., 2019). To further quantify the effect of pres-
sure on D N

melt− f luid and D N
biotite− f luid values, we completed a series 

of experiments between 0.2 and 2.3 GPa (Fig. 5). Temperature was 
varied in a narrow range between 775 and 800 ◦C. NNO buffers 
were used in all pressure-series experiments.

Regression of log(D N
melt− f luid) against P/T (GPa/K) yields a slope 

of 761 ± 68 (R2 = 0.97, P-value <0.001) (Fig. 5a). We compare 
the pressure dependencies of D N

melt− f luid and NH3/N2 ratios of N-

bearing fluids (dotted line, Li and Keppler (2014)). Both D N
melt− f luid

and NH3/N2 ratios correlate with pressure, but the slope for 
D N

melt− f luid is ∼2× greater than that predicted by the fluid NH3/N2

ratio. The strong dependence of D N
melt− f luid on pressure may in-

dicate that pressure stabilizes NH+
4 over NH3, and/or that neu-

tral species (NH3 and N2) concentration in melt increases with 
pressure. Indeed, evidence for the role of neutral species in de-
termining melt solubility comes from the greater dependence of 
log(DN

melt− f luid) on P/T than log(D N
biotite− f luid) (Fig. 5b, 462 ± 169, 

R2 = 0.71, P-value = 0.04), and the dependence of log(D N
biotite−melt ) 

on P/T being negative (-273 ± 158, R2 = 0.49, P-value=0.12), albeit 
less well defined.
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Fig. 5. Pressure effect on (a) melt-fluid, (b) biotite-fluid partitioning, and (c) biotite-
melt partitioning. The role of pressure is to increase the partitioning of N into 
silicate (a and b), although the effect is larger for melt compared to biotite (c). 
Observed pressure effects on log(DN

melt− f luid) and log(D N
biotite− f luid) is less than and 

similar to, respectively, that predicted by Li and Keppler (2014) for NH3/N2 ratios 
of hydrous fluid (dashed lines in a and b). Data are recalculated to NNO using the 
PC series correlation in Fig. 4.

3.5. Temperature effect on melt-fluid and mica-fluid partitioning of 
nitrogen

Theory and experiment predict that higher temperatures favor 
N2 over NH+

4 and NH3 and favor NH3 over NH+
4 (Schmidt and Wa-

tenphul, 2010; Mikhail and Sverjensky, 2014; Li and Keppler, 2014; 
Sokol et al., 2017; Chen et al., 2019). Both factors should lead 
to a positive correlation between inverse temperature (1000/K) 
and nitrogen partitioning between silicate phases and fluid (i.e. 
D N

melt− f luid and D N
biotite− f luid). To test these predictions, we con-

ducted a series of PC experiments between 775 and 925 ◦C (Fig. 6). 
Pressure was fixed at 2 GPa, and NNO oxygen buffers were used in 
all experiments. All temperature series data are recalculated to a 
common P/T value (2×10−3 GPa/K) to account for the pressure 
effect (Fig. 5). Note the experiment conducted at 775 ◦C did not 
contain sufficient melt for analysis.

Fig. 6 plots the temperature series for D N
melt− f luid and D N

biotite− f luid

results. The log(D N
melt− f luid)-1000/K slope is -854 ± 823 (R2 = 0.78, 

P-value = 0.31). The log(D N )-1000/K slope is also poorly 
biotite− f luid

8

Fig. 6. Temperature effect on (a) melt-fluid and (b) biotite-fluid partitioning. Both 
series yield temperature effects that are within error of zero at the 95% confidence 
level. Predicted effects of temperature on NH3/N2 ratios of hydrous fluid from Li and 
Keppler (2014) on are plotted as dashed lines. The partitioning data show a weaker 
dependence on temperature compared NH3/N2 ratios of hydrous fluid. Data are re-
calculated to NNO and a common P/T value (2×10−3 GPa/K) using the correlations 
in Fig. 4 and 5.

defined at 1888 ± 3241 (R2 = 0.23, P-value = 0.52). We do not 
resolve any statistically significant temperature effects on N parti-
tioning.

The uncertainty associated with our N analyses precludes any 
definitive statement regarding the role of temperature in affecting 
silicate-fluid partitioning other than that it appears to be relatively 
minor compared to predicted NH3/N2 changes in fluid chemistry. 
This further emphasizes the fluid speciation cannot be used to di-
rectly infer N reactivity with silicate.

Other experimental determinations of temperature effects pro-
vide variable results. Förster et al. (2019) report that D N

melt− f luid
values decrease with temperature, while Mallik et al. (2018) report 
no measurable effect of temperature on D N

melt− f luid at relatively 
high temperatures (1050-1300 ◦C, ∼NNO-1).

3.6. Compositional effects on melt-fluid and mineral-fluid partitioning 
of nitrogen

Our experiments were designed to produce relatively large 
grains of K-bearing minerals in equilibrium with melt and hydrous 
fluid. The role of melt composition on N solubility was not in-
vestigated. All experimental melts were rhyolitic by design to be 
applicable to slabs during dehydration and melting (Johnson and 
Plank, 2000; Schmidt et al., 2004).

The exchange of NH+
4 into K-sites in minerals may be affected 

by bulk mineral composition. To test for this effect, measured 
values of D N

biotite−melt and D N
K spar−melt are plotted against miner-

alogical compositional parameters (Fig. 7a and b) (Mg# for bi-
otite and Or# for feldspar, where (Mg# = Mg/(Fe+Mg) and Or# 
= Ab/(An+Or+Ab), molar bulk) and [N] of melt (Fig. 7c). The ex-
change of Mg for Fe in biotite does not strongly affect the par-
titioning of either D N or D K (Fig. 7a). We antic-
biotite−melt biotite−melt
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Fig. 7. The effect of compositional parameters (a) Mg#, (b) Or#, (c) [N]melt, and (d) [Cl] fluid on mineral-melt partitioning of N and K. (a and b) No obvious effects of 
compositional parameters are present. In general, K is more strongly partitioned into minerals compared to N and biotite has a greater affinity for N than feldspar. (c) 
Henrian partitioning behavior is observed between biotite and melt (R2 = 0.90, P-value<0.001). d) Chlorine content of hydrous fluid is not strongly correlated with melt-fluid 
partitioning of N. Minor effects remain possible. The shaded region is the range of typical Cl content of slab fluid added to mantle wedge from Métrich and Wallace (2008).
ipated that D N
K spar−melt would positively correlate with Or# given 

the ionic radius of NH+
4 relative to K+ and Na+; however, Fig. 7b 

shows there is no measurable effect of K-Na exchange in feldspar 
on D N

K spar−melt values. We suggest that a wider range in feldspar 
chemistry or greater analytical precision are needed is needed 
to document the likely correlation between Or# and D N

K spar−melt . 
This speculation is supported by the fact that no analyzed Na-rich 
feldspars contained N above background (Supplementary Table 10).

D N
biotite−melt values are consistently higher than D N

K spar−melt
(Fig. 7a and 7b). This is consistent with K-feldspar also more read-
ily incorporating Na, indicating a smaller radius large-ion site rela-
tive to biotite, and with natural mineral pairs (Honma and Itihara, 
1981). Muscovite and phengite also incorporate relatively large 
amounts of N (Pöter et al., 2004; Förster et al., 2019), and the 
combination of these results stresses the importance of mica, in its 
variety of forms, in modulating the N contents of slabs during de-
hydration and melting. Quartz, orthopyroxene, clinopyroxene, and 
amphibole were stable in a subset of PC series experiments (Ta-
ble 1), and N analyses of these phases do not yield counts above 
background using the LDE1L diffracting crystal (Supplementary Ta-
bles 11-13). We conclude that these phases are not significant 
hosts for N in the presence of mica and stress that K-bearing min-
erals control the retention of N in slabs.

In Fig. 7c, we plot the concentration of N in melt against the 
concentration of N in biotite. N concentrations in the melt corre-
late with those in biotite (R2 = 0.90, P-value <0.001). This is not 
a strict test of Henry’s Law, as P-T-ƒO2 conditions are not constant 
between data points. Nevertheless, it is clear that melt and biotite 
concentrations correlate. The K site occupancy by N within biotite 
approaches 30% in our experiments, near the limit of Henrian be-
havior identified for muscovite (Pöter et al., 2004).
9

We also quantify the effect of Cl on the partitioning of N be-
tween melt and hydrous fluid (Fig. 7d). This series of experiments 
varies the Cl content of the fluid between 0 and 11.2 wt.% Cl at 
NNO, ∼1.7 GPa, and 800 ◦C. Chlorine is a major element in sub-
duction zone settings. Indeed, Metrich and Wallace (2008) suggest 
the majority of fluids entering the mantle wedge contain between 
2-6 wt.% Cl. Previous work on K partitioning in melt-fluid system 
demonstrates that Cl lowers D K

melt− f luid values, likely related to the 
stability of K-Cl species in the fluid (Reed et al., 2000). The lack of 
a strong correlation between D N

melt− f luid values and Cl content of 
fluids suggests that the effect of Cl on N solubility is nearly equal 
in melt and fluid, at least at the P-T-X conditions of the present 
experiments. The minor role of Cl in modulating N partitioning is 
consistent with the similarity of D N

melt− f luid values determined for 
the ƒO2 series of this study (Cl-bearing) and Li et al. (2015) (Cl-
free), plotted in Fig. 4.

4. Discussion

4.1. Application of nitrogen partitioning results to dehydrating slabs

We resolve two controls on N mobility during dehydration: ƒO2
(Fig. 4) and the pressure-temperature ratio (P/T) (Fig. 5). Lower 
ƒO2 and higher P/T conditions promote N partitioning into sili-
cate (rhyolitic melt and K-bearing minerals) compared to fluid. The 
importance of ƒO2 and P/T conditions in modulating N behavior 
in subduction zones has been suggested based on melt-fluid par-
titioning and speciation data (Mikhail et al., 2017; Mallik et al., 
2018; Li and Keppler, 2014), but here we directly quantify the 
propensity for nitrogen to be retained in slabs through the appli-
cation of mineral-fluid and mineral-melt data.
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Fig. 8. (a) P T paths for hot and cold slabs. Dash and dash-dotted lines indicate the portion of the PT path where we calculate N partitioning in (b). Circles denote P T
conditions for hot and cold slab melting calculations. (b) Predicted N partitioning behavior during dehydration along hot and cold P T paths with variable ƒO2 conditions 
(shades of gray). Slab ƒO2 ranges from reduced (light gray, NNO-3) to oxidized (dark gray, NNO+1) conditions. Hot and oxidizing conditions maximize N loss. Predicted 
log(D N

biotite−melt ) values for slab melting of hot (left circle) and cold (right circle) slabs are similar to log(DN
biotite− f luid) values associated with dehydration under cold and 

reducing conditions.
A multiple linear regression on PC ƒO2 and P/T series for mica-
fluid data yields the following equation to predict N partitioning 
applicable to slab dehydration scenarios (R2 = 0.75, P-value = 0.01):

log(D N
biotite− f luid) = 429 ± 135

P

T
− 0.12 ± 0.04�N N O

− 1.98 ± 0.18 (7)

P is in GPa and T is in kelvin. We apply Eq. (7) to slabs dehydrating 
along hot (Cascadia) and cool (Honshu) geotherms with variable 
ƒO2 (solid lines Fig. 8a). Geotherms are from Syracuse et al. (2010)
from the D80 models for slab sediments. For hot slab scenarios, 
H2O loss starts at 15 km depth (dash-dotted line, Fig. 8a), while 
for cold slab scenarios, H2O loss starts at 80 km depth (dotted line, 
Fig. 8a). These conditions are derived from the petrological-thermal 
modeling of turbidite-bearing slabs where 1) in cold scenarios, de-
hydration mostly occurs as the slab first encounters the mantle 
wedge at 80 km depth, while 2) in hot scenarios, dehydration is 
a more continuous process from low to high pressure conditions 
(van Keken et al., 2011). Beyond 100 km, the P/T ratios of near-
slab surface geotherms increase with depth, rapidly so for cooler 
slabs (Fig. 8a), limiting N extraction via dehydration deeper within 
subduction zones.

We range the ƒO2 of slabs between NNO-3 to NNO+1 (Fig. 8b). 
This range is bracketed by the ƒO2 of relatively oxidized primitive 
arc basalt (NNO+1, Cottrell et al., in press) and by lower range of 
ƒO2 recorded by ecologite xenoliths at ∼100 km depth (NNO-3) 
(Stagno et al., 2015).

An important caveat is that Eq. (7) is derived from experiments 
that contain a hydrous fluid with relatively high concentrations of 
N, ∼4 wt.% (Table 1). The reduction of N2 to N-H species with sin-
gle N atoms (Reactions (1)-(3)) implies that the bulk concentration 
of N in the fluid will influence speciation. If Reactions (1)-(3) con-
trol speciation under natural conditions, higher [N] fluid will favor 
N2 over NH+

4 , with lower corresponding silicate reactivity. Phengite 
is also likely the stable mica in Mg-FeO poor lithologies (Johnson 
and Plank, 2000; Schmidt et al., 2004), such as slab sediments, and 
recent results indicate D N

phengite−melt may be up to 3× lower than 
D N

biotite−melt values (Förster et al., 2019).
All dehydration scenarios predict that N behaves as an incom-

patible element during slab dehydration, except under the coolest 
and most reducing conditions considered here. We predict that hot 
slabs have relatively low associated D N

biotite− f luid values, only sur-
passing 0.1 under reducing (<NNO-2) conditions at pressure above 
1 GPa. The mobility of N in hot slabs reflects their low P/T ratio 
10
dehydration conditions. Cold slabs are correspondingly retentive of 
N due to their higher P/T ratio dehydration conditions (Fig. 8b). 
Indeed, if dehydration occurs within a cold slab under reducing 
conditions (<NNO-2), we predict initial D N

biotite− f luid values greater 
than 1. Corroboration of the P/T effect on N mobility during dehy-
dration comes from the observed massive N loss recorded in the 
hotter prograde sequences (Catlina Schist, Bebout and Fogel, 1992) 
compared to minimal N loss recorded in the cooler prograde se-
quences (Schistes Lustres nappe, Busigny et al., 2003).

Our mineral-fluid modeling quantifies the dual importance of 
slab ƒO2 and subduction geotherm in determining the mobility of 
N during dehydration over geologically relevant conditions. An ear-
lier Earth, with warmer slabs, and consequently lower P/T dehydra-
tion during subduction, would have been most prone to accumu-
lating N within near-surface reservoirs (Fig. 8, Förster et al., 2019). 
With time, cooler slabs come to dominate and likely accelerate 
deep volatile cycles within Earth (Busigny et al., 2003; van Keken 
et al., 2011; Smye et al., 2017; Parai and Mukhopadhyay, 2018). 
Despite the current dominance of cool slabs, N remains partitioned 
into near-surface reservoirs relative to the other chemically reac-
tive, volatile elements (Fig. 1a), and observational evidence is most 
consistent with pN2 increasing with time (Marty et al., 2013; Som 
et al., 2016). In this context, we suggest that oxidizing conditions, 
perhaps more so than what is observed within arc basalts (>NNO, 
Cottrell et al., in press), may be required within the uppermost slab 
sections to promote partitioning of N into near-surface reservoirs 
over C and H (Fig. 1a).

4.2. Application of nitrogen partitioning results to melting slabs

Nitrogen loss from slabs may also occur due to melting. In this 
case mineral-melt partitioning will dictate the rate at which N 
is extracted from the slab. Micas remain stable beyond the fluid-
saturated solidus of sediments (∼675 ◦C, e.g., Schmidt et al., 2004), 
and it is therefore expected that micas will also control the reten-
tion of N during slab melting. We plot in Fig. 8a the P/T values 
(circles) associated with the slab reaching 675 ◦C. The correlation 
in Fig. 5c provides the following relationship for D N

biotite−melt val-
ues:

log (D N
biotite−melt) = −273 ± 158

P

T
− 0.43 ± 0.22 (8)

In Fig. 8b we plot the associated predicted D N
biotite−melt values 

for hot and cold slab melting using Eq. (8) (circles). Absolute 
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D N
biotite−melt values are relatively high compared to D N

biotite− f luid
predicted for hot and/or oxidized slabs. We conclude that melting 
is a relatively inefficient mechanism for N extraction on a mass 
loss from slab basis compared most dehydration scenarios.

4.3. Nitrogen-potassium coupling and the redox barrier to N subduction

As emphasized above, N-Ar systematics of MORB vesicles are 
well explained by mixing between a mantle reservoir with a nearly 
constant N/40Ar ratio and different surficial reservoirs with lower 
N/40Ar ratios (Fig. 1b). Because 40Ar is the decay product of K, 
divergent behavior of N and K in their respective deep cycles 
should be manifested as variable N/40Ar ratios in MORB mantle. 
Muted N/40Ar variability in MORB mantle therefore implies a lim-
ited range of N/K ratios for materials recycled into MORB mantle 
(Marty, 1995; Johnson and Goldblatt, 2015), although rapid mix-
ing of MORB mantle will also act to homogenize N/40Ar and N/K 
heterogeneity with time. Nonetheless, Fig. 8 demonstrates that ƒO2
and slab geotherms have potentially strong controls on the frac-
tion of N retained in a subducted slab, and therefore its N/K ratio. 
If the prevailing ƒO2 or slab geotherms have varied widely in time 
or between subduction zones, then this should result in variations 
of the N/K ratio of materials input back into the mantle. Yet, MORB 
yield a relatively limited range N/40Ar, perhaps with minor differ-
ences between E-MORB and N-MORB (Fig. 1b, Marty and Dauphas, 
2003, Marty and Zimmermann, 1999). Therefore, the relative con-
stancy of the time-integrated N/K ratio implies a limited range of 
slab ƒO2 and slab geotherms are recorded in melts derived from 
MORB mantle.
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