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B. Sherwood Lollar*, T. P. Fischer®, G. Avice®, A. Caracausi’, C. J. Ballentine?,
S. A. Halldérsson®, A. Stefansson®, M. D. Kurz2, 1. E. Kohl'"® & E. D. Young'™

Nitrogenis the main constituent of the Earth’s atmosphere, but its provenance in the
Earth’s mantle remains uncertain. The relative contribution of primordial nitrogen
inherited during the Earth’s accretion versus that subducted from the Earth’s surface
is unclear' . Here we show that the mantle may have retained remnants of such
primordial nitrogen. We use the rare "{N"N isotopologue of N, as a new tracer of air
contamination in volcanic gas effusions. By constraining air contamination in gases
fromIceland, Eifel (Germany) and Yellowstone (USA), we derive estimates of mantle
8N (the fractional difference in “N/*N from air), N,/**Ar and N,/*He. Our results show
that negative 8N values observed in gases, previously regarded asindicating a
mantle origin for nitrogen’ ™, in fact represent dominantly air-derived N, that
experienced PN/*N fractionation in hydrothermal systems. Using two-component
mixing models to correct for this effect, the "N“N data allow extrapolations that
characterize mantle endmember 6°N, N,/*°Ar and N,/*He values. We show that the
Eifel region has slightly increased 6N and N,/**Ar values relative to estimates for the
convective mantle provided by mid-ocean-ridge basalts", consistent with subducted
nitrogen being added to the mantle source. In contrast, we find that whereas the
Yellowstone plume has 8°N values substantially greater than that of the convective
mantle, resembling surface components® ™, its N,/**Ar and N,/*He ratios are
indistinguishable from those of the convective mantle. This observation raises the
possibility that the plume hosts a primordial component. We provide a test of the
subduction hypothesis with atwo-box model, describing the evolution of mantle and
surface nitrogen through geological time. We show that the effect of subduction on
the deep nitrogen cycle may be lessimportant than has been suggested by previous
investigations. We propose instead that high mid-ocean-ridge basalt and plume §°N

values may both be dominantly primordial features.

Differentiated bodies from our Solar System have rocky mantles
with ®N/*N ratios within +15%. of modern terrestrial air'*”. This is
true for Earth’s convective mantle, which has a 6°N value of approxi-
mately -5 +3%o, based on measurements from diamonds*'® and basalts
that have been filtered for air contamination®'. Conversely, volatile-
rich chondritic meteorites exhibit highly variable 8°N values between
—-20 * 11%. for enstatite chondrites and 48 + 9%, for Cl carbonaceous
chondrites’®", The distinct ®N/*N of rocky mantles relative to the chon-
drites may reflect inheritance of N from a heterogeneous mixture of
chondritic precursors®. Alternatively, the relatively high*N/*Nvalues
couldbe theresult of evaporative losses?, or equilibrium partitioning
of Nisotopes between metal cores and rocky mantles?%2,

For Earth, plate tectonics allows for another interpretation'. Geo-
chemists have suggested that mantle 8N values reflect subduction of
nitrogen from the surface. Some of the evidence comes from studies of
gases from mantle plumes. On Earth, mantle plumes with high *He/*He
ratios relative to mid-ocean-ridge basalts (MORBs) result from melting
of relatively undegassed portions of the deep mantle®. Nitrogen data
aresparse, but plumes with both highand low *He/*He values have §°N
values between 0 and +3%o (refs.>*), higher than the values attributed
to the convective mantle and similar to both sediments and altered
oceanic crust (Extended Data Fig.1)'>*>**, One hypothesis is that the
convective and deep mantle reservoirs bothinitially had identical but
low enstatite chondrite-like §°N values®. Over geological time, these
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Fig.1| Thenitrogenisotopic composition of volcanic gases and volatile-
richMORBs. Volcanic gases were collected in hydrothermal systems from
Iceland, Hawaii (USA), Yellowstone (Wyoming, United States), Ayrolaf
(Ethiopia) and Eifel (Germany). MORBs are popping glasses from the Mid-
Atlantic Ridge. Data can be foundin Supplementary Table 1. Error bars are 20
and their magnitude is a function of counting statistics. The nitrogenisotopic
andisotopologue compositions of air are shown. Atmospheric N, has aknown
A5,0f+19.1+0.3%0 (25.d.), relative to high-temperature nitrogen with 4;,= 0%
(ref.»). Icelandic samples have exclusively air-derived N, as shown by
atmospheric4,, values. The varying 6N values at any given atmospheric4,,
value are evidence for isotopic fractionation of air-derived N, in the geothermal
system. Similar fractionationis observedin the gases fromall of the
investigated locations. Since high-temperature nitrogen has by definitiona4,,
of 0%., mixing relationships can be confidently extrapolated to this value along
straight lines. This allows the endmember §"°N of the degassing magmas to be
determined from volcanic gases. Shaded areas demarcate the mixing trends
defined by the data for Eifel (blue) and Yellowstone (red). We find that Eifel and
Yellowstone gases have mantle-derived 8N values of -1.4 and +3%o,
respectively. Note that the Yellowstone data are also affected by a third
componentresemblingairinboth4,,and §"*Nvalues.

reservoirs would have both received nitrogen entrained from the sur-
face by subduction of sediments?*® with 8N values of approximately
+3%o (refs.’ ) (Extended Data Fig.1). The accumulation of subducted
sediment in plume sources would have overwhelmed the primordial
bulk nitrogen such that the plume sources acquired the ®N/*N values
of the recycled surface components®. Because the convective mantle
has negative 8N values of =5 + 3%o, it is thought to have received pro-
portionally less recycled nitrogen®. Theimportance of surface nitrogen
accumulation in the mantle is uncertain in part because the nitrogen
concentrations in mantle reservoirs are poorly known'.

Here, we eliminate some of the pervasive uncertainties associated
with the deep nitrogen cycle by deriving 8°N, N,/*He and N,/**Ar values
of gases from Yellowstone, Iceland and Eifel magmas. In the mantle
sources, the elemental ratios vary asadirect result of nitrogen addition
tothe mantle, since mantle*He and perhaps a substantial fraction of **Ar
are primordial, being vestiges of the accretion of Earth, and thus have
fixed concentrations. We use hydrothermal gases, which are more plen-
tiful than the small quantities of gas accessible from mantle-derived
rocks. However, these gases have historically shown even greater air
contamination than basalts® and for this reason their N/*Nratios are
ambiguous’. We disentangle the contributions of air and mantle N,
using a new isotopologue approach in which we determine the abun-
dances of ®N®N in volcanic N, gases. We use the NN concentration
relative to arandom distribution of *N and ®N atoms among N, mol-
ecules, 4;,, as an unambiguous tracer of air contamination. The 4,,
tracer is defined as 4;, =3°R/(®R)*-1 (%.), where *°R = NPN/“N"N and
R =1N/N for the gas of interest®. At relevant temperatures ranging
from200t01,000 °C, equilibrium among N, isotopologues results in
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Fig.2|Therelationshipbetween4,;,andN,/*Heratios in volcanicgases. 4,,
and N,/*Heratios are shown for samples collected at the same time from gases
inlceland, Yellowstone, Hawaii and Ayrolaf. The error bars are 20. Datacanbe
foundin Supplementary Table 1. Two estimates for mantle gases are shown as
the dark grey diamonds with N,/*He ratios of 1 x10° and 4 x 10°, after Marty
etal.". These are consistent with the popping rock estimate of (2.9 + 0.1) x10°.
Two estimates for cratonic gases are shown as light grey diamonds. These are
derived from our data on cratonic gases from two locations in the Canadian
Shield (see Supplementary Information). For N,/°Heratios, the cratonic
endmembersare 0.7 x10%and 1.8 x 10° (see Methods for details and
Supplementary Table 2 for data). The samples show a clear mixing between air
and mantle-derived gases, with a negligible cratonic crustal contribution.
Icelandic samples have N,/*He ratios ranging down to 107, but no substantial
contribution of mantle N, is observed. Note that no He concentrations were
obtained for Eifel as the samples were collected in glass vials, leading to
appreciable He diffusion out of the containers. Existing data obtained with no
A, measurements suggest aN,/*He value below 3.0 x 107 (ref. %),

A, values from 0.5t0 0.1%o, respectively. An extreme atmospheric 4,
value 0f19.1+ 0.3%. (20) was recently discovered?, providing arobust
tracer for air contamination. The remarkable isotopic disequilibrium
between atmospheric and high-temperature N, is probably due to
gas-phase chemistry in the thermosphere?. The atmospheric excess
in 4,, provides a powerful tool with which to quantify air-derived N,
in natural fluids.

Icelandic gases lack atmospheric O,, suggesting the absence of air
contamination during sampling, although there is no a priori infor-
mation about the origin of N,. The Icelandic gases have *He/*He ratios
between 8.5R, and 16.3R, (where R, is the air *He/*He ratio), suggest-
ing they tap a mantle plume. These samples have 6N values ranging
between those for air (0%o) and the convective mantle (-5%o), while
both N,/**Arand *°Ar/*®Ar ratios are air-like, thus leading to confusion
regarding the provenance of N, (Extended DataFigs. 2, 3). We find that
the Icelandic samples have 4,, values ranging between18.2 + 3.0%. and
20.5+2.0%o, withan average of19.1+1.2%.—avalue thatis indistinguish-
able from the atmospheric value (Fig. 1). This high, air-like 4,, value is
markedly different from the values expected from high-temperature
nitrogen: by design, 4;, values of ~ 0% should characterize N,molecules
from magmas, because at magmatic temperatures, thermodynamic
equilibrium approaches the random distribution of "N*N relative to
other N, isotopologues. We tested this expectation using MORBs with
extraordinarily high volatile concentrations (see Methods). Crush-
ing experiments under vacuum released N, with §°N values between
-5.2+1.2%0 and —3.2 * 1.5%, similar to conventional MORB values®",
and 4,, values between +1.2 + 2.6%0 and +3.0 £ 3.6%o. (Fig. 1). Despite
large uncertainties due to small sample sizes, our results confirm the
prediction that magmatic N, formed by degassing at -1,200 °C has
A, values ~0%.. The atmospheric 4;, values for the Icelandic gases
could represent recycled surface-derived nitrogen in the Icelandic
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Fig.3| Therelationship betweend4,,and argonisotopesinvolcanicgases.
Asoand *°Ar/**Ar ratios are shown for Iceland, Yellowstone and Eifel gases. The
errorbarsare 20. Datacanbe foundin Supplementary Table1. The data define
two-component mixing trends. High-Tnitrogen has afixed 4, value of 0%o,
allowingfitting of the mixing curves to known mantle endmembers. The thick
solid curveis thefit for the Eifel samples, calculated with mantle *°Ar/**Ar and
Ay, values 0f39,400 (see Methods) and 0%, respectively. The fit requires a
high-Tendmember N,/**Ar ratio of 4.7 x10°. The thin solid curve is a fit for the
Yellowstone data, calculated with mantle *°Ar/>*Ar and 4, values 0f 10,000

plume? only if nitrogen was recycled as N, molecules, surviving their
trip from the surface and the melting process in the mantle intact.
However, surface nitrogenis subducted asNH, ionsincorporatedinto
organic matter and within phyllosilicate crystallattices, rather than as
N, molecules'>*. Because N, is destroyed when nitrogen enters solids,
no “N®N atmospheric signature can survive the subduction process.

Atmospheric 4,, values (Fig. 1) unambiguously show that virtually
allN, inthe Icelandic gases from this study is derived from air via con-
tamination within hydrothermal systems. Similar 8N and 4,, values are
observed forasample from the Halemaumau crater (Hawaii) and from
ahotspringinAyrolaf (Ethiopia), indicating a >95% contribution from
air-derived N, inthese fluids as well. These air-like 4,, values unambigu-
ously show that negative 8N values can result from mass-dependent
isotope fractionation of atmospheric N, occurring in hydrothermal
systems, rather than beingindicative of amantle origin. Isotopic frac-
tionation has been invoked previously to account for extremely low
8"Nvalues of Icelandic fumaroles’. The existence of this fractionation
can now be confirmed on the basis of 4,, values. Kinetic dissolution
of N, in waters leads to enrichments of ~0.5%. in N in dissolved N,
at 60 °C (ref.?’). Waters that had degassed 99% of air-derived N, in an
open system could produce 8"N values of around —5%o. as a result of
Rayleigh distillation (see Methods). Degassing of air-saturated water
at temperatures of 7> 60 °Cis predicted to cause a negative correla-
tion between 8°N and both Kr/Ar and Xe/Ar ratios, as the heavier noble
gases are more soluble than argon in water®, This is at odds with the
positive correlation observed here (Extended Data Fig. 4), suggesting
that degassing from geothermal waters for these samples under non-
ideal behaviour—as has been documented under elevated temperatures
and pressures (7>100 °Cand P>20 bar), where experimental evidence
hints at reversals of the Ar to Kr-Xe relative solubilities®.

We also analysed geothermal gases from Yellowstone and Eifel;
Asyvalues are variable, as low as 3.8 +1.7%o and 0.3 + 0.6 % for Yellow-
stone and Eifel respectively (Fig. 1). This establishes the contribution
of high-TN,with4,,=0, instark contrast with the Iceland gases (Fig.1).

40Ar/36Ar

(see Methods) and 0%o, respectively. The best-fit curve corresponds toaN,/>°Ar
ratio of 1.6 x 10° for the Yellowstone mantle plume. The sole outlier may record
crustalinput, but this would apply to only that sample. As anillustration of the
effects of cratonic crustal inputs, we show amixing curve between air and
cratonic gases witha*°Ar/**Ar value 0f 100,000 (dashed curve). In this case, the
N,/*®Aris taken to be 4.5x10%, the value for the cratonic endmember based on
samples from the Superior Province of the Canadian Shield (Kidd Creek gases;
see Methods). Despite the proximity of cratonic rocks, none of the samples
from Yellowstone have N,/>He ratios consistent with any cratonicinput (Fig. 2).

Correlations between 4,, and various isotope and element ratios can
be extrapolated to 4;,= 0 to constrain magmatic componentsin mixed
gases like those in this study. For Yellowstone, our data constrain high-T
N, to have a §®N value of +3 + 2%o (Fig. 1). This value probably represents
the Yellowstone mantle source, and is similar to estimates for Kola
and Society**. In the case of Eifel, we obtain a high-T N, 8N value of
-1.2+0.5%0 (Fig.1), slightly higher than the convective mantle. When 4,,
is plotted versus N,/*He (Fig. 2), gas samples define a two-component
mixing curve between air with N,/°He = 10" and high-T gases with lower
N,/*He ratios. An upper limit for N,/*He of ~10° may be obtained for the
Iceland plume based on the lowest N,/°He at air-like 4, values (Fig. 2).
This N,/*He ratiois similar to that of the convective mantle™ and is lower
by four orders of magnitude than an earlier suggestion derived from
extrapolations of Icelandic basalts showing near-atmospheric *°Ar/**Ar
ratios but lacking 4, measurements®. The Yellowstone samples also
define adeep source with N,/*He ~10° (Fig. 2 and Extended DataFig. 1)
with no indication of an elemental fractionation in the hydrothermal
system, inagreement with a previous study®. This rules out the possi-
bility of nitrogen assimilation from the crust (see Methods for details).
The Eifel samples require a N,/°He value of ~107 for the Eifel source,
higher than the convective mantle.

When 4,, is plotted against *°Ar/**Ar (Fig. 3), data for Iceland are
indistinguishable from air. Data for the Eifel and Yellowstone samples
exhibit correlations consistent with two-component mixing hyperbolae
with curvatures defined by [*N"*N/*Ar]yanae/[“N*N/*°Ar],;.. Using an
N,/*¢Ar ratio of 2.5 x 10* for air, we can extrapolate Yellowstone and
Eifel data to estimate the N,/**Ar for the mantle feeding both systems.
For the Eifel mantle source, we obtain an N,/*’Ar value of 4.7:28 x 10°
(Fig. 3), marginally higher than the convective mantle value of
2.0"19 x10°(Extended DataFigs.1,5). This, coupled with the high 8N
and N,/*He values relative to the convective mantle, suggests a contri-
bution of subducted dehydrated oceanic crust with N,/**Ar >10” and
N,/*He >10" of ~30% to the Eifel mantle source (Methods, Extended
DataFig. 6), consistent with arecent noble gas study®. The Yellowstone

Nature | Vol 580 | 16 April 2020 | 369



Article

a 10
Modern surface
0 A = e —
- "1
T 0O~ 1
S / Stut;tgessful i Modern convective mantle
,”_’Z [ starting composition With modern fluxes
2 -20 | — — — Surface (air + crust)
— — — Convective mantle
30|l With required fluxes
Enstatite chondrite Surface (air + crust)
N starting composition Convective mantle
0 1 2 3 4
Age (Ga)
b 1022
5
£
2‘ 1021 —~ — — _
= Modernsurface~~ — — — — — . — — — — —
] B —
o —
c ~
& ) T
o / |
: f
Modern convective mantle
101°
0 1 2 3 4
Age (Ga)
C 1x10"
vg 8 x 1070
S Modern fluxes over 4.5 Ga
£ 6x10'° Subduction
] — — - Volcanic outgassing
3 Required fluxes over 4.5 Ga
=}
£ 4x100 Subduction
g Volcanic outgassing
£ 2x10%
z
— o — e ————— | e ——
0
0 1 2 3 4

Age (Ga)

Fig.4|The evolution of 8°N and nitrogen abundancesin the convective
mantle and at the Earth’s surface as afunction of time. a, 8°N evolution.

b, Nitrogen abundance. ¢, Therates of N subduction and outgassing used in the
models. Required fluxes refer to the example of asuccessful model, where
subduction rates remain lower than volcanic outgassing rates for most of
Earth’s history. These fluxes evolve over time, with decreasing outgassing and
increasing subduction fluxes. With these fluxes, the mantle and surface show
limited exchange, and therefore limited isotope evolution (solid curves), as
seemingly required by the lack of secular evolution of the surface nitrogen
reservoir?*. For the mantle, the starting material was chosen to have an
enstatite chondrite-like 8N value. Different initial quantities of nitrogen were
considered. Onescenariois based on 3 x 10" mol N in the mantle, which
correspondsto 0.15ppm Ninthe convective mantle, and is an extreme case
where the convective mantle corresponds to the full mass of the Earth’s mantle
(4 x10% g). This constitutes the minimum plausible mantle nitrogen
concentration estimate®. The result of the model is not markedly differentif the
initial concentration of mantle nitrogen differs by an order of magnitude, as the
concentrationis rapidly influenced by the subduction flux of nitrogen. A
critical result of the modelis thatif modernrates of outgassing and
subduction®applied throughout geological time, nitrogenisotope ratios
should have evolved to asteady state in which the mantle has a higher §°N than
thesurface (dashed curves), contrary to the present-day situation.

See Methods for details.

datain Fig. 3 define a N,/**Ar ratio of 1.6*37 x10®for the plume, indis-
tinguishable from the convective mantle but distinct from previous
investigations of plume sources, where ratios of ~10° were suggested*.
This is evidence that Yellowstone may derive from a*He-rich plume
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source that has N,/>*He and N,/**Ar ratios indistinguishable from the
convective mantle buta §“N value that is as high as that of nitrogenin
subducting slabs (Extended Data Fig. 1).

Toinvestigate the implications of our results for the potential N,/*°Ar,
N,/*He and 8N values of sediment-bearing slabs recycled into the
mantle, we calculated mixing curves between the convective mantle
and recycled components with various 8N values (Extended Data
Fig. 6). We consider that N,/**Ar and N,/°He ratios of slabs recycled
into the mantle could be as high as ~10” and ~10%, respectively®*2,
We find that mixing successfully accounts for *He-poor Eifel data, as
well as for previous data from the *He-poor Society plume*, where high
N,/*He values of ~10” and ~10°, respectively, may reflect nitrogen addi-
tion via subduction. Variable N,/**Ar ratios for these systems** could
be caused by fractionations in the slabs. In contrast, mixing fails to
account for the Yellowstone data unless recycled slabs have 5N > 50%o,
an implausibly high value given the data for sediments, or unless the
3*He-rich mantle source is forced to have arbitrarily low N,/**Ar and
N,/*He ratios of <2 x 10° (Methods, Extended Data Fig. 6). In the latter
case, the similarity in N,/>**Ar and N,/°He ratios between Yellowstone
gases and the convective mantle would be purely serendipitous, an
unlikely result arising only from mixing two disparate components in
justtheright proportions to yield convective mantle values.

In view of these new data, subduction may not be the simplest sce-
nario toaccount for high 6°N valuesin the *He-rich Yellowstone mantle
source (see Methods), and more NN data for other *He-rich plumes
will help address this question. Inthe interim, and motivated by these
initial "N™N results, we provide a computational test of the general
hypothesis that subduction of surface-derived nitrogen controls
mantle nitrogen isotope ratios at the global scale®*®. We test whether
subduction could shift the §°N signature of a once chondritic mantle
(enstatite or other type of chondrite) to the modern value of =5 + 3%o
(refs. ™) over geological time. If this hypothesisis correct, the relative
distribution of nitrogen between the mantle and surface reservoirs
requires that the 6N values for both varied with time. We calculate
the time evolution of both the mass of nitrogen and the *N/*N ratios
for Earth’s mantle and surface using a two-box model (Methods). We
fit the approximate mantle nitrogen concentration of 0.3 ppm (ref. *)
towithinan order of magnitude, but considerably higher mantle con-
centrations of nitrogen' would not change the result (Fig. 4). We take
modern rates of nitrogen subduction to be greater than rates of out-
gassing at mid-ocean ridges by an order of magnitude®. Extrapolating
theseratesback over geological timescales resultsin the global nitrogen
cyclereachinganisotopicsteady state in which the mantle has a higher
6N value than that for the surface by 3%o, regardless of the starting
8N values (Fig. 4). In this model, it is straightforward to show that, at
steady state, the mantle "N/*N isotope ratio is:

Mantle 15
s, _ asub(ksub + kvol) (7N 6))
1
HMaNntle Asupksub + Kyol k °N ®

where n,{q refers to the extensive quantity of nitrogen isotope i (for
example, moles of *N) in reservoir j, ("N/*N) is the bulk Earth nitrogen
isotope ratio, ky, and k,,, are rate constants (yr™) for subduction and
volcanism, respectively, and ag,, = ("N/*N) g/ (CN/“N) guriace IS the isotope
fractionation factor relating the isotopic composition of subducted
nitrogen to that of the average surface. When k;, > k,,,, as suggested
by present-day fluxes, the mantle acquires and retains virtually all of
Earth’s nitrogen and because a,, =1.003 (refs. >'*?*), surface nitrogen
tends towards °N/*N ratios lower than the mantle value. Furthermore,
the prolonged exchange of nitrogen between Earth’s surface and the
convective mantle forces the mantle *N/*N value to be greater than
that of the surface reservoir by afactor of a,, = 1.003 (Fig. 4). The fact
that subduction of nitrogen should eventually cause (*N/**N)yange >
(®N/"N)surrace and yet the opposite is observed today placesimportant
constraints on the nature of the surface-mantle exchange of nitrogen



over geological time. This simple, but seemingly inescapable, conclu-
sionimplies that the nitrogen cycle is not at steady state' and that the
fluxes observed today are not indicative of those in the past.

Non-steady-state scenarios were explored to match the present-
day nitrogen concentrations and 8"N values of air and convective
mantle by varying fluxes and initial 8°°N values (Extended DataFig. 7).
The time-dependent solutions not only require considerable secular
evolution of the surface 6N value that is inconsistent with observa-
tions***3, but they also demand ad hoc pairings of initial compositions
and fluxes. The simplest solution to satisfy modern observations is
if mantle and surface initial 8N values are -6 + 4%o and 0.5 + 1.5%o,
respectively (Fig.4), and if subduction N fluxes are substantially lower
than volcanic nitrogen outgassing fluxes throughout most of Earth’s
history (ky, < ko). This scenario would require the net degassing of
~3x10" mol N, over Earth’s history, which represents only ~20% of the
N, quantity in the modern-day atmosphere. Overall limited exchange
also prevents nitrogen isotopic evolution for both the mantle and the
surface over geological time (Fig. 4). Low subduction fluxes of nitrogen
to the mantle can be explained if nitrogen was lost from downgoing
slabsin subduction zones with high thermal gradients®*'*%*, as appears
more likely during the Archaean and Proterozoic eons. A corollary is
that the convective mantle must have remained largely unaffected by
subducted nitrogen, in contrast with earlier conclusions*,

Work is needed to elucidate the 6N difference between the convec-
tive mantle and *He-rich reservoirs, but we suggest that it may reflect
SN/™N fractionation processes within the mantle as recorded in peri-
dotite diamonds', or avarying *N/*N fractionation between the deep
silicate mantle and iron-rich metal during core formation, as suggested
by some experiments??2, We conclude that 8°N can be a deceptive
tracer of nitrogen provenance not only in hydrothermal gases, but
also in mantle sources. We suggest that 4,, can be used to eliminate
the confounding effects of contamination by air in volcanic gases, and
asavehicle for extracting mantle endmember isotopic compositions
from gas data.
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Methods

Samples and nitrogen isotope measurements
Samplesstudiedinthe volcanic regions of Iceland, Eifel, Yellowstone,
Hawaii and Ethiopia come from either dry gases or bubbling springs,
andsomewere collected in high-pressure boreholes (especially samples
fromIceland; see datain Supplementary Table 1). We see no systematic
differenceinthe nitrogenisotope systematics across sample types or
fluid temperatures during collection. The gases are typically dominated
by CO,. For 22 samples, we collected and stored free gasin 15 cm? copper
tubes. For these samples, the N, concentrations vary from 0.1to 67 vol%,
with amean and median value of 4 vol% and 0.3 vol%, respectively. For
allother samples, we used the Giggenbach sampling method to concen-
trate N, and noble gases. For these, we used 200 cm®glass flasks filled
with 50-80 cm?® of 7 M NaOH solution**. The solution titrates reactive
gases (water vapour, CO,, SO,, H,S, HCI, HF), allowing non-reactive
gasestoaccumulate (N,, H,, 0,, CO, hydrocarbons and noble gases) in
the headspace volume. Gases from the continental crust (see below)
were collected from exploration boreholes in an underground mine
inthe Superior Province of the Canadian Shield following the method
outlined by Sherwood Lollar et al.*.

N, gases were purified by cryogenic separation followed by gas
chromatography at the University of California, Los Angeles (UCLA).
N, concentrations were measured via manometry before mass spec-
trometric analysis. Isotopologue abundances of N, are determined
fromtheion currents for *N*N*, *N®N"and ®"N"N* with cardinal mass/
charge (m/z) values of 28,29 and 30, respectively. The measurements
were performed on the Nu Instruments Panorama mass spectrometer
at UCLA. lons with m/z ratios of -30 are detected using a secondary
electron multiplier, while the other ions are measured using Faraday
cups with10" Qamplifier resistors. A mass-resolving power of roughly
50,000 allowed “N™N* to be resolved from the *N*0O* isobaric inter-
ference. See detailed methods elsewhere®. Samples with abundant
N, are analysed for 7.5 h, yielding a typical 4,, internal precision of
0.1%o (10). Gases have a range of N, concentrations (see below), and
counting times were adjusted according to the extracted N,amounts.
For samples with the lowest N, quantities (between1and 4 pmol N,),
total counting times were less than 1 h, leading to a 4,, internal pre-
cision of typically 1%, or better. We performed measurements of air
standards on 1-3 pmol N,, mimicking the N, amounts extracted from
most gases (see Supplementary Table 3). These yielded average 4,,
values 0f19.2 + 0.8%. (2 s.d.,n="7).For air N, quantities between 0.5and
0.1 umol, the average 4,,is19.2 +2.1%0 (2 s.d., n=5). Both sets of data
are statistically indistinguishable from the earlier value for air from
this laboratory 0f19.2 + 0.3%. (2 s.d., n=11)%. Note that N, procedural
blanks are 0.005 umol or less. The data establish the accuracy for 45,
measurements, down to low quantities of N,, with larger uncertainties
reflecting counting statistics.

Noble gas measurements

Noble gas analyses were conducted in multiple laboratories (see Sup-
plementary Table 1), including at the University of Oxford (UK), the
University of New Mexico (United States) and the Istituto Nazionale di
Geofisica e Vulcanologia, Sezione di Palermo (Italy) and Le Centre de
Recherches Pétrographique et Géochimique (France). The measure-
ments methods are described in detail elsewhere® %, Briefly, at Oxford,
the measurements were performed using a dual mass spectrometer
set-up, interfaced with a dedicated extraction and purification sys-
tem. Gases were introduced to a titanium sponge held at 950 °C for the
removal of active gas species. The purified noble gases were then con-
centratedinaseries of cryogenic traps: the sample was first expanded
to an all-stainless-steel trap held at an indicative temperature of 15 K.
We experimentally established thatno Ne or He was adsorbed in these
conditions. Following complete adsorption of Ar, the remaining gas
was expanded onto a charcoal trap held at approximately 15K, where

He and Newere quantitatively adsorbed. The charcoal and all-stainless-
steel traps were isolated by a valve. The temperature of the charcoal
trap was then raised to 34 K to ensure complete release of He, while
all Ne remained adsorbed on the charcoal trap. The He was inlet into
aHelix SFT mass spectrometer. Following He abundance and isotope
determination, the temperature on the charcoal cryogenic trap was
raised to 90 K for 15 min to release Ne, which was inlet into an ARGUS
VImass spectrometer. Following Ne isotope measurement, the all-
stainless-steel cryogenic trap temperature was raised to 200 K and
Ar isotopes were measured. Both cryogenic traps were empirically
calibrated to ensure complete trapping and separation at the afore-
mentioned temperatures. Ar isotope data for the Eifel samples were
acquiredat the Centre de Recherches Pétrographique et GEochimique
(Nancy, France) and are published elsewhere®. For gases collected in the
Canadian Shield, inorganic gas components (such as N,, He, Ar) were
separated and measured ona TCD gas chromatograph (Varian 3800 GC)
using a 5 A molecular sieve PLOT fused silica column (0.53 mm outer
diameter x 25 mlength) as outlined in earlier work***!, Allgas samples
aremeasured in triplicate, and uncertainties are +5% by volume.

Fractionation of air 8N in the hydrothermal system

For the Iceland gases, we observe varying 6N at a given atmospheric
Ay, value and N,/*Ar ratio (Supplementary Table 1). Because N,/**Ar
ratios remain air-like at a varying 8"N, fractionation of nitrogen iso-
topes during gas migration**is considered unlikely. Dissolution of N,in
water leads to akineticisotope fractionation, and produces depletions
of ~0.5%0 in ®"N/*Nindissolved N, at 60 °C (ref.?). Because it probably
occurs far fromideal Henry’s Law behaviour (for example, Extended
DataFig.4), the relative equilibriumsolubilities of N,and **Ar may not
apply?. We suggest that repeated N, degassing with associated kinetic
isotope fractionation will leave waters with residual N, that is increas-
ingly depleted in ®N. In other words, dissolved N, will show decreas-
ing 6”N. We use the conventional Rayleigh distillation equation and
measured dissolved N, versus air isotope fractionation® to calculate
that a loss of ~99% N, from geothermal waters would be required to
account for the observed 8“N values of around —5%. with air-like 45,
values. Much greater losses or larger fractionations are required to
account for the Yellowstone samples with 8N near -10 %, (Fig. 1), or
for data previously acquired on Icelandic geothermal fields’.

Preservation of 4,,in hydrothermal systems

We use 4,, variations in volcanic gases as measures of the propor-
tions of air and high-TN, in dinitrogen gas samples. This assumes that
atmospheric ®*N"N excesses are not re-equilibrated during N, storage
inaquifers. Thisassumptionis consistent with the known preservation
of atmospheric 4,, values in seawater N, (ref. »). At typical seawater
temperatures of between 0 and 10 °C, 4, is predicted tobe 1.4 to 1.1%o0
atthermodynamic equilibrium. Preservation of atmospheric 4,, values
shows that N, dissolution in water does not reorder ®N*N towards
thermodynamic equilibrium. However, high-Tenvironments of hydro-
thermal system (7>100 °C at depth) could, in principle, isotopically
reorder N, molecules towards a low 4,, value, reflecting equilibrium
at the higher temperatures. At 100 °C, 4, is predicted to be 0.75%, at
thermodynamic equilibrium, more than 18%. lower than the atmos-
pheric ®N®N excess. However, earlier experimental work shows that N,
isotopologue abundances reorder at high Tonly if heated to >400 °C
while in contact with strontium nitride?. Here, we report results of
experiments in which N, is heated in the laboratory with no nitride
catalysts as an attempt to simulate possible re-equilibrationin high-T
hydrothermal and rock-rich systems.

We conducted two series of experiments showing that heated N, does
not deviate from an initial "N“N enrichment even after ~3 months at
800 °C.PureN,atapressure of 0.1bar was loaded into asealed quartz
tube (19 cm?®) that had been previously evacuated. The sample was
heated at 800 °C for between1and 69 days. The heated N, yielded



average 4,,and §®N values 0f19.2 + 0.2 and —0.6 + 0.2% respectively,
indistinguishable from the initial 4,, and 6"N values 0f19.2 + 0.2%o
and -0.4 + 0.1%. respectively. In a second set of experiments, N, was
expanded into a quartz tube containing 2 g of basalt powder (<68 pm
mesh). The natural basalt powder considerably increased the potential
reactionsurfaces between gases and solids. The N, plus basalt powder
was heated at 800 °C for up to 38 days. Inthese experiments, N, yielded
average A,,and 8°Nvalues 0f19.0 £ 0.2 and -0.4 + 0.2%o, respectively.
We thus conclude that atmospheric N, with a ®N"N excess is most prob-
ablynotreorderedinnatural systems, where nitrides are notin contact
with atmosphere-derived gases.

Degassed N, from basalts

So-called popping basalt glasses have remarkably high vesicularities
(>5vol%) and are thought to represent melts that have nucleated vesi-
cles containing most of the magmatic volatile budget, but have not lost
their bubbles****, These samples are rare, but their extraordinarily
high volatile concentrations permit the investigation of the composi-
tion of mantle gases. We investigated the composition of gases trapped
inthree popping glasses. One was sampled at the Mid-Atlantic Ridge,
at26°N, during cruise KN207-2 of the R/V KnorrinJune 2012%, and two
were sampled at the Mid-Atlantic ridge, at 14° N, during cruise AT33-
03inJune 2016***". We crushed 0.2-2.5 g of glass under vacuum, ina
50 cm?automated apparatus connected to a vacuum purification line.
The pressure increased during crushing from baseline to a plateau
value after 1-10 min of continuous crushing. In our extractions, the
N, fraction was 0.15-0.30 vol%, and the CO, fraction was >99 vol%, in
agreement with the composition of 2D43, the renowned popping
glass analysed in previous studies". We analysed the extracted CO,
onaMAT 253 gas-source mass spectrometer at UCLA and obtained an
average 8“C value of -3.6 + 0.2%o relative to the Vienna PeeDee Belem-
nite, consistent with mantle estimates*®. Only 0.05-0.8 pmol N, was
extracted, which by necessity yielded the nitrogen isotope measure-
ments with the largest uncertainties reported as part of this study. We
obtained 6"N values between —5.2 + 1.2%o and —3.2 + 1.5%o, similar to
2mD43" and other MORBs**, and 4,, values between +1.2 + 2.6%. and
+3.0 £3.6%. (see Supplementary Table1). Despite the large uncertainty
duetosamplesize, this estimateis consistent with the predictionbased
on the thermodynamic equilibrium distribution of N, isotopologues
that magmatic N, should have 4,, = 0%, since it forms by degassing
at temperatures as high as 1,200 °C. This confirms that magmatic
N, degassed during eruption carries no “N”N enrichment relative to
thermodynamic predictions.

Icelandic geothermal gases

Eleven gases from Iceland were collected in 2015, 2016 and 2017. The
gases have no detectable atmospheric O,, showing they were not con-
taminated with air during sample collection. Their noble gas composi-
tions fall in the range of Icelandic geothermal gases, as reportedin a
previous study®’. The compositional variationinIcelandic geothermal
gases is shown in Extended Data Fig. 2, where *He/*He ratios are plot-
ted against *He/*°Ne. Both ratios are normalized to air, such that, by
design, air is defined by a*He/*He of 1R, and a (*He/*°Ne)/(*He/*Ne),;,
of 1. Literature data® show that the gases can be explained as mixtures
of air, the convective mantle and the plume mantle (Extended Data
Fig.2). The convective mantle endmember is characterized by *He/*He
of ~8R, and arelatively high *He/*°Ne relative to air of >10° (ref**). The
plume componentis characterized by primordial *He/*He ratios of up
to~30R,and a*He/*°’Ne value lower than the convective mantle’**. In
Extended DataFig. 2, our 11samples have compositions that seemingly
show contributions from all three Icelandic endmembers.

We show that nitrogen with negative 6N values is in fact derived
from air, as illustrated by atmospheric 45, values (Fig. 1), and not the
convective mantle. Some positive 8N values were also observed in
apparently air-contaminated Icelandic basalts (**Ar/**Ar <1,000)*, and

these were taken as evidence for a recycled crustal component in the
plume. However, based on our study, itis possible that the positive 5N
values in air-contaminated basalts represent fractionated air as well.
This was suggested to explain the positive and negative 6N values of
air-contaminated MORBs (*°Ar/**Ar <1,000) erupted on the seafloor>.
Itis clear that 4,, data in future work will help constrain the true §°N
of the plume componentinIceland.

Eifel spring gases

The 8®N value derived for the Eifel mantle endmember, —1.4%o, is inter-
mediate between the values for MORB (approximately —5%o) and esti-
mates for plumes (+3%.)>*. The N,/3°Ar value derived for Eifel is
4.7798 % 106 marginally higher than the convective MORB mantle value
of 2.0'19 x10° (Extended Data Fig. 1). A previous study' suggested
that the N,/°He value of the Eifel source is ~107, slightly higher than
estimates for the convective mantle (Extended Data Fig.1). Thisis con-
firmed by our new N,/*He and 4,, data shown in Fig. 2 for two Eifel sam-
ples. Crustal contamination may not account for those signatures. We
show below that crustal gases show N,/**Ar ratios that are lower by one
order of magnitude than the mantle. A crustal contribution therefore
could not account for the high values observed in Eifel. We conclude
that crustal contamination is unlikely to account for the nitrogen
budgetin the Eifel springs.

Mixing between mantle endmembers may account for the data. The
European lithospheric mantle has been suggested to have aMORB-like
65N value on the basis of mineral spring §°N values* without measure-
ments of 4,,. Mixing between a plume and the local lithospheric man-
tle could in principle account for the observed 6N of -1.4%o but would
leave the marginally high N,/*°Ar value derived for Eifel (4.7'28 x 10°)
unexplained: if plume sources were assigned a N,/**Ar value of 10° or
less, no mixing can successfully account for the data. For this mixing
to be successful, the European lithospheric mantle must be assigned
ananomalously highN,/**Ar ratio. A mass balance shows thata N,/*°Ar
value >10%is needed for any mixing curve to fit the Eifel datapoint. Such
avalue would be two orders of magnitude higher than the convective
mantle and would be derived from either an ~-100-fold enrichment in
Noran-100-fold depletionin**Ar froma precursor similar tothe MORB
mantle. It is unclear how a massive N enrichment could occur in the
lithospheric mantle while preservinga MORB-like 6N value. Nitrogen
and Ar have an undistinguishable solubility in silicate melts®. Thus,
melting and freezing processes bringing materials from the astheno-
sphere (with a 8N of -5%o) to the lithosphere would not decouple N
from Ar. Subduction-derived fluids could potentially increase the
N,/*Ar of the local lithospheric mantle but they are expected to have
6N value greater than =5 %o (ref. %) and atmospheric *°Ar/*Ar values
(refs.>*%). This is not observed. Lastly, note that the need for a deep
plume componentis challenged by noble gas data. Although originally
suggested to account for some Ne isotope data from Eifel xenoliths®®,
such a deep plume component was ruled out®” on samples from the
same location. Some xenon isotopic data for Eifel free gas®® also sug-
gested the occurrence of a plume, but newer studies®* have not been
able to reproduce the plume-like Xe isotope anomalies, obviating the
need for any plume to account for Xe in European volcanic regions.

We suggest that Eifel gases reflect a mixing between the convective
mantle and arecycled component with an N,/*°Ar of ~10” or higher, a
N,/*He of ~10™or higher and 8°N of 1.5%. (Extended Data Figs. 1, 6). The
65N 0f 1.5%o is within the 6N =2.8 +£1.2%o (10) for recycled oceanic crust
based on alpine ophiolites™. The Eifel recycled crust component could
beaccounted for by the contribution of <0.1% sediment ([N]=400 ppm;
see below) to the convective mantle ([N]=0.3 ppm, 8°N=-5%.)*. Note
that the contribution of 3% recycled oceanic crust ((N] =6 ppm)*witha
SN of 1.5%o. to the convective mantle ([N] = 0.3 ppm, 8°N=-5%0)* also
fitsthe data. If[N]=0.6 ppmis taken as characteristic of a devolatilized
recycled crust, amantle source containing 30% subducted material is
needed to account for the Eifel data, in line with the typical 10-50%
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estimated for recycled oceanic crust in the convective mantle®. This
ideais consistent with the marble cake mantle concept®, where recy-
cled pyroxenites are mixed with depleted lherzolites as aconsequence
of subduction. For MORBs, recycled oceanic crust contributions are
generally 10% (refs. 2*¢°), and 8"N values remain unaffected by vary-
ing amounts of recycled components?. We suggest that in Eifel, the
recycled component contributionis >10% and canimpact the nitrogen
budget. The marble cake concept also accounts for the mildly radio-
genic helium dominating the mineral springs and the xenoliths in Eifel
(*He/*He =5-6R,), as the occurrence of recycled pyroxenite tends to
add*Hetoaresulting mantle source as aresult of Uand Th decay®. This
decreases *He/*He of a given mantle source from an asthenospheric
ratio of 8 R, towards more radiogenic values®®,

Theinfluence of crustal gases on Yellowstone samples and
insights from Canadian craton nitrogen samples

Roughly half of the 13 gases from Yellowstone have *He/*He ratios higher
thanthe convective mantle value of (8 £ 1)R, (ref.**), up to 14.7R,, simi-
lar to gases described in a previous study®. Other gases show average
radiogenic®He/*He values of (2.2 +1.0)R,, which are low compared with
the convective mantle value. This reflects the well-known contribution
of radiogenic *He accumulated in the continental crust over 1 Gyr or
more, within the underlying Archaean craton, released to the hydro-
thermal system by metamorphisminduced by magmaticactivity®’. The
cratonic gases with radiogenic He also have radiogenic *°Ar excesses
and the possibility that Naccompanies crustal *He requires evaluation.
Yellowstone gas ‘Yellowstone sample 2 has the highest *He/*He value
of the sample collection (14.7R,; Supplementary Table 1). This value
indicates that it is the sample with the lowest influence of crustal “He.
This gas has nitrogen isotope systematics similar to other samples,
which suggests that nitrogenisindependent of contaminating crustal
*He, as would be the caseiif crustal fluids were *He-rich but N-depleted.
To constrain the amount of crustal nitrogen in Yellowstone samples,
we make use of N,/*He ratios. We show below that fluids from ancient
crust are broadly similar to that underlying Yellowstone have N,/°He
values of -10%, far higher than mantle values observed at Yellowstone.

We report the composition of gases from the Kidd Creek mine (Tim-
mins, Ontario, Canada) and the Nickel Rim mine (Sudbury, Ontario,
Canada), both inthe Superior Province of the Canadian Shield. These
deep mines are located in the Archaean basement of the Canadian
craton (2.6-2.7 Gyr old), consisting primarily of felsic, mafic, ultra-
mafic and metasedimentary deposits®. The Kidd Creek mine is situ-
ated within a volcanogenic massive sulfide deposit dated to ~2.7 Ga.
TheSudbury mineisalsolocatedin Archaean basement underling the
Sudbury Igneous Complex formed by a massive impact event 1.85 Ga
(see Warr et al.** and references therein). Gases that accumulated in
fracture fluids over geologic time were recently investigated for noble
gasisotopes® . The chemical compositions of these gases (H,, 0,, N,,
Ar and He) were measured at the University of Toronto, and their N,
isotope ratios were measured at UCLA.

Forgases fromKidd Creek, we find N, concentrations around ~15 vol%,
with 4,4 values between 1.1+ 0.4%o0 and 0.7 + 0.2%.. For two gases com-
posed of ~50% N, from the Sudbury mine, we find an average 4,, of
0.510.2%0 (20, n=2). The nitrogen isotope data are consistent with
the generation of crustal N, via metamorphism with no substantial
NN excess, inagreement with thermodynamic predictions (4,, < 1%o
at 7>100 °C). The data also demonstrate that sample collection was
achieved with negligible atmospheric contamination. The average §“N
of these gases is +6.7 + 0.2%. (20, n = 4) at Kidd Creek and +2.7 + 0.4 %o
(2s.d.,n=2) at Sudbury. We suggest that these markedly positive values
reflect metamorphism of the local crust, during which NH,*-bearing
silicates break down and release N, to the fracture fluids, possibly with
kineticisotopic fractionation favouring the release of *N over ®Nin the
gas phase®. Independently of a potential fractionation, the mine data
are consistent with metamorphism forcing nitrogen devolatilization

to completion, liberating N, with 8N values similar to the local NH,*
bearing rock precursor, as has been previously suggested for other
sites on the Canadian and Fennoscandian cratons®.

We measurebetween 3.6 and 4.8 vol% He inthe Kidd Creek gases and
between24.1and 27.7 vol% He in the Sudbury gases, similar to previous
measurements®*®, These gases were previously shown to have aver-
age *He/*He ratios of (0.022 + 0.001)R, in the case of Kidd Creek and
0.019+0.001inthe case of Sudbury®*®S. Errors are 1o, see ref. **. These
radiogenic excesses result from*He accumulation from crustal produc-
tion over 0.5-1.0 Ga (ref. %*). Taking the full dataset, we compute N,/He,
N,/*He and N,/*°Ar ratios of 5.1+ 0.7,1.8 (+0.2) x10%and 4.2 (+0.1) x 10%,
respectively, for Kidd Creek gases. For Sudbury, we derive N,/He, N,/*He
and N,/*°Ar similar to the gases observed at the Kidd Creek mine with
values 0f 1.9 + 0.1, 0.7 (+0.1) x 108 and 0.9 (+0.3) x 10°, respectively.
Future studies will include additional cratonic locations, but, on the
basis of these data, we suggest that continental crust has N,/He, N,/°He
and N,/*°Ar ratios markedly distinct from the mantle values of 150,
1x10%and 2 x10¢, respectively (Fig. 3).

Thederived N,/**Ar ratios of the cratonic gases atKidd Creek are mar-
ginally lower than mantle estimates, but have dramatically radiogenic
“0Ar/*Ar ratios*. In Fig. 3 we show the result of mixing between air and
aKidd Creek type gas with extremely high *°Ar excesses (*°Ar/**Ar taken
at100,000; ref. ®*). The mixing fails to account for the Yellowstone
data. We note, however, that lower *°Ar/*°Ar values are observed in
other cratonic gases, for example values of ~-5,000 at Sudbury®*. The
N,/*Ar ratio there is 0.9(+0.3) x 10°, similar to the low end of mantle
reservoir estimates*. Thus, a mixing of air with Sudbury gas would
generate mixing trends that could fortuitously fit plume data (with
high N,/*°Ar and low *°Ar/**Ar values). In other words, the potential
overlap in ranges of N,/*°Ar ratios of crustal and mantle gases prevent
this approach from being used to identify and quantify the origin of
N, and Arin the Yellowstone samples.

TheN,/*Heratios of mantle gases are expected to be lower than those
of the crust by two orders of magnitude, making this ratio a sensitive
indicator of cratonic gasesinfluences. The N,/*He observed in the Yel-
lowstone gasesis clearly within the range of mantle values, well below
both air and crustal values derived here. The N,/°He values therefore
caninstead rule out any substantial crustal N, contributionsin our Yel-
lowstone gases. Mass balance shows that only 0.1% crustal contribution
with a*He/*He of 0.02 R, to 99.9% of a mantle gas (taken here to have
*He/*He =16 Ra) overwhelms the *He content of the mixture, resulting
in°He/*He of roughly 2 R, and N,/He ratios dropping from 150 to 10,
similar to the observations in the *He-rich gases. Meanwhile, the N,/*He
ratio only increases from 1.0 x 10° to 1.2 x 10°. We thus conclude that
on the basis of our low N,/*He ratios, mantle nitrogen dominates the
gases with crustal “He and we can neglect the influence of crustal N,.

Sedimentary nitrogen recycled in Yellowstone?

The Yellowstone plume is characterized by high *He/*He, suggesting
the contribution of arelatively undegassed, primitive mantle source®”",
We show that the plume has aN,/*He ratio of ~10° (Fig. 2 and Extended
DataFig.1) in agreement with a previous study®. The Yellowstone data
inFig. 3 define an N,/*°Ar ratio of 1.6!3; x 10°for the plume. This *He-
richplumesource has N,/*He and N,/**Ar ratios indistinguishable from
the convective mantle and a 6N value that is as high as that for nitro-
gen in descending slabs lithosphere (Extended Data Fig. 1). Nitrogen
subduction could account for the data if descending plates of litho-
sphere with N,/°He ratios of ~10" (ref. ) mix with a *He-rich mantle
source that has an arbitrarily low N,/°He ratio (< 2.10; see ref.* and
Extended Data Fig. 6). The enriched, recycled components may be
contained within the lithosphere (for example, as subduction fluids)
ifthe lithosphere is assimilated into the plume®. Alternatively, recycled
components may be subducted oceanic crust, or sediments. Inall cases,
those scenarios of nitrogen addition are difficult to reconcile with the
low N,/*He ratio of Yellowstone, derived in Fig. 2.



Sediments carried down by the descending slabs of lithosphere con-
tain much greater concentrations of nitrogen than mantle reservoirs,
meaning that recycled sediments can, in principle, easily affect the
resulting nitrogen budget of mantle sources. These are usually invoked
toaccount for positive 5N values in plumes*®, The exact median nitro-
gen concentrationinsediments remains unknown, but Busigny et al.*
showed that sediments have a well-constrained K/N ratio of 14. Using
the global modern sediment K,0 estimate of 2.04 wt% derived by Plank
and Langmuir’, we calculate that global sedimentsin the present day
containroughly 400 ppm N. The nitrogen concentration of mantle res-
ervoirs (the *He-source of Yellowstone, or even the convective mantle)
is, however, extremely poorly known. The convective mantle is assumed
tohave 0.3 ppmnitrogen*but considerably higher estimates exist'. One
may assume that the high *He/*He of the Yellowstone mantle source
reflectsarelatively undegassed mantle source?. If so, it may containa
concentration of *He thatis 100x higher than the convective mantle®.
Ifthe Yellowstone source is required to have an N,/*He ratio lower than
the convective mantle by one order of magnitude to obtain asuccessful
mixing scenario (Extended Data Fig. 6), the nitrogen concentration of
the>He-rich source would be only 10x higher than the convective man-
tle, thatis, 3 ppm (see other plume estimates at3ppmNinref.*). Adding
sediments to this source would yield the observed 8N, N,/**Ar and
N,/°*He ratios if sediments contributed 10% to the Yellowstone mantle
source; Yellowstone volatiles would result from 90% *He-rich primor-
dialmantle and10% recycled sediment. The source would have a total
concentration of roughly 30 ppm N. Lower nitrogen concentrationsin
the®He-rich source tend to lower the required sediment contribution.
If the nitrogen concentration in the *He-source is arbitrarily taken to
be 0.3 ppm, the Yellowstone data can be satisfied by the addition of
just1% sediment. Conversely, if the nitrogen concentrationis >3 ppm
(ref."), therequired sediment contribution would be greater than10%.
Theaddition of such large amounts of sediments would have resulted
in obvious trace element and radiogenic isotopic signatures of the
contaminated plumes (for example, cerium or niobium anomalies
and high time-integrated Rb/Sr ratios, see Class et al.”, Eisele et al.”
orJackson et al.”? and references therein). In fact, only the few plumes
of enriched-mantle type (for example, Pitcairn, Samoa, Society) are
regarded as exhibiting discernible sedimentary contributions”, typi-
cally up to ~-1%, but with exceptions. Society could host ~1-5% sedi-
ment”™. Here mantle-derived §"N is high, suggestive of sedimentary
input*, and the gases have high N,/*He ratios, ranging up to ~10°, three
orders of magnitude greater than the convective mantle™. The scenario
of sedimentary nitrogenisinternally consistent with these results and
seems unavoidable to account for those data, but no such sedimentary
contributions are known in the source of Yellowstone®*”.

N,/*¢Ar ratios of volcanic endmembers in gases

Historically, the “°Ar/**Arratios of mantle endmembers have been deduced
using relationships between “°Ar/**Ar and *°Ne/*Ne ratios in volcanic
rocks and gases***'”, For Eifel, the extrapolated *°Ar/**Ar value of the
mantle was calculated tobe 39, 4003 tinref.*. Thisin turncanbe used
tofitthedatainFig. 3withan N,/**Arratio of 4.7/28 x 10 For Yellowstone,
further work is needed to derive an “°Ar/**Ar isotope ratio for the plume
endmember. Using a lower limit *°Ar/*®Ar ratio of 5,000 (similar to the
Kolaplume)yieldsanN,/*°Ar ratio of 1.1 x 10° (Fig. 3). Using an upper limit
“0Ar/*Arisotoperatio of 13,000, similar to Iceland, yields an N,/*°Ar ratio
0f 2.4 x10°. We use the N,/**Ar ratio of 1.4 x 10° obtained at an intermedi-
ate *°Ar/**Arratio of10,000. Thus, using various *°Ar/**Ar values for man-
tle plumes does not change our conclusion that N,/*°Ar for the Yellowstone
mantle plume is indistinguishable from the convective mantle.

Two-box model of the nitrogen exchange between the
convective mantle and surface

We consider the time evolution of the amount of nitrogenin two global
reservoirs, the convective mantle and the surface, where the latter is

dominated by N, in air. Similar exercises have been done to document
the evolution of terrestrial xenon”. We describe the slow, tectonically
controlled geological nitrogencycle. In thiswork, the convective mantle
is the reservoir sampled by MORBs, and is considered to incorporate
the upper mantle and alarge fraction of the lower mantle (see ref.* and
references therein). Through outgassing and subduction, this is the
reservoir thatis susceptible to reaching a steady state with the surface.
Plume sources are not considered part of the convective mantle, but
may combine primordial and recycled noble gas signatures®. On the
surface, biogeochemical cycling of nitrogen between air, organic mat-
ter and sediments leaves ~70-90% of the nitrogen in air’®. Nitrogenin
organic matter and sediments has an average 8N value of 3%, through
deep time, with the exception of afew excursions?*7°, On this basis, we
estimate that the average §"N value for the surface is 0.5%o. Slightly
different estimates do not change the results of our models. Note that
biological activity quantitatively cycles nitrogen over timescales of a
few million years only’®. Biological cycles are thus negligible in the con-
text of this study, beyond providing ameans for sequestering nitrogen
fromair into sediments.

Nitrogen leaves the surface by subduction principally as NH," in clay
minerals, feldspars and micas’. Nitrogen s returned to the surface by
active volcanism. The ordinary differential equations representing
the time evolution of the amount of nitrogen in the mantle and at the
surface are:

anantIe
N =k Surface _ k Mantle
de = KsubfN vollIN
dnSurface " (2)
N _ Surface Mantle
de - ksubnN + kvoInN

where tis time and nﬂ refers to the quantity of N (for example, moles
of N)inreservoirj. The solution of equation (2) for the time-dependent
abundance of Nin the mantleiis

n(t)lltjllantle - [ kvol (l)\/lglntle _ ksub OSLII\Ifacej
kvol + ksub ’ kvol + ksub ’ (3)
k.
exp[ - (kvol + ksub)t] + k -Si—u]b( (ngf;\?[le + ng‘,’ﬁface)

vol sub

whereisubscript O refers to theinitial values. The second term on the
rightis the solution at steady state (for example, when ¢ > «). The iso-
topiceffectsin the mantle are obtained by evaluating equation (3) for
both*Nand®Nand taking theratio of the results. Inthe case of ®N, the
rate constant for subduction, k,,,, is multiplied by the ®*N/“N isotope
fractionation factor associated with subduction (ag,, = ("N/*N) g/
(5N/™N)surrace)- We assume no fractionation between mantle nitrogen
and that delivered to the surface by volcanism. Equation (3) shows
explicitly that when k, < k., a steady state leads to no nitrogeninthe
mantle. Conversely, when k,,;, > k,;, the mantle contains virtually all of
Earth’s nitrogen. The utility of equation (3) is for those circumstances
inbetween.

We explored a wide variety of time-dependent models using
present-day fluxes from previous work™ where the free parameters are
the starting 6°N and N quantities for the surface and mantle. We ran the
modelswith the additional constraint that the surface must end up with
3.2x10* mol N and an average 8“N of 0.5%. (ref. *) at the present day.
The models were evaluated on the basis of whether or not they could
evolve toyield 0.3+ 0.3 ppm Nin the mantle after 4.5 Gyr. In all cases,
the models approach isotopic steady state, leaving the mantle iso-
topically heavier than present-day air. Applying current fluxes through
deeptimealso predicts athreefold decrease in nitrogen concentration
in the surface reservoir over time. This has been invoked®® in earlier
work, but is in conflict with data from ancient fluid inclusions®*#"%
and sediments**7°. The model results therefore imply that modern
nitrogen subduction and degassing fluxes are not relevant to deep
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time. Note that these calculations were performed assuming amantle
nitrogen concentration of 0.3 ppm (ref.*). In this case, the mantle and
surface reservoirs contain roughly the same quantities of nitrogen,
thatis, 102 mol N. If the mantle is assumed to presently contain 30 ppm
(ref.h), this reservoir dominates Earth’s nitrogen budget, comprising
>99% of the mantle-surface nitrogen system. In this case, no exchange
scenario can substantially modify the mantle §°N without a 100-fold
consequence to the surface nitrogen abundance and our conclusion
that mantle nitrogen is mostly primordial would be reinforced.

We explored the possibility of evolving fluxes over geological time.
Tosolve the differential equation (2) with varying fluxes, and therefore
varying rate constants k,,, and k,;,, the model was adjusted at each
time step, with each previous step comprising theinitial condition for
the step that follows. In this way, by iteratively solving the differential
equations at each time step (At =200 Myr), the evolution of nitrogen
abundances and isotope ratios were traced through time (Extended
Data Fig. 7). We verified that our solutions are invariant with respect
to smaller time step sizes. In this context, we note again that since the
characteristic timescale for biological nitrogen cyclingis ~20 Myr, bio-
geochemical nitrogen exchanges within the surface reservoir cannot
substantially alter the results described here. We considered variable
rates of subduction and volcanism over time. Any model with sub-
duction fluxes larger than volcanic outgassing fluxes over most of the
Earth’s history fails to account for present-day observations, regardless
of theinitial 5N values of the mantle and surface; eventually, asteady
state is achieved where 6" Ny,e > 8" Neyiace- The only models that sat-
isfy the present-day observations in terms of relative quantities and
isotope ratios of nitrogen, without requiring dramatic secular evolu-
tioninthe surface abundances of nitrogen, require subduction fluxes
considerably lower than volcanic outgassing fluxes over most of the
Earth’s history. Forexample, we computed ascenario where subduction
fluxes are one to two orders of magnitude lower than the present day
throughout the Archaean and the Proterozoic. This was combined with
volcanic fluxes steadily decreasing through time, with a starting point
one to two orders of magnitude greater than the present-day fluxes.
Thisis consistent with generally higher degassing fluxes early in Earth’s
history inferred from noble gas data®**. This scenario would require the
net degassing of -3 x 10" mol N, over Earth’s history, which represents
~20% of the N,abundance in the modern-day atmosphere. This model
canreturn present-day nitrogen isotope ratios and concentrationsin
the two reservoirs without requiring dramatic secular evolution of
nitrogen abundances and "N/*N in the reservoirs (Fig. 4).

The idea of low subduction fluxes of nitrogen in the past requires
further investigation. It may require extremely low nitrogen concen-
trations in sediments older than the Phanerozoic Eon, as observed in
previous studies for Archaean sediments®. It may also be consistent
with the prevalence of hot subduction zones in the past, resulting in
near-quantitative nitrogen losses from the subducting slab. In these
cases, nitrogen is returned to air via arc outgassing, as observed in
some present-day arcs®,
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Extended DataFig.1| Probability density plots for N,/*°Ar, N,/*He and §"°N
basedonliterature dataand ourstudy. Therelative probabilities are scaled so
thateach probability is visible on the same plot. The probability densities for
8N are taken from the mean and standard deviation of the reported measured
valuesin the cases of Yellowstone and Eifel. The §°N MORB***®¢ and
metasediment'>'*'>%” datawere compiled from the literature. The probability
densities for molecular ratios were calculated by taking the ratios of Monte
Carlo draws for numerator and denominator and propagating nominal 20%
errorsassigned toeach molecular concentration. Literature data for chondritic

15

0°N
N,/**Ar were obtained using N and **Ar concentrationsinindividual
chondrites®®% The datasetincludes allmajor types of carbonaceous,
enstatiteand ordinary chondrites. No systematic difference could be observed
between chondrite groups. Using this global dataset, we find that chondritic
estimates used earlier* for N,/>*Ar cannotbereplicated. N,/**Arand N,/°He
estimates for metasediments are from Sano et al.*?, assuming a normal
distribution for the uncertainties. The convective mantle N,/>He and N,/*°Ar
dataare fromref. and references cited in Extended DataFig. 5.
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Extended DataFig.3|N,/HeandN,/*Heratios versus 8*Ningases from
Iceland, Yellowstone, Ayrolaf, Eifel and Hawaii. Top, values for N,/He versus
SN for air, the convective mantle and cratonic gases compared with the
samples from this study are shown. Thisis asimilar plot to thatin Fischer etal.’
except that cratonic gases are shown for the first time, to our knowledge. The
extremely low N,/He ratio for cratonic gases derived hereresults from
substantial accumulation of *He over geological times. See the Supplementary
Discussion for definitions of the cratonic gases based on samples from the
Canadian Shield (datain Supplementary Table 2). In this space, data are usually
interpreted as representing ternary mixtures. However, this plot fails to
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account for the processes occurring in hydrothermal systems, whereby the
extremely low 8N values are fromisotopically fractionated N, degassing from
geothermal waters, not mixing with mantle components (see main text).
Bottom, we show the values for N,/*He versus 6N for air, the convective mantle
and cratonic gases compared with samples from this study. Thisis asimilar plot
tothatinSano etal.*? except that cratonic gases are defined (see the
Supplementary Information). The samples with low N,/*He values relative to
the cratonicendmember canbe assumed to receive negligible cratonic
nitrogen (see the main text and Supplementary Discussion on Yellowstone).
Themantle gases are taken fromref.>.
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Extended DataFig. 4| Kr/**Arand **Xe/*°Ar ratios versus 8"°Nin gases relative toargon. Thisisin contrast with predictions based onsolubilities
from hydrothermal systems with near-atmospheric values. **Kr/*Ar, obtainedinideal conditions, whereboth Krand Xe are expected to be more
132X e/**Arand 6N values are shown for Iceland and Yellowstone samples for soluble than Ar?. We suggest that this represents degassing of air-saturated

which we have heavy noble gas dataand 4,,values of 16%. and higher.Inthetwo ~ waterunder extreme temperature and pressure conditions, where gas
plots, the data define anegative trend, implying that nitrogen loss causing N solubilities deviate considerably from behaviour governed by Henry’s Law?.
variations occurs together with preferential Kr (top) and Xe (bottom) losses Here, the datawould require Kr (and Xe) tobecome moreinsoluble than Ar.
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Extended DataFig. 5|N,/**Ar ratios versus *°Ar/**Ar ratiosin basalts and
rocks from the Kola plume. Data are from the literature* **¢ and illustrate
mixing between mantle gases and air, most probably as the result of the
introduction of airintorock cracks during eruption or sample handling. The
highest *°Ar/**Ar ratio recorded in basalt crushing experiments with
simultaneous N,/**Ar measurementsis 42,366 +9,713. At this value, the
corresponding N,/*°Ar ratiois 4.2'20 x 10%, which was assigned to the

10°

convective mantle®. The convective mantle is more likely to have a“°Ar/>*Ar
ratio of25,000+2,000 (ref.**). At this *°Ar/**Ar ratio, the corresponding
N,/**Ar value becomes 2.0719 x10°. Ata *°Ar/*’Ar value of 5,000 (refs.>*), the
plume N,/**Ar value would be lower, at 0.4:32 x10°. However, at the *°Ar/>Ar
value 0of 10,000 suggested by recent studies®, we obtain N,/*°Ar=0.7'33 x10°
for the plume according to the correlation between N,/**Ar and *°Ar/>°Ar.
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Extended DataFig. 6 | Mass balance applied to account for Eifel and
Yellowstone, in terms of 8°N, N,/>*Ar and N,/*He. 8N values of Fifel and
Yellowstone are shown, as derived from Fig. 1. N,/**Ar and N,/*He values of Eifel
and Yellowstone are also shown, as derived from Figs. 2, 3. Recycled
components have high elemental ratios, according toref. 2. These ratios might
beeven higherif Nwasless devolatilized than noble gases during slab
devolatilization. Note that this would not change our conclusion, since the
mixing curve would remainidentical. a, In the N,/>He space, the position of Eifel
and society basalts can be explained with asimple two-component mixing
between the convective mantle and some recycled component. The values for
the three Society basalts are taken from ref. *. The dataset was filtered to show
only basalts with the lowest levels of air contamination. We only used the three
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basalts with *°Ar/>*Ar>5,000. For this to work for Yellowstone, anomalously
high 8°Nwouldbe required (see b). An alternative mixing requires a*He-rich
reservoir to be postulated with alow N,/°He ratio. Weiillustrate this speculation
with a 8N of -5%o, like that of the convective mantle. However, other §°N
values (typically between -10 and +10%.) would also fit the Yellowstone data.
ThisisbecauseNinthe Yellowstone source would mostly be accounted for by
therecycled component, not the *He-richendmember forced withalow N,/*He
ratiob, Inthe N,/**Ar space, Eifel can be explained by conventional mixing. If
suchmixinginvolves the known convective mantle, Yellowstone requiresa
recycled endmember witha 8N >50%, which isimplausible. Again, fora
mixing to account for the data, one would have to assign the *He-rich reservoir
withalowN,/*®Arratio.
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Extended DataFig.7| The evolution of 8°N and nitrogen abundancesin the
convective mantle and at the Earth’s surface as afunction of time. Various
cases with time-dependentsolutions are explored. Curves are calculated as for
Fig.4 (main text) using atwo-box model described in the Methods and main
text.Here, three cases are modelled on the basis of the combination of various
temporal variationsinvolcanic outgassing and subduction fluxes shownin the
bottom panel. Modern fluxes are taken fromref.>. The blue curves (right) are
for the surface (air + continental crust), and the red curves (left) are for the
convective mantle. Asin Fig. 4, the starting composition for the mantle was
chosento have an enstatite chondrite-like 8°N (ref.®),and various initial N
abundances. A critical result of the model is that varying fluxes can easily
match theNabundances for the mantle and the surface, aswell astheisotope

composition of Ninthe surface. However, similar to the case where constant
fluxes are used (Fig. 4), relatively high subduction fluxes pushes the Nisotope
cycletowards asteady state in which the mantle would have a higher average
8N value than that of the surface, contrary to the relationship observed today.
The model shown as Case 3 provides an acceptable match to the modern
observations, where the mantle has a 8N value of —1%., after starting at —40%o.
However, this predicts that the mantle evolves considerably through time in
terms of 8°N. Thus, if correct, this prediction requires all peridotitic diamonds
tobe formedinroughly the past 500 Myr. However, peridotitic diamonds
foundin cratoniclithospheres as old as 3.3 Gyr old are dominated by a§“N
mode at -5%. (ref. '), seemingly ruling out the Case 3 model.



